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A large volume and fast response gamma ray diagnostic based on the LaBr3(Ce) scintillator was installed to
obtain the gamma ray spectrum in the Large Helical Device (LHD) for understanding energetic ion confinement.
The advantages of the LaBr3(Ce) scintillator are relatively sensitive to gamma rays due to its relatively heavy
weight density of 5.3 g/cc, high counting operation because of a relatively short pulse width of ∼ 100 ns, and
relatively better energy resolution of ∼3%. The gamma ray diagnostic was installed at the outboard side of LHD.
The radiation shielding for the LaBr3(Ce) detector was designed to avoid unwanted signals due to stray neutrons
and gamma rays using the three-dimensional radiation transport calculation MCNP6. In-situ energy calibration
of the LaBr3(Ce) detector was performed using 60Co and 137Cs gamma ray sources. We surveyed a neutron effect
on the LaBr3(Ce) detector in an electron-cyclotron-heated deuterium plasma discharge. The pulse counting rate
of LaBr3(Ce) detector under the total neutron emission rate of 2×1011 n/s was 110 kcps. Therefore, the LaBr3(Ce)
detector is expected to be utilized in most of ion cyclotron resonance frequency (ICRF) discharges, where the total
neutron emission rate of ∼1011 n/s. We plan to measure the gamma ray spectrum in deuterium ICRF discharges.
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1. Introduction
Gamma ray spectral diagnostics have been utilized in

fusion plasma experimental research because the diagnos-
tics provide important information on understanding the
MeV ion confinement. In deuterium (D) or deuterium-
tritium (D-T) plasma experiments, gamma ray diagnostics
have been developed as ion temperature plasma diagnos-
tics [1] and the complementary energetic ion diagnostics,
especially for the MeV range [2–4]. In Tokamak Fusion
Test Reactor TFTR, a gamma ray detector [5] was utilized
for a D-3He experiment [6, 7], as well as controlling run-
away electrons generated by disruption [8]. In Joint Euro-
pean Torus JET, a reconstruction of energetic ion distribu-
tion was performed using gamma ray spectrometry in D [9]
and D-T experiments [10]. After that, the gamma ray de-
tector was upgraded to be operated under a MHz count rate
range to obtain detailed measurements of alpha particle
confinement research [11]. In ITER, alpha particle energy
distribution [12–14] and loss [15] will be measured em-
ploying gamma ray detectors. In DEMO, a gamma ray de-
tector will be utilized to measure fuel temperature and ratio
in the plasma core [15–17]. Moreover, in aneutronic fu-
sion, such as D-3He and p-11B, gamma ray diagnostics are
the candidate for the fusion power monitor [5, 18]. In the
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D-3He study in large tokamaks, 16.7 MeV gamma rays due
to a 3He(d,γ)5Li reaction have been observed using large
volume and relatively heavy gamma ray detectors [19]. In
addition to plasma diagnostics utilization, the gamma ray
detector has played an important role in radiation manage-
ment for human safety and research for activation levels
after operation [20].

In the Large Helical Device (LHD), gamma ray diag-
nostics have been mainly utilized to study activation re-
search after plasma discharges [21, 22]. Understanding
the distribution and gamma ray spectra after plasma dis-
charge in the vacuum vessel [23] and the torus hall [24]
will provide important information for human safety as
well as knowledge about machine decommission. Gamma
ray diagnostics during a neutral-beam-heated deuterium
plasma discharge is regarded as a less important diag-
nostics compared with integrated neutron diagnostic [25],
which can directly provide a beam ion confinement prop-
erty [26–28] because neutrons are mainly produced by so-
called beam-thermal reactions in LHD deuterium plasma
experiments [29]. Recently, an ion cyclotron resonance
frequency (ICRF) wave-heated deuterium plasma exper-
iment was performed with relatively low-power ICRF-
heated deuterium plasma [30]. Gamma ray spectroscopy
can provide the energy distribution of MeV range ICRF
tail ions in a deuterium plasma experiment. Note that a
MeV range ICRF proton tail has been observed in steady-
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state hydrogen plasma discharges in LHD [31]. More-
over, gamma ray diagnostics will play an important role
in knock-on tail observation through the 6Li(d,γ)8Be reac-
tion [32] or a study toward aneutronic fusion [33].

2. Setups of Large-Volume and Fast-
Response Gamma Ray Diagnostic

2.1 Arrangement
A gamma ray diagnostic characterized by large vol-

ume and a fast time response based on a LaBr3(Ce) scintil-
lator is installed on the outboard side diagnostic port, the
so-called 8-O port, near LHD, as shown in Fig. 1 (a). The
cut view of the gamma ray diagnostic is shown in Fig. 1 (b).
A large-volume LaBr3(Ce) detector, a relatively large size
LaBr3(Ce) scintillator (3-inch height and 3-inch diame-
ter) directly coupled with a 3.5-inch diameter photomul-

Fig. 1 (a) Bird’s eye view of the Large Helical Device. Loca-
tions of the LaBr3(Ce) detector and neutron flux monitor.
(b) Cut view of radiation shield for the LaBr3(Ce) detec-
tor.

tiplier tube (R10233, Hamamatsu Photonics K. K.), is sur-
rounded by a 10-mm thick steel (SS400) cylindrical mag-
netic shield box. The LaBr3 scintillator is characterized
by a relatively high-time response due to the narrow pulse
width (∼100 ns) and relatively high sensitivity to gamma
rays, owing to the high weight density (5.08 g/cm3). It
is worth noting that the stray magnetic field intensity at
the detector position in a high magnetic field condition in
LHD, e.g., toroidal magnetic field Bt of 2.75 T, is 30 mT.
The LaBr3(Ce) detector is immersed in a 10% borated
polyethylene block to reduce the neutron effect [34]. Note
that the side and back of the LaBr3(Ce) detector are sur-
rounded by 50 mm thick lead to reduce the stray gamma
ray effect. The total weight of the gamma ray diagnostics
is approximately 450 kg.

2.2 Shielding design
The neutron and gamma ray shielding for the

LaBr3(Ce) detector was designed based on the three-
dimensional Monte Carlo neutron and gamma ray transport
calculation MCNP6 [35]. The most stringent limitation of
the shield was that of the allowable weight of the diagnos-
tic stage, 250 kg/m2. The allowed area for this gamma ray
diagnostic is ∼2 m2. Therefore, the total weight should be,
at most, 500 kg.

In this calculation, we set a simple torus volume
1.9× 1016 s−1 neutron source with a major radius of 3.6 m
and minor radius of 0.6 m. We considered D-D and
D-T neutrons with a ratio of 99.5:0.5, according to the
maximum obtained secondary triton burnup ratio in LHD
[27]. The neutron flux averaged in the LaBr3(Ce) detector
was evaluated using an F4 tally. Figure 2 shows a two-
dimensional distribution of the neutron and the gamma ray
fluxes near the LaBr3(Ce) detector position. The polyethy-
lene shield effectively reduced the neutron flux by two or-
ders of magnitude, and the lead reduced the gamma rays
by one order of magnitude.

2.3 Data acquisition and remote-control
high voltage system

Figure 3 shows the block diagram of control and data
acquisition for gamma ray diagnostic.

The anode signal of the photomultiplier tube of the
LaBr3(Ce) detector is transferred with a double shield 50
Ohm 60 m coaxial cable (3D-FB) to the data acquisition
system (APV8102-14MWPSAGb, Techno AP), developed
for a vertical neutron camera in LHD [36], located at the
basement level of LHD torus hall to avoid radiation ef-
fects on the system [37]. The data acquisition system
consists of a 14-bit 1 GHz sampling analog to digital con-
verter and a field-programmable logic circuit, which real-
izes online and offline pulse analysis under a MHz pulse
counting rate. We performed offline pulse height analysis
for LaBr3(Ce) detector signal analysis, using the acquired
pulse signals. The acquired data is temporarily stored in
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Fig. 2 Result of three-dimensional radiation transport calcula-
tion for (a) neutron flux and (b) gamma ray flux at total
neutron emission of 1.9× 1016 n/s.
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Fig. 3 Block diagram of control and data acquisition for gamma
ray diagnostic.

the 1 GB dynamic random-access memory of the data ac-
quisition system and then transferred to the LHD experi-
ment database through the gigabit ethernet at the end of
discharge. The high voltage to the LaBr3(Ce) detector
800 V is applied by a 4-ch externally controllable high
voltage system (APV3304, Techno AP). The maximum
applied voltage is +3 keV, and the maximum output cur-
rent is 1 mA. We can control the applied high voltage via
the LABCOM system [38]. The logging function imple-
mented in the high voltage system allows us to obtain the
time evolution of the actual applied voltage and induced
current with a 1 ms time bin to monitor the detector’s gain
variation.

3. Performance of Gamma Ray
Diagnostics

3.1 Energy calibration using gamma ray
source

In-situ energy calibration of the LaBr3(Ce) detector
was performed using 137Cs and 60Co gamma ray calibra-
tion sources. The radio activities of the 137Cs and 60Co
sources were 0.98 MBq and 0.55 MBq, respectively, on
13th April 2022. Note that 137Cs emitted the 0.662 MeV
gamma ray. 60Co emitted 1.173 MeV and 1.332 MeV
gamma rays. The gamma ray source was placed on a
diagnostics port in front of the detector. The distance
from the gamma ray source to the detector was 350 mm.
At first, we measured the background pulse height spec-
trum without a gamma ray calibration source for check-
ing the background gamma ray in the torus hall and the
self-radioactivity of Lanthanum. It is well known that
Lanthanum has self-radioactivity. It is worth noting that
138La emits 0.788 MeV gamma rays due to beta decay
and 1.435 MeV gamma rays due to electronic capture.
Figure 4 (a) shows the background pulse height spectrum.
The peaks on 0.180 V and 0.327 V seem to correspond
to 0.788 MeV and 1.435 MeV, respectively. In the 137Cs
source case, we obtained a clear peak at a pulse height
of 0.146 V. It was found that the energy resolution, full
width at half maximum (FWHM) divided by peak pulse
height, for 0.662 MeV was 3.5%. In the 60Co case, we
obtained peaks at 0.262 V and 0.298 V. The energy resolu-
tions for 1.173 MeV and 1.332 MeV were 2.8% and 2.4%,
respectively. From the relation between pulse height and
gamma ray energy shown in Fig. 4 (d), we obtained the
calibration factor of gamma rays as (gamma ray energy)
[MeV] = 4.4× (pulse height [V]) + 0.013.

3.2 Neutron effect on the LaBr3(Ce) detector
We performed the experiment to survey the operation

limit of the LaBr3(Ce) detector from the aspects of the
pulse counting rate, due to a neutron-induced pulse sig-
nal under the deuterium plasma discharge. Figure 5 (a)
shows the waveform of the discharge. In this discharge,
plasma was initiated by electron-cyclotron-resonance heat-
ing (ECH) and auxiliary heating by neutral beam (NB) in-
jections. Here, NB2 and NB3 inject hydrogen beams. The
time evolution of the LaBr3(Ce) detector counting rate al-
most follows the time evolution of S n. In the initial phase,
the difference in the time trends might be due to the x-
ray effect because the neutron flux monitor, which mea-
sures S n, is insensitive to x-rays. Figure 5 (b) shows the
pulse height spectrum obtained from t = 3.3 s to 5.3 s. No
clear peak is observed. We found that we can operate this
LaBr3(Ce) detector at S n ∼ 2 × 1011 n/s. We can obtain a
gamma ray spectrum in most of the deuterium ICRF dis-
charges [39].
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Fig. 4 In-situ energy calibration of LaBr3(Ce) detector. (a)
Background pulse height spectrum. Using 137Cs (b)
and 60Co (c) gamma ray sources. (d) Relation between
gamma ray energy and pulse height.

4. Summary
A large volume and fast response gamma ray diag-

nostic was installed in the Large Helical Device in or-
der to understand energetic ion confinement study through

a)

b)

Fig. 5 (a) Time trace of the deuterium plasma discharge. Satu-
ration of pulse counting rate was seen at ∼400 kcps. (b)
Pulse height spectrum obtained in the experiment. No
particular peak is observed.

gamma ray spectrum measurement. The 3-inch diameter
and 3-inch height LaBr3(Ce) detector was characterized
by a relatively short decay time (∼100 ns), and relatively
high-energy resolution was utilized as the gamma ray de-
tector. To reduce the unwanted pulse signal included by
fast-neutron and stray gamma rays, the radiation shield
composed of 10% borated polyethylene and lead was de-
signed based on a three-dimensional neutron and gamma
ray transport calculation by MCNP6. In-situ calibration
of the LaBr3(Ce) detector using gamma ray sources was
performed. The unwanted neutron-induced pulse count-
ing rate of the LaBr3(Ce) detector was measured in an
ECH-heated deuterium plasma discharge. We found that
the operation of the LaBr3(Ce) detector will be possible
in most of deuterium ICRF discharge because typical ex-
pected neutron-induced pulse counts will be at an accept-
able level. Also, the diagnostics system might be used to
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monitor the activation gamma-ray spectrum after the high-
S n NB-heated discharge.
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