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Abstract: Triton burnup studies have been performed in fusion experimental devices to evaluate
the confinement performance of 3.5 MeV alpha particles. For this purpose, the generation rate
of deuterium-tritium (D-T)-born 14 MeV neutrons has been measured using a scintillating fiber
detector. The directionality of this detector provides excellent selectivity for 14 MeV neutrons;
however, the lack of a pulse–shape discrimination (PSD) capability limits high-energy gamma-ray
reduction. In this study, we developed a new 14 MeV neutron detector with directionality that can
discriminate neutrons and gamma rays based on the PSD technique by filling capillaries with a liquid
scintillator. The performance of this detector was evaluated at the FNL (Tohoku University, Japan)
and OKTAVIAN (Osaka University, Japan). The detector response was modeled using the particle
and heavy ion transport code system (PHITS). The experimental and simulation results demonstrated
that the detector has a directional response to fast neutrons and excellent PSD capability.

Keywords: 14 MeV neutron; liquid scintillator; pulse–shape discrimination; scintillating fiber

1. Introduction

The confinement of 3.5 MeV alpha particles produced by the deuterium-tritium (D-
T) reaction is essential for commercializing fusion energy because they heat and sustain
plasma through colliding with the plasma. Therefore, triton burnup studies have been
performed [1–7], where the ratio of the D-T neutron generation rate to the D-D neutron
generation rate in deuterium plasma has been used to evaluate the confinement perfor-
mance of triton particles. Because the spatial and time scale of the motion of triton particles
resembles those of alpha particles [8], the behavior of alpha particles can be estimated.

For this purpose, various types of D-T neutron detectors have been developed and
operated in experimental fusion devices. For example, silicon diodes, which have a high-
energy resolution, were used to measure D-T neutrons produced by 1 MeV tritons at
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TFTR [9–11]. They successfully measured the time evolution of 14 MeV neutrons. However,
this detector is susceptible to radiation damage. In recent years, there have been advance-
ments in the development of 14 MeV neutron detectors using silicon carbide or diamond
crystals [12–20]. These detectors are gaining attention due to their reduced susceptibility
to temperature changes, light, and radiation. However, they are expensive and have a
limited counting efficiency due to their size constraints. Scintillating fiber (Sci. Fi.) detec-
tors, which use plastic scintillators processed into a fiber form, have been used to conduct
the time-resolved D-T neutron measurements at TFTR, LHD, JT-60U, and KSTAR [21–31].
This detector offers a high-speed response, radiation resistance, and directional sensitivity
to 14 MeV neutrons. However, one drawback of this detector is that it does not have a
pulse–shape discrimination (PSD) capability. Therefore, it uses pulse height discrimination
to distinguish between signals from D-T neutrons and those from background gamma rays
and D-D neutrons, which exploits the fact that the pulse height of the scintillation light
is proportional to the energy deposited by the excited particle. By setting an appropriate
threshold for the pulse height value, low-energy gamma rays and D-T neutrons can be dis-
criminated. However, the light output of organic scintillators, including Sci. Fi. detectors,
for electrons has a greater per unit energy than that of ions. Therefore, 2–3 MeV neutrons,
which collide with ions in the detector, are required to provide the same light output as
a 1 MeV gamma ray. For instance, the pulse height of a 7.8 MeV gamma ray due to the
neutron capture reaction of 56Fe in stainless steel is compatible with that of 14 MeV (D-T)
neutrons. Therefore, the contamination of signals by high-energy gamma rays is inevitable
when using pulse-height discrimination alone. Organic scintillators such as stilbene (solid)
and EJ-301 (liquid) have also been used as a D-T neutron detector at LHD [22–33] and
JT-60U [34,35]. They offer a high counting efficiency and possess a PSD capability, enabling
the differentiation of pulses originating from interactions between neutrons and gamma
rays. However, unlike Sci. Fi. detectors, stilbene is not directional to D-T neutrons due to
the difficulty in fabricating a long shape. On the other hand, liquid scintillators provide
shape flexibility through container adjustment. However, preventing the quenching caused
by dissolved oxygen necessitates the creation of an oxygen-free environment using nitrogen
gas, which presents challenges when it comes to sealing it within the container.

This study focused on neutron–gamma ray discrimination using the PSD method.
Material, such as stilbenes and liquid scintillators, can discriminate between neutrons and
gamma rays using the difference in the time constant of the pulse decay depending on the
excited particle. Therefore, although their pulse height values are comparable, neutrons
and gamma rays can be discriminated. By filling capillaries with a liquid scintillator, we
developed a new concept of a 14 MeV neutron detector with both directionalities, like Sci. Fi.
detectors, and neutron–gamma-ray-discrimination capability using the PSD technique to
provide the precise experimental data needed to elucidate the physics of high-energy alpha
particle confinement. The performance of the detector was demonstrated at FNL (Tohoku
University, Japan) [36] and OKTAVIAN (Osaka University, Japan) [37]. In addition, the
detector response was modeled using the particle and heavy ion transport code system [38].
The experimental and simulation results demonstrated that the detector has a directional
response to fast neutrons and an outstanding PSD capability. We anticipate that this
detector can be installed in an environment with a total neutron emission rate exceeding
1016 neutrons/s, which corresponds to a neutron flux of ~1010 cm−1 s−1 at the torus hall in
LHD [39], where the Sci. Fi. detectors are installed.

2. Materials and Methods
2.1. Sci. Fi. Detector

Sci. Fi. detectors were developed in the 1990s to measure 14 MeV neutrons for fusion
experimental devices, such as TFTR and JT-60U. As shown in Figure 1, a Sci. Fi. detector
consists of a sensor head with several scintillating fibers embedded in the housing, which
is connected to a photomultiplier tube (PMT). The commonly used scintillating fiber in Sci.
Fi. detectors is BCF-10 (Saint Gobain) [22,23,26]. Its emission peak is 432 nm, its decay time
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is 2.7 ns, and its light yield is ~8000 photons/MeV (for a minimum ionizing particle (MIP),
corrected for PMT sensitivity) [40]. The number of scintillating fibers to be embedded in the
housing ranges from tens to hundreds depending on the application conditions. A neutron
incident on a Sci. Fi. detector produces a recoil proton by elastic scattering with hydrogen
atoms in the Sci. Fi. The recoil proton excites the electrons in the scintillator molecules;
then, de-excitation leads to scintillation light emission, which the PMT detects.

Figure 1. Structure of a Sci. Fi. detector. Pulse signals from an axially incident neutron (orange) and
an obliquely incident neutron (blue).

The elongated shape of a Sci. Fi. allows axially recoiled protons to deposit all their
energy to the scintillator; however, this is not the case for off-axis recoiled protons because
the maximum range of the protons in the Sci. Fi. is shorter than the diameter of the Sci. Fi.
The scattering angle of the recoil protons relative to the direction of neutron travel is close
to 0◦. Therefore, by setting an appropriate threshold, the Sci. Fi. detector can be used as a
directional detector for 14 MeV neutrons.

2.2. Capillary-Filled Liquid Scintillation Detector

The detector developed in this study consists of 144 capillaries (50 mm long and
2.0 mm in diameter) in the housing filled with a liquid scintillator, which is coupled to the
PMT via Pyrex glass (Figure 2). Depending on the exciting particle, the liquid scintillator has
a different decay time constant for a scintillation pulse, which enables the PSD technique.
In addition, this detector has directionality because of its long and narrow shape, which is
similar to a Sci. Fi. detector.

Figure 2. Structure of a capillary-filled liquid scintillation detector.

3. Experiments and Simulations

The liquid scintillator used was an EJ-301 device from Eljen Technology, and the PMT
was an H11934-100 device from Hamamatsu. Conventionally, aluminum housing is used in
Sci. Fi. detectors, and a previous study showed that multiple reflections from the housing
attenuates the scintillation light, thus reducing the detection efficiency [28]. Therefore, in
this study, a housing made of Teflon with better reflectivity was also fabricated to compare
the detector responses. The anode signal from the PMT was fed directly into a digitizer
(DT5751, CAEN). The charge integration method was used for the PSD, where two-time
gates (short gate and long gate) were applied to the pulse, and the charges contained in
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each gate were integrated (Qshort and Qlong) with a 1 GHz sampling rate (Figure 3). This
study fixed the short and long gates at 20 ns and 100 ns, respectively. The PSD parameter is
defined as PSD = 1 − Qshort/Qlong.

Figure 3. Definition of the short gate and long gate to calculate Qshort and Qlong in the charge
integration method.

The directionality and PSD capability of the device were investigated in FNL at Tohoku
University and OKTAVIAN at Osaka University. In FNL, a detector with an aluminum
housing was used; in OKTAVIAN, a detector with a Teflon housing was used. In FNL, the
accelerator produced deuterium-deuterium (D-D) and deuterium-lithium (D-Li) neutrons
by irradiating a 3 MeV deuterium beam into a D2 or Li target. The energies of the neutrons
were ~6 and ~18 MeV, respectively. Their corresponding neutron rates at the target were
about 5.3 × 106 neutrons/s and 1.6 × 107 neutrons/s. The distance from the target to the
detector was 216 cm, and the angle between the target and the detector was zero degrees.
The measurement time was set to 30 min. In OKTAVIAN, a deuterium beam of ~250 keV
was injected into a tritium occlusion titanium target to produce D-T neutrons. The typical
D-T neutron rate at the target was 109 neutrons/s. The measurement time was set to 10 min.
The distance from the target to the detector was 77 cm, and the angle between the target
and the detector was fifteen degrees.

To evaluate the directionality, the detector angle was varied from 0◦ to 30◦, 45◦, 60◦,
and 90◦ using a rotating table. Note that 0◦ was the direction in which neutrons were
incident horizontally on the detector, and 90◦ was the direction in which neutrons were
incident vertically on the detector. A 137Cs gamma-ray source was used to evaluate the
attenuation of the scintillation light. The experimental results were compared between the
detectors with aluminum and Teflon housings. To simulate the response function of the
detector with Teflon housing, SCINFUL-QMD [41], which is available in PHITS (particle
and heavy ion transport code system, ver. 3.26) [38], was used. A 252Cf neutron source was
used to validate the simulation results.

4. Results and Discussions
4.1. Experimental Results with Fast Neutrons at FNL
4.1.1. PSD Capability

Figure 4a shows a 2D scatterplot based on Qlong and Qshort when the detector with
aluminum housing was irradiated with D-D neutrons. As shown in Figure 4b, events due
to gamma-rays and neutrons were discriminated by projecting from the 2D scatterplot
in Figure 4 onto the PSD axis and fitting it with a mixed Gaussian distribution. The left
and right peaks correspond to events caused by gamma rays and neutrons, respectively.
Figure 5a shows a 2D scatterplot based on Qlong and Qshort when the detector with alu-
minum housing was irradiated with D-Li neutrons. Figure 5b shows the distribution of
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PSD parameter. The higher energy of the neutrons, as compared to the D-D neutrons,
led to a relatively lower number of events due to gamma rays above the threshold. To
evaluate the discrimination performance in each distribution, an index of discrimination
performance, the figure of merit (FoM), is defined as the following equation:

FoM =
d

σ1 + σ2

where d is the distance between the peaks of each distribution, and the σ1 and σ2 are
standard deviations. The FoM depended on the incident neutron energy; FoM = 3.7 for
D-D neutrons and FoM = 2.5 for D-Li neutrons. Therefore, the optimal long gate and short
gate should be selected according to the incident neutron energy.

Figure 4. (a) Two-dimensional scatter plots based on Qshort and Qlong. (b) Distribution of PSD parameters
above Qlong 2000. D-D neutrons were irradiated to the detector with an aluminum housing.

Figure 5. (a) Two-dimensional scatter plots based on Qshort and Qlong. (b) Distribution of PSD parameters
above Qlong 2000. D-Li neutrons were irradiated to the detector with an aluminum housing.

4.1.2. Directionality

Figure 6a shows the dependence of the Qlong distribution on the incident angle for
D-D neutrons. The total neutron rate normalized the number of counts based on 3He
proportional counter measurements. Figure 6b shows the relative counting rate as a
function of the detector angle around Qlong 100–400. Figure 7a shows the dependence of
the Qlong distribution on the incident angle for D-Li neutrons. Figure 7b shows the relative
counting rate as a function of the detector angle around Qlong 100–400. The larger the
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detector angle, the smaller the count rate. Therefore, neutrons incident in the front direction
could be selectively measured. In addition, the higher the incident energy of the neutrons,
the greater the dependence on the incident angle because a longer distance was required
for the recoil proton to deposit all of its energy. However, the full-width half-maximum of
the relative counting rate was lower than that of the Sci. Fi. detector (20–40 deg) [24–26]
because the capillary diameter of this detector (2 mm) was longer than that of the Sci. Fi.
detector (typically, 1 mm), and the scintillation light generated by axially incident neutrons
was significantly attenuated to reduce the detection efficiency, thereby deteriorating the
directionality. Furthermore, in ref. [24–26], the Sci. Fi. detector showed a dependence on
the incident angle in the high-energy region. However, our detector demonstrated this in
the low-energy region. Because the pulse height value decreased with the scintillation light
attenuation, the overall response spectrum shifted to the lower-energy side. The effects of
scintillation photon attenuation are discussed in detail in Section 4.2.

Figure 6. (a) Dependence of Qlong distribution on incident angle. (b) The relative counting rate as a
function of the detector angle around Qlong 100–400. D-D neutrons were irradiated to the detector
with aluminum housing. The counting rate was normalized by the total neutron rate based on 3He
proportional counter measurements.

Figure 7. (a) Dependence of Qlong distribution on incident angle. (b) The relative counting rate as a
function of the detector angle around Qlong 100–400. D-Li neutrons were irradiated to the detector
with aluminum housing. The counting rate was normalized by the total neutron rate based on 3He
proportional counter measurements.

4.2. Experimental Results on Attenuation of Scintillation Photons with a 137Cs
Gamma-Ray Source

The scintillation light generated in the liquid scintillator propagated to the photocath-
ode of the PMT through multiple reflections with the housing. For example, the scintillation
light generated at a longer distance from the photocathode was expected to have a greater
attenuation owing to the increased number of reflections. However, the scintillation light
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generated closer to the photocathode was anticipated to be almost unattenuated. Therefore,
even if the scintillation light originally had the same emission amount, the detectable
amount differed depending on its generated position. This effect was more pronounced
when the neutrons were axially incident because the number of scintillation events in the
front part of the detector was relatively greater than when they were vertically incident.

The attenuation of scintillation light as a function of the generated position was inves-
tigated using a 137Cs gamma-ray source. Figure 8 illustrates the experimental configuration.
The gamma rays were collimated with a lead block and injected perpendicular to the
detector while gradually shifting the incident position by 5 mm. This experiment was
conducted for the detectors constructed with an aluminum housing and a Teflon housing
and with a Sci. Fi. detector. Gamma rays were irradiated using a collimator with a 5 mm
diameter to ensure a sufficient counting rate.

Figure 8. Experimental setup to investigate the relationship between the generation position of
scintillation light and its attenuation.

Figure 9a,b show the Qlong distribution as a function of incident position of the gamma
rays. Figure 10 also shows the dependence of the relative counting efficiency on the incident
position for events with Qlong > 60% of the maximum value. The liquid scintillation detector
with the Teflon housing had a relatively low attenuation because its white color had a high
reflectivity. The counting efficiency of the liquid scintillation detector with the aluminum
housing became close to 0 at 15 mm or more from the photocathode, which means that the
scintillation light generated at the entrance region of the detector was almost undetectable.
This was because the low reflectivity of the aluminum housing greatly attenuated the
scintillation photons.

Figure 9. (a) Qlong distribution for the liquid scintillation detector with the Teflon housing as a
function of gamma ray incident position. The measurement time was 600 s. (b) Qlong distribution for
the liquid scintillation detector with the Al housing as a function of gamma ray incident position.
The measurement time was 18,000 s.
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Figure 10. Comparison of counting efficiencies of the aluminum housing and Teflon housing as
a function of gamma ray incident position. The counting efficiency was normalized based on an
incident position of 0.5 cm from the photocathode. The threshold of Qlong was 60% of the maximum
Qlong value (red dashed line in Figure 9a,b) for each distribution.

4.3. Experimental Results with 14 MeV Neutrons at OKTAVIAN

Figure 11a shows the dependence of the Qlong distribution on the indicent angle when
D-T neutrons were irradiated to the detector with Teflon housing. Figure 11b shows the
relative counting rate as a function of the detector angle for Qlong ≥ 30,000. Like the Sci. Fi.
detector, dependence on the incident angle was observed in the high-energy region. The
increase in counts at 90◦ was likely due to errors in the position and angle. The FWHM was
approximately 40◦, which was better than that of the detector with the aluminum housing.
The Teflon housing improved the collection efficiency of the scintillation light, which led
to a better directionality than the detector with the aluminum housing. The detector with
the aluminum housing showed an angular dependence at the lower-energy part due to
the attenuation of scintillation photons; because the range to integrate Qlong needed to be
set at a the lower-energy part, the directionality was deteriorated by background gamma
rays and low-energy neutrons. On the other hand, the detector with the Teflon housing
showed an angular dependence in the high-energy part, which allowed a higher Qlong
range, thus improving the directionality. The knee-like distribution of Qlong from 10,000
to 25,000 corresponded to the protons recoiled by the D-T neutrons depositing all of their
energy into the liquid scintillator. The response spectrum shifted to the lower-energy side
as the incident angle increased. This shift means that this detector was directional to D-T
neutrons. The tail-like distribution of Qlong above 25,000 was formed by events generated
in the liquid scintillator pool near the photocathode. Because reflections from the housing
did not attenuate the scintillation light generated in the liquid scintillation pool, it was
efficiently collected, which caused a larger Qlong.

Figure 11. (a) Dependence of Qlong distribution on incident angle. (b) The relative counting rate as
a function of the detector angle with Qlong ≥ 20,000. D-T neutrons were irradiated to the detector
with Teflon housing. The counting rate was normalized by the total neutron rate based on 3He
proportional counter measurements.
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4.4. Comparison between Experimental and Simulation Results

In SCINFUL-QMD, the nuclear reaction between neutrons and carbon nuclei in a cell
defined as an organic scintillator was calculated in the SCINFUL mode, and the energy
deposited by the generated charged particles was converted to a light output to create a
response function. In ref. [28], the authors simulated the detector response of a Sci. Fi.
detector using PHITS by considering that the generation efficiency of scintillation photons
depends on the excited particle. However, to precisely replicate the detector response, the
attenuation of scintillation light should also be considered. SCINFUL-QMD was calculated
based on the following equation:

L = L′·exp(−G·D) (1)

where L′ (MeVee) and L (MeVee) are the electron-equivalent energy deposition before and
after attenuation, respectively. G is the attenuation coefficient (cm−1), and D (cm) is the
distance from the generation position of the scintillation light to the photocathode position.
The statistical variation in the light output was assumed to be a Gaussian distribution, and
the following equation was used to define its standard deviation:

U =
√

σ2 + F·L (2)

where σ represents system-specific variations, such as electrical noise. In addition, F·L
expresses the variation in the optical output according to the Poisson distribution, where F
denotes the proportional coefficient when the number of generated photons is assumed to
be proportional to L. The simulated light output should be digitized for comparison with
the experimental results. This was performed using the following equation [42]:

Qlong =
N·QE·pmt_gain·e

digitizer_charge_sensitivity
(3)

In this study, the digitizer’s charge sensitivity was set to 20× 10−15 C/LSB. The PMT
gain was 2.0× 105, and the quantum efficiency (QE) was 0.35 [43]. The number of generated
photons (N) was obtained as N = scintillation_yield × L, where the scintillation yield of
EJ-301 was 12,000 photons/MeVee [44]. The charge of an electron (e) is 1.6022 × 10−19 C.
Substituting these, the following equation can be obtained:

Qlong = 6728.4× L (4)

A geometrical model identical to the actual detector with the Teflon housing was
created, and the detector was irradiated with neutrons emitted from a 252Cf neutron source.
Figure 12 shows the simulation and experimental results. By adjusting the attenuation
coefficient, G, of the scintillation light while fixing the other variables, we reproduced
a Qlong distribution similar to the experimental results. In the experiment, the number
of counts in the low-energy part was lower than in the simulation results because of
the threshold value required to remove background and noise. The response spectrum
shifted to higher energies with smaller attenuation coefficients owning to the increased
collection efficiency of the scintillation light. The prospect that the experimental results can
be reproduced by simulation was obtained, and it is now possible to optimize the detector
geometry based on the simulation results.
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Figure 12. Comparison of Qlong distributions obtained from simulation and experimental results.

5. Conclusions

A capillary-filled liquid scintillation detector was developed for triton burnup stud-
ies. This detector comes in two variations, utilizing either aluminum or Teflon housings.
Through fast neutron irradiation experiments using an accelerator, it was demonstrated that
this detector possessed an excellent PSD capability and directionality. The figure of merit
for D-D neutrons was determined to be 3.7, while for D-Li neutrons, it was 2.5. Furthermore,
the detector with the Teflon housing exhibited an angular resolution of approximately 40◦

for D-T neutrons. Additionally, the experiments conducted with a 137Cs gamma ray source
indicated that the Teflon housing exhibited lower scintillation light attenuation compared to
the aluminum housing. This suggests that the use of Teflon housing could contribute to an
improved directionality, which led to an improvement in the angular resolution. To validate
the results obtained with the Teflon housing, the detector’s response was reproduced using
PHITS, a particle transport simulation code. This simulation opened the possibility of
optimizing the detector’s geometry based on these replicated experimental results. By
employing the PSD method after discriminating between low-energy neutrons and gamma
rays based on directionality, more accurate measurements of 14 MeV neutrons in triton
burnup studies can be achieved. The effectiveness and applicability of this detector will be
further investigated through measurements of secondary D-T neutrons at LHD.
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