
Neutron Spectroscopy in Perpendicular Neutral
Beam Injection Deuterium Plasmas Using Newly
Developed Compact Neutron Emission
Spectrometers

言語: English

出版者: IEEE

公開日: 2024-09-04

キーワード (Ja): 

キーワード (En): Ions, Neutrons, Plasmas, Heating

systems, Particle beams, Particle beam injection,

Detectors

作成者: SANGAROON, Siriyaporn, OGAWA, Kunihiro,

ISOBE, Mitsutaka, LIAO, Longyong, ZHONG, Guoqiang,

WISITSORASAK, Apiwat, TAKADA, Eiji, INAMI

KOBAYASHI, Makoto, POOLYARAT, Nopporn,

MURAKAMI, Sadayoshi, SEKI, Ryohsuke, NUGA, Hideo,

OSAKABE, Masaki

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10655/0002000778URL
This work is licensed under a Creative Commons
Attribution 4.0 International License.

http://creativecommons.org/licenses/by/4.0/


XX 1

Exploration of Helically-Trapped Fast Ion Behavior
in Deuterium Plasmas Using Newly Developed

Perpendicular Compact Neutron Emission
Spectrometers

Siriyaporn Sangaroon, Kunihiro Ogawa, Mitsutaka Isobe, Longyong Liao, Guoqiang Zhong, Apiwat Wisitsorasak,
Eiji Takada, Makoto Inami Kobayashi, Nopporn Poolyarat, Sadayoshi Murakami, Ryohsuke Seki, Hideo nuga,

and Masaki Osakabe

Abstract—The presence of helically-trapped fast ions in helical
ripple in Large Helical Device (LHD), resulting from perpen-
dicularly injected positive-ion-source-based neutral beam (P-NB)
heated plasma and/or from ion cyclotron range of frequency
(ICRF) wave heated plasma, poses a significant concern due to the
system’s lack of symmetry. In response to this challenge, compact
neutron emission spectrometers (CNESs) have been strategically
developed in the LHD, featuring a perpendicular field of view
relative to the plasma’s magnetic field. The first perpendicular
CNES offers a vertical field of view through the deuterium plasma
and incorporates a liquid (EJ-301) scintillation detector optimized
for efficient operation across a broad range of neutron emission
rates. The second perpendicular CNES is constructed using a
Cs2LiYCl6:Ce scintillation detector enriched with 7Li (CLYC7),
providing a horizontal field of view through the deuterium
plasma and effectively operating in a region characterized by
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relatively low neutron emission rates. During plasma heating
through P-NB, both perpendicular CNESs showcase a distinctive
neutron energy distribution, featuring a double-humped profile
with two peaks at energy of approximately 2.30 MeV and 2.74
MeV. Furthermore, we utilized the DELTA5D code for orbit-
following in five dimensions to ascertain the expected spectrum
of neutron energy distribution. Notably, the calculated neutron
energy spectrum arising from the deuterium-deuterium reaction
closely mirrors the experimental results, affirming the accuracy
and reliability of using perpendicular CNES for investigating the
dynamics of fast ions helically trapped in the LHD. These peaks
align with the Larmor motion of deuterons resulting from P-
NB injection at the helical ripple of the LHD. Additionally, we
conducted neutron spectrometry involving deuterium-deuterium
interactions in a deuterium plasma simultaneously heated by
both P-NB and ICRF waves, characterized by a high neutron
emission rate, utilizing perpendicular CNES based on EJ-301.
The observation revealed an expansion in spectrum width,
attributed to the additional ICRF wave heating.

Index Terms—Large Helical Device, NB injection, ICRF wave,
Compact neutron emission spectrometer, EJ-301, CLYC7.

I. INTRODUCTION

IN nuclear fusion devices, plasmas are primarily heated by
neutral beam (NB) injection and by ion cyclotron range

of frequency (ICRF) waves, serving as a primary sources of
fast ions. Comprehending fast ion transport is a crucial aspect
for achieving fusion plasma with the high performance and
paving the approach to a fusion reactor [1]. The occurrence
arises due to the self-sustaining state of the fusion reactor
is sustained through the self-heating mechanism propelled
by fast ions generated in the fusion process, specifically
alpha particles of 3.5 MeV produced in D(T,n)α reaction.
Simultaneously, comprehending fast ion transport resulting
from magnetohydrodynamic (MHD) instability induced by fast
ions is a key focus in research on fast ion confinement [2].
The exploration of confined fast ion behavior in the fusion
plasma has been successfully demonstrated using various fast
ion diagnostics [3]. The most common diagnostics for the
study of fast ion confinement are fast-ion D-alpha spectroscopy
(FIDA) [4], [5] and neutral particle analyzers (NPA) [6],
[7]. These diagnostic techniques involve active measurements,
necessitating the injection of a beam and subsequent mea-
surement of signals, which depend on plasma parameters and
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the beam injection. In contrast to FIDA and NPA, fast ion
confinement has been successfully demonstrated by utiliz-
ing emitted neutrons through neutron emission spectrometry
(NES) [8]. This approach is based on the recognition that
the physics associated with fast ions is evident in neutron
emissions resulting from fusion reactions, such as D(D,n)3He
reaction and D(T,n)α reaction [9], [10], [11]. NES systems
incorporate techniques such as time-of-flight proton recoil [12]
and time-of-flight methods [13]. Furthermore, the utilization
of a compact neutron emission spectrometer (CNES) provides
a distinct advantage in examining fast ion distributions in both
real and phase spaces. The standard detectors used in CNES
include diamond detectors [14], [15] and liquid scintillators
[16], [17].

In the setting of the Large Helical Device (LHD), a study on
the transport of fast ions caused by MHD instabilities driven
by fast ions in the NB heated plasma has been conducted [18].
In hydrogen plasma experiments, the retention of fast ions
produced through NB injection and ICRF wave heating was in-
vestigated [19], utilizing an extensive set of fast ion diagnostic
tools [20]. Specifically, the study focused on the confinement
characteristics of helically-trapped protons accelerated through
ion cyclotron resonance heated plasma. This investigation uti-
lized NPA based on diamond detectors [21]. The investigation
of fast ions transport and loss associated with toroidal Alfvén
eigenmode has been performed utilizing a NPA [22] and a
detector specifically designed for observing fast ion loss [23].
While the comparison of experimental results and numerical
simulations has unveiled insights into the fast ion transport
and fast ion loss processes induced by toroidal Alfvén eigen-
mode [24], [25], the information accessible regarding fast-
ion confinement has been restricted in both real and phase
spaces. Initiating the deuterium plasma experiment in LHD
in March 2017 facilitated the study on confined fast ions
through neutron measurements. The LHD incorporates three
tangentially injected neutral beam injections (N-NBs) utilizing
negative-ion sources and two perpendicularly injected neutral
beam injections (P-NBs) utilizing positive-ion sources. These
systems collectively provide heating power of up to 35 MW.
Neutron are produced through fusion reactions, specifically
D(D,n)3He, occurring between fast ions generated by NB and
bulk ions. Neutron measurements offer direct insights into the
dynamics of fast ions within the plasma core. The maximum
value of total neutron emission rate (Sn) in LHD is estimated
to reach 1.9 × 1016 n/s [26]. Consequently, comprehensive
neutron diagnostics have been established at LHD to deepen
the comprehension of fast-ion physics [27], [28], [29], [30].
The dynamics of fast ions helically confined following P-NB
injections plays a crucial role in comprehending core plasma
physics. This significance is especially emphasized due to the
lack of symmetry in LHD, which can lead to challenges in
fast ion loss and the limitation of ion temperature. Starting
from 2018, highly efficient vertical neutron cameras (VNC)
have been designed for use on the LHD. These VNCs are
designed to measure neutron emission profiles, enabling the
visualization of poloidal structures associated with helically-
trapped fast ions produced by P-NB heating [31], [32]. Exten-
sive investigations employing the VNC have been conducted to

analyze the transport and loss of fast ions caused by helically-
trapped fast ions in the LHD [33], [34], [35]. Even though
the behavior of fast ions has been intensively studied in the
LHD, measurements in real and phase spaces are still lacking.
To observe the behavior in real and phase spaces in the LHD,
neutron spectroscopy has been effectively facilitated by the
NES system, specifically the time-of-flight enhanced diagnos-
tics (TOFED) [36], [37] and CNES [38], [39], [40], [41]. To
improve the understanding of the behavior of helically-trapped
fast ions during P-NB heating, perpendicular CNES systems
with a sight-line oriented perpendicular to the magnetic field,
operating across a broad range of Sn, have been employed.
This paper explores neutron emission measurements from
deuterium-deuterium reactions during plasma heating with P-
NB, utilizing newly developed perpendicular CNESs in the
LHD. The structure of the paper is as follows: Section II
present neutron emission patterns reflecting fast ions in fusion
plasma. Section III provides detailed information about the
perpendicular CNESs. The numerical simulation of the neutron
spectrum anticipated for measurement by these perpendicular
CNES systems, is described in Section IV. In Section V,
the results of neutron emission spectrometry from deuterium-
deuterium reactions in plasmas undergoing P-NB heating are
presented. To conclude, Section VI provides a summary of this
work.

II. PATTERNS OF NEUTRON EMISSION THAT REFLECT THE
FAST ION’S BEHAVIOR IN THE LHD

The LHD stands as the world’s largest stellarator/helical
system, providing the ability for continuous operation and a
system free from disruptions. It is situated at the National Insti-
tute for Fusion Science (NIFS) in Gifu, Japan. A crucial focus
of research at LHD involves gaining a deeper understanding
of fast ion physics and confinement properties. This emphasis
is particularly noteworthy since the predominant fraction of
fast ions is anticipated to consist of alpha particles originating
from deuterium-tritium plasma, a vital consideration for future
fusion reactors. In Fig. 1a, a schematic top-view perspective
of the LHD is presented, showcasing the locations of N-NBs
and P-NBs injections, along with the perpendicular CNESs
situated at the 1.5-L lower port and 8-O horizontal port.
Note that N-NB#1 and N-NB#3 deliver fast ion circulating
in counter clockwise direction while N-NB#2 delivers fast
ion circulating in clockwise direction. P-NB#4 and P-NB#5
deliver fast ions perpendicular to the helical ripple of the LHD.
The tangential injection N-NBs provide a high-energy fast ions
at approximately 190 keV, whereas the perpendicular injection
P-NBs deliver fast ions with an energy level of around 80
keV. Fig. 1b illustrates a poloidal cross-section elongated in
the horizontal direction, depicting the injection of P-NB at
the helical ripple. The Poincaré plot of the orbit of helically-
trapped fast ions generated by the P-NB was calculated. The
computation was executed utilizing the collisionless Lorentz
orbit code known as LORBIT [42], setting the fast ion energy
of the beam ion to 80 keV. These fast ions were injected
perpendicularly to the magnetic field, and the initial pitch
angle could occur within a range of 89 degrees which the
ion become trapped within the helical ripple.
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(a)

(b)

Fig. 1. (a) A schematic top-view of the LHD, showing the positions of P-NB
injections. A perpendicular CNES based on EJ-301 was placed at radii (R)
of 3.725 m and 3.875 m at the 1.5-L port, while a perpendicular CNES based
on CLYC7 was installed at the 8-O port. (b) The Poincaré plot depicts the
trajectory of helically-trapped fast ions with a pitch angle of 89 degrees.

After the fusion reaction between the fast ion (fast deuteron)
injected by the NB and the background fuel deuteron, neutrons
are generated. The neutron energy, denoted as En, can be
formulated within the center-of-mass frame as: [43]:

En =
1

2
mnv

2
COM +

mHe3

mHe3 +mn
(QDD +K)

+ vCOMcos(θ)

√
2mHe3mn

mHe3 +mn
(QDD +K)

(1)

where K equal to 1/2µv2rel. vCOM equal to (mD1vD1 +
mD2vD2)/(mD1 + mD2). mn is mass of neutron, mHe3 is
mass of 3He, mD1 is mass of fast deuteron, mD2 is mass of
background fuel deuteron, vCOM is center-of-mass velocity
of the reaction, vrel is relative velocity, QDD, equal to 3.27
MeV, stands for the overall energy release resulting from the
D(D,n)3He reaction. In this context, K denotes the relative
kinetic energy between fast deuteron and background fuel
deuteron, µ signifies the reduced mass of deuterons, and
vD1 represents the relative velocities of the fast deuteron.
vD2 signifies the relative velocities of the background fuel
deuteron, vn corresponds to the neutron velocity, and θ rep-
resents the angle between vCOM and vn. In the context of a
thermal deuterium-deuterium plasma, the energy spectrum En

displays a nearly Gaussian distribution, centered around 2.45
MeV. However, in plasma heated by NB, where vD1 ≫ vD2,
the neutron energy spectrum experiences a Doppler shift.
In this scenario, it can be asserted that when vCOM aligns
with vn (θ = 0◦), En will achieve its peak, indicating an

Fig. 2. Expected observations of the energy distribution of neutrons resulting
from deuterium-deuterium interactions in P-NB heated plasma as measured
by the perpendicular CNES.

upward shift in the energy of deuterium-deuterium neutrons.
Conversely, if vCOM is opposite to vn (θ = 180◦), En will
reach its minimum energy, indicating a reduced shift in the
energy of deuterium-deuterium neutrons. If vCOM is orthogo-
nal to vn (θ = 90◦), the alteration in deuterium-deuterium
neutron energy becomes negligible. In the LHD, in high-
energy tangential injection N-NB heating plasma, a Doppler
shift occurs in the context of the neutron energy spectrum
when the velocity of the fast deuteron surpasses that of the
background bulk ions. This phenomenon has been effectively
observed utilizing tangential CNESs [39], [44], [38]. In the
scenario of N-NB#1 and N-NB#3 heated plasma, the neutron
energy spectrum from deuterium-deuterium reactions reveals
a peak at a higher energy, corresponding to the vCOM of
the circulating deuterium-deuterium reaction directed toward
the tangential CNES. Conversely, under N-NB#2 heating, the
spectrum shows a peak at a lower energy level, corresponding
to the vCOM of the deuterium-deuterium reaction moving
away from the tangential CNES. As anticipated, during P-NB
heating, the neutron energy spectrum for deuterium-deuterium
reactions exhibits a peak at approximately 2.45 MeV, aligning
with the velocity of the reactants moving perpendicular to the
sight-line of the tangential CNES.

In P-NB heating, when fast ions are injected into helical
ripple of the LHD with a pitch angle near 90 degrees, these
ions become trapped within the ripple. The resulting v⊥ ≫ V∥
condition further ensures that fast ions are effectively confined
within the ripple. Fig. 2 depicts the behavior of a fast ion and
background fuel deuteron during P-NB heating, illustrating
its rotation orthogonal to the magnetic field (represented as
a dot). In the fusion reaction, deuterium-deuterium neutrons
are generated. In this study, the measurement of deuterium-
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deuterium neutrons during P-NB heating will be conducted
using neutron spectroscopy, specifically the perpendicular
CNESs positioned at the LHD helical ripple location, with the
sight-line oriented perpendicular to the magnetic field. When
vCOM of the reaction is moving downward along the line-of-
sight, vCOM aligns with vn (θ = 0◦), an increase in energy of
neutron denoted as (1) is anticipated. Conversely, when vCOM

is moving upward along the line-of-sight, vCOM is opposite
to vn (θ = 180◦), a decrease in energy of neutron denoted as
(2) is expected. The neutron energy spectrum resulting from
deuterium-deuterium reaction, characterized by the double-
humped structure, corresponding to the Larmor motion of
deuterons from P-NB heating, is anticipated to be detected
by the perpendicular CNES.

III. PERPENDICULAR COMPACT NEUTRON EMISSION
SPECTROMETERS

To enhance our comprehension of the dynamics of fast ions
helically confined in P-NB heated plasma and the accelera-
tion of fast ions induced by ICRF waves in the LHD, we
employed perpendicular CNESs with a line-of-sight oriented
perpendicular to the magnetic field. These setups incorporate
a traditional liquid (EJ-301) scintillation detector and a newly
designed Cs2LiYCl6:Ce scintillation detector enriched with
7Li (CLYC7).

A. Perpendicular CNES based on EJ-301

A perpendicular CNES based on EJ-301 was employed
since 2021 [45]. Conventional EJ-301 scintillation detector
was chosen for perpendicular CNES due to their effective
pulse shape discrimination (PSD) capabilities, high neutron
detection efficiency, and ability to provide a fast decay
time signal. Two vertically-oriented line-of-sight perpendicular
CNESs were installed at the 1.5-L lower port of the LHD
[see Fig. 3]. These perpendicular CNESs were configured to
provide a poloidal view of the plasma. The detectors were
accurately placed at radial distances (R) equal to 3.725 m and
3.875 m, and they were aligned with concrete collimators,
150 cm in length with a 5 cm diameter. These perpendicular
CNESs were positioned 7 m at a distance from the plasma mid-
plane. The results presented in this paper originated from the
perpendicular CNES positioned at R equal to 3.725 m. The EJ-
301 scintillator employed in these perpendicular CNES units
had dimensions of 2.54 cm in diameter and height [46]. It was
paired with photo-multiplier tubes (PMTs) with a diameter of
2.54 cm, specifically model H10580-100-01 of Hamamatsu
Photonics K.K. [47]. To apply a high voltage of -1000 V to
the detector, we employed a quad high-voltage power supply,
specifically model RPH-033 of HAYASHI-REPIC Corp. [48].
For data acquisition, we utilized a high-speed digital data
acquisition system, model APV8102-14MWPSAGb of Techno
AP Corp. [49]. Signals were transmitted through a 1 Gbps
Ethernet connection and then archived in the LHD experiment
database.

The neutron-induced signal in the EJ-301 scintillation de-
tector exhibits a fast decay time, typically on the order of
nanoseconds. As a result, the perpendicular CNES based on

Fig. 3. A schematic cut view of the LHD, showing the vertical line-of-sight
perpendicular CNES based on EJ-301 operating at the LHD 1.5-L port.

EJ-301 demonstrates the capability to measure a broad range,
extending up to the maximum value of Sn [44]. Nevertheless,
the measurement of deuterium-deuterium neutrons using EJ-
301 scintillation detector involves detecting the recoiled proton
created by elastic collisions, necessitating spectrum unfolding.
We employed the derivative unfolding technique [50] to ex-
tract the spectrum energy of neutron from its recoil proton,
as measured by perpendicular CNES [39], [44], [45]. This
method relies on the established correlation between recoil
proton energy (Ep) and light output (L) [51]. The unfolded
neutron spectrum was derived by computing the differential
neutron flux (ϕ(En)), represented as [50]:

ϕ(En) =
−Ep

TnV σ(Ep)
[y′(x){gL′(Ep)}2 + y(x)gL′′(Ep)]

(2)
here, T signifies the duration of time [s], n denotes the hydro-
gen atom density [cm3], V represents the volume of sensitivity
[cm3], σ(Ep) stands for the cross-section for neutron-proton
elastic scattering as a function of Ep [cm2], y(x) illustrates the
Qtotal histogram, and g is the PMT’s gain, set at 6.6 × 105.
Note that ′ indicates the first derivative and ′′ indicates the
second derivative. In this study, the efficiency of the detector
was not considered.

B. Perpendicular CNES based on CLYC7

The second perpendicular CNES was built upon a recently
developed CLYC7 scintillation detector because CLYC7 de-
tects deuterium-deuterium neutrons through the proton pro-
duced in 35Cl(n,p)35S reaction, eliminating the need for a full
unfolding process and simplifying the measurement procedure.
The CLYC7 scintillator had dimensions of 2.54 cm in diameter
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Fig. 4. A schematic cut view of the LHD, featuring the horizontal line-of-
sight perpendicular CNES based on CLYC7 operating at the LHD 8-O port.

and in height. It was optically coupled with a standard PMT
with a diameter of 2.54 cm, specifically model H10580-100-
01 of Hamamatsu Photonics K.K. [47]. To supply power to the
scintillator, a quad high-voltage power supply model RPH-033
of HAYASHI-REPIC Corp. [48] was employed, providing a
high voltage of approximately -1300 V. The process of signal
acquisition and data recording was executed using a fast digital
data acquisition system, specifically the model APV8508-
14MW of Techno AP Corp. [49]. Before the installation in the
LHD, the system was characterized over an extensive range
of neutron energies in the neutron source facilities [52]. The
installation of the perpendicular CNES based on CLYC7 at the
8-O port provides a sight-line horizontally oriented perpen-
dicular with the magnetic field [see Fig. 4]. This arrangement
was selected to examine the dynamics of fast ions helically
confined in the LHD plasma mid-plane, particularly within
the helical ripple. The perpendicular CNES utilizing CLYC7
was housed within a neutron shielding box constructed from
10% borated polyethylene, alongside LaBr3(Ce) and plastic
scintillators [53], [54]. The signal was conveyed through a 1
Gbps Ethernet connection and archived in the LHD experiment
database. Despite not requiring the unfolding process, the
CLYC7 scintillator generates a signal with a relatively long
decay time, typically in the order of microseconds. This
characteristic restricts its operation to a relatively low Sn

region, with a maximum capability of 1.5 × 1013 n/s [38].

IV. NUMERICAL SIMULATION

To underscore the precision and dependability of the in-
vestigation into the dynamics of fast ions helically confined
during P-NB heating in the LHD using perpendicular CNESs,
the DELTA5D five-dimensional orbit-following code [55] was
employed. This calculation was employed to compute the
anticipated neutron energy spectrum arising from deuterium-
deuterium reaction as observed by perpendicular CNESs. The

Fig. 5. Diagram illustrating the configuration for simulating the neutron
energy spectrum resulting from deuterium-deuterium reaction.

configuration employed to capture the neutron energy spec-
trum arising from deuterium-deuterium reactions in this study
is depicted in Fig. 4. In the simulations, plasma density and
plasma temperature profiles were derived from the TSMAP
code, a real-time magnetic coordinate mapping system [56],
utilizing experimental plasma data. These profiles were subse-
quently employed in the VMEC2000 code [57] to reconstruct
the three-dimensional equilibrium and in the HFREYA code
[58], [59] to ascertain the profiles of the birth position and
energy of fast ion resulting from P-NB heating, considering
the specific P-NB configuration. Using DELTA5D code, the
trajectories of fast ions from P-NB heating were computed
in Boozer coordinates. In this analysis, the trajectories of a
collective of 105 ions are examined. Each ion was followed
within 1 s. The fast ions’s energy distribution was assessed
in both Boozer and Cartesian coordinates. Given the sight-
line geometry configuration of the perpendicular CNES, the
integrated energy distribution of fast ions along the line was
calculated. To model the observed neutron energy spectrum
originating from deuterium-deuterium reactions, as detected by
the perpendicular CNES, a Monte Carlo numerical simulation
was employed. This simulation incorporated parameters such
as the energy distribution of fast ion, the Larmor phase of fast
ion, and the energy resolution of the detector [44], [45], [52]

V. RESULTS AND DISCUSSIONS

A. Neutron spectroscopy in the P-NB heated plasma

To investigate the confinement of helically-trapped fast ions
generated through P-NB heating, we conducted deuterium-
deuterium neutron spectroscopy using perpendicular CNESs.
Fig. 6 illustrates the temporal evolution of LHD deuterium
plasma discharge #183208. To create plasmas with relatively
low electron temperatures, thus maintaining a low Sn, we
set the toroidal magnetic field strength (BT ) to 1 T, in a
clockwise orientation as observed from top-view perspective.
The position of the magnetic axis in the vacuum (Rax vac)



XX 6

Fig. 6. Plasma discharge #183208 is illustrated in the figure. The top panel
shows the line-averaged electron density, the middle panel represents the
injection of P-NB#5, and the lower panel exhibits the Sn measured by the
neutron flux monitor (NFM), alongside the pulse counting rates recorded by
both the perpendicular CNES based on EJ-301 and the perpendicular CNES
based on CLYC7. The time interval shaded in blue, spanning from 7.8 to 8.3
s, was chosen for deuterium-deuterium neutron spectroscopy.

was consistently held at 3.9 m. The time interval from 7.8
to 8.3 s, during which plasma was heated by P-NB#5, was
chosen for deuterium-deuterium neutron spectroscopy. Note
that P-NB#5 delivered fast ion with energy of approximately
70 keV at a power level of about 7.5 MeV. To ensure on
statistical measurements, data on deuterium-deuterium neutron
emissions during P-NB heating were accumulated from plasma
discharges #183193 to #183220, where the plasma configura-
tions were similar. These measurements were conducted using
both perpendicular CNES based on EJ-301 and perpendicular
CNES based on CLYC7.

During the measurement, the perpendicular CNES based
on EJ-301 responded to both neutrons and γ-rays, as clearly
illustrated in Fig. 7a. When the incident energy of neutrons
and γ-rays are equal, the signal induced by neutrons typically
displays a more prolonged decay time in comparison to the
signal induced by γ-rays. Therefore, the charge comparison
method was utilized to generate the PSD plot [see Fig. 7b],
enabling the discrimination between neutron and γ-ray signals
and facilitating deuterium-deuterium neutron measurements to
investigate the dynamics of helically-trapped beam ions in the
LHD. The neutron signal identified in the PSD range from 0.27
to 0.44. However, neutron detection in perpendicular CNES
based on EJ-301 relies on neutron-proton elastic scattering.
Only recoiled protons with energies covering a range from zero
to the incoming neutron energy, vary with the scattering angle,
can be detected by the perpendicular CNES based on EJ-
301. Fig. 7c displays the integrated charge (Qtotal) histogram,
which was proportional to the histogram of recoil proton
energy, acquired during the selected time span from 7.8 to 8.3
s. Hence, an unfolding process is essential to derive the neutron
energy spectrum. Employing a suitable unfolding technique,
specifically the derivative unfolding method in Eq. 2, we
obtained the neutron energy spectrum from the histogram of
recoil proton energy, as depicted in Fig. 7d. The neutron
energy spectrum arising from deuterium-deuterium reactions
during P-NB heating displays a double-humped profile with
peaks around 2.30 MeV and 2.74 MeV.

Additionally, neutron spectroscopy for deuterium-deuterium

(a) (b)

(c) (d)

Fig. 7. (a) Standard signals induced by neutrons and γ-rays measured using
the perpendicular CNES based on EJ-301. (b) Two-dimensional plot of PSD
derived from LHD deuterium plasma discharge #183208. (c) Histogram of
Qtotal. (d) Unfolded neutron energy spectrum resulting from deuterium-
deuterium reaction during P-NB heating measured by a perpendicular CNES
based on EJ-301 during the selected time interval.

(a) (b)

(c)

Fig. 8. (a) Standard signals induced by neutrons and γ-rays measured using
the perpendicular CNES based on CLYC7. (b) Two-dimensional plot of PSD
obtained by accumulating data from plasma discharges between #183193 and
#183220. (c) Neutron energy spectrum resulting from deuterium-deuterium
reactions during P-NB heating measured using the perpendicular CNES based
on CLYC7.

reactions in the P-NB#5 heated plasma was achieved using
the perpendicular CNES based on CLYC7. The data were
accumulated during the plasma discharges between #183193
and #183220. Similar to the perpendicular CNES based on
EJ-301, the perpendicular CNES based on CLYC7 can detect
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both neutrons and γ-rays. Fig. 8a clearly shows that when the
incident energy of neutrons and γ-rays is equivalent, the signal
induced by neutrons typically displays a more prolonged decay
time in comparison to the signal induced by γ-rays. Therefore,
the method of charge comparison was utilized to create
the PSD plot [see Fig. 8b], allowing for the discrimination
between neutron and γ-ray signals and enabling deuterium-
deuterium neutron measurements to study the dynamics of
beam ions helically confined in the LHD. Unlike the perpen-
dicular CNES based on EJ-301, the perpendicular CNES based
on CLYC7 detects deuterium-deuterium neutrons through the
35Cl(n,p)35S reactions, eliminating the need for an unfolding
method. The deuterium-deuterium neutron spectroscopy in P-
NB heated plasma was achieved by the perpendicular CNES
based on CLYC7. The resulting spectrum exhibits a double-
humped profile featuring peaks around 2.30 MeV and 2.74
MeV as shown in Fig. 8c.

Deuterium-deuterium neutron energy spectra characterized
by a double-humped profile were successfully obtained by
both perpendicular CNES based on EJ-301 and perpendicular
CNES based on CLYC7 in P-NB heated plasma. The presence
of two peaks might be indicative of the Larmor motion of
fast ions confined within the helical ripple of the LHD. To
confirm the experimental findings through comparison with the
calculations, the neutron spectrum resulting from deuterium-
deuterium reaction was computed utilizing the DELTA5D five-
dimensional orbit-following code as described in Sec. IV.
Fig. 9a illustrates the fast ion energy distribution from P-
NB#5 heating in LHD deuterium plasma discharge #183208
at the time equal to 8.0 s, integrated over the sight-line
of the perpendicular CNES. In the LHD, P-NB injection
provides a full energy component of about 70 keV, along with
energy components at one-half and one-third simultaneously,
due to the production of hydrogen molecules within an ion
source. Fig. 9b depicts the line-integrated neutron energy
spectrum from deuterium-deuterium reaction anticipated at the
perpendicular CNES position. This calculation is based on the
distribution of fast ion energy, taking into account the Larmor
phase. Considering the energy resolution of the detector [45],
we calculate the anticipated neutron energy spectrum resulting
from deuterium-deuterium reactions to be measured by the
perpendicular CNES, as shown by the dashed line spectrum
in Fig. 10. The results demonstrate good agreement between
calculation and observation of neutron energy spectra from
deuterium-deuterium reactions during P-NB heating plasma
by both perpendicular CNES based on EJ-301 and perpendic-
ular CNES based on CLYC7 [see Fig. 10]. This agreement
underscores the precision and dependability of employing
perpendicular CNESs to investigate the dynamics of fast ions
helically confined in the LHD.

B. Deuterium-deuterium neutron energy spectrum in plasma
heated by P-NB with the superimposition of ICRF waves

With the ICRF wave superimposed on P-NB heating, the
fast ion was accelerated, providing high-energy ions up to
a few MeV. A feasibility study for measuring the fast ion
energy distribution up to 1 MeV shows that the neutron

(a) (b)
Fig. 9. (a) Fast ion energy distribution integrated over perpendicular
CNES line-of-sight. (b) Neutron energy spectrum resulting from deuterium-
deuterium reaction at perpendicular CNES position without taking into
account the detector energy resolution.

Fig. 10. Neutron energy spectrum from deuterium-deuterium reactions
during P-NB heating characterized by a double-humped profile obtained by
perpendicular CNES based on EJ-301, by perpendicular CNES based CLYC7,
and by calculation.

energy spectrum arising from deuterium-deuterium reaction
anticipated to be acquired by the perpendicular CNES has peak
locations that become broader with higher fast ion energy [45].

In this study, deuterium-deuterium neutron spectrometry
was conducted in plasma discharges #183247, where the
plasma was heated by the P-NB#4 and P-NB#5 [see Fig.
11a], and in plasma discharges #183241, where the plasma
was heated simultaneously by P-NB#4, P-NB#5, and ICRF
waves [see Fig. 11b]. The measurements were performed using
the perpendicular CNES based on EJ-301. In the experiment,
we set BT to 2.75 T, in a clockwise orientation as observed
from top-view perspective. The Rax vac was consistently held
at 3.6 m. With this configuration, high-performance plasma
experiments were conducted. The time span from 3.8 to 5.2
s was selected for deuterium-deuterium neutron spectroscopy.
The result shows that the perpendicular CNES provides an
effective diagnostic tool for studying fast ion acceleration
by ICRF waves. A double-humped profile neutron spectra
with peaks at approximately 2.32 MeV and 2.64 MeV were
obtained in plasma discharge #183247, where the plasma was
heated by the P-NBs. It was observed that the peak becomes
broader, especially at the upper-shifted neutron energy due to
the ICRF wave heating, as expected [see Fig. 12].
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(a)

(b)

Fig. 11. Plasma discharge (a) #183247 and (b) #183241 were illustrated
in the figure. The top panel shows the line-averaged electron density, the
middle panel represents the injection of P-NB#4, P-NB#5, and ICRF wave,
and the bottom panel displays the Sn measured by NFM, along with the
pulse counting rates measured by the perpendicular CNES based on EJ-301.
The time interval shaded in blue, spanning from 3.8 to 5.2 s, was chosen for
deuterium-deuterium neutron spectroscopy.

Fig. 12. Neutron energy spectrum from deuterium-deuterium reactions
in plasma discharge #183208 heated by P-NB, and in plasma discharge
#183241 with ICRF wave superimposed on P-NB heating, measured using
the perpendicular CNES based on EJ-301.

VI. SUMMARY

The confinement of fast ions trapped helically generated
by perpendicular injection P-NB, which reflected in the
deuterium-deuterium neutron energy, was successfully ob-
served using both perpendicular CNES based on EJ-301 and
perpendicular CNES based on CLYC7. The neutron spec-

trum derived from deuterium-deuterium reaction exhibited a
double-humped profile corresponded to the Larmor motion of
helically-trapped fast ions generated from P-NB heating. To
validate the experimental findings pertaining to the dynam-
ics of fast ions helically confined in the LHD, simulations
were performed using the DELTA5D code. These simulations
considered Larmor motion effects and accounted for the en-
ergy resolution of the detector. The agreement between the
experimental and simulated neutron energy from deuterium-
deuterium reaction underscores the accuracy and ability of use
perpendicular CNES to measure the confinement of helically-
trapped fast ions generated through P-NB heating in the LHD.
The perpendicular CNES based on EJ-301 demonstrated the
capability to observe the neutron energy spectrum resulting
from deuterium-deuterium reaction in ICRF waves combined
with P-NB heated plasma. The results indicated that the peak
broadened due to the fast ion acceleration process driven by
ICRF waves.
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