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Abstract
We report a neutronics study of a blanket mock-up using a discharge-type compact fusion
neutron source. Deuterium–deuterium fusion neutrons were irradiated to the mock-ups
composed of tritium breeder and neutron reflector/moderator. The tritium production rate
(TPR) per source neutron was measured by a single-crystal diamond detector with a
6Li-enriched lithium fluoride film convertor after the calibration process. Despite the low
neutron yield, energetic alpha and triton particles via 6Li(n, t)α neutron capture as well as 12C
via elastic scattering were successfully detected by the SDD with high signal to noise ratios.
The TPRs were experimentally evaluated with errors of 8.4%–8.5% at the 1σ level at the
positions with high thermal neutron fluxes where the errors were dominantly introduced by
uncertainties in the monitoring of the neutron production rate. The calculated to experimental
(C/E) values of TPR were evaluated to be 0.91–1.27 (FENDL-2.1) and 0.94–1.28
(FENDL-3.1). As the neutron source can generate 14 MeV neutrons using a mixed gas of
deuterium and tritium, this approach provides more opportunities for blanket neutronics
experiments.

Keywords: blanket, compact neutron source, tritium breeding, neutronics experiment,
single-crystal diamond

(Some figures may appear in colour only in the online journal)

1. Introduction

Tritium breeding ratio (TBR), the rate of bred tritium in blan-
kets to consumed tritium in plasma, is required to be greater
than unity for a continuous operation of a deuterium–tritium
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of the work, journal citation and DOI.

(DT) fusion reactor. In a blanket, tritium is bred mainly by neu-
tron capture reaction in ceramic/liquid breeder via 6Li(n, t)α,
where margins for TBR are required due to tritium loss in a
fuel cycle and radioactive decay (required TBR ∼1.05) [1].
Together with material developments for breeding blankets
[2, 3], an experimental measurement of the tritium pro-
duction rate (TPR) with spectral neutron flux is needed to
guarantee the tritium fuel self-sufficiency. This is because
computational errors are introduced by uncertainties in the
nuclear data, incompleteness of geometries, and an unexpected
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neutron absorption by impurity elements. However, opportu-
nities for neutron irradiation experiments have been limited
by the low availability of fusion neutron irradiation facilities.
One symbolic example is the shutdown of the Fusion Neutron
Source (FNS) facility at JAEA in the middle of 2010s, which
has contributed to the fusion neutronics [4–6]. Consequently,
an alternative approach for a facile neutronics experiment is
desired.

Herein, we propose a neutronics study using a discharge-
type compact FNS for evaluating the tritium breeding perfor-
mance of a blanket mock-up. The neutron source, a derivative
of spherical inertial electrostatic confinement fusion devices
[7, 8], is a portable device as large as a 40 cm cube. The system
is composed of cylindrical a cathode and two grounded anodes
in a vacuum chamber with direct-current power supply and
vacuum system [9]. Deutrium–deuterium (DD) and DT opera-
tions generate 2.45 and 14.1 MeV fusion neutrons using a pure
D2 gas and a DT mixed gas, respectively [10]. Neutron yield is
expected to increase by two orders of magnitude in DT oper-
ation, thanks to the larger cross section D(t, n)4He than D(d,
n)3He. The use of the compact source allows a neutron irradi-
ation test in a flexible arrangement of source/target geometry
without expensive facilities, such as fission research reactors
and accelerators. As its neutron yield is significantly low com-
pared with accelerator-based neutron sources, detectors with
ultra-high sensitivity are required [11, 12]. One direct method
for measuring bred tritium is to count β-rays of irradiated
Li2CO3 diagnostic pellets using a liquid scintillation counter
(LSC), which evaluates TPR with uncertainties of 4%–10% at
the 1σ level [4–6, 13–15]. But, the method is inapplicable for
the compact neutron source because the amount of bred tritium
would be below the detection limit of LSC with a reasonable
operation period. We here employ a single-crystal diamond
detector (SDD), which has been successfully applied for fusion
neutron environments in previous studies [16–20]. By using a
thin lithium fluoride (LiF) film convertor, it is possible to sepa-
rately measure 2.07 MeV alpha and 2.73 MeV triton generated
via 6Li(n, t)α [21–23].

This study aims to validate the application of the compact
neutron source for a neutronics study and evaluate the experi-
mental uncertainty in a DD operation. First, discharge condi-
tions of the neutron source were optimized for an efficient and
stable operation. After a calibration process of the SDD, irra-
diations and TPR measurements were carried out. Evaluations
of calculated to experimental (C/E) values, limitations in the
present system, and future challenges including a DT run are
described in this paper.

2. Method

2.1. Neutron source

Fusion neutrons were generated by a discharge-type cylin-
drical fusion device, housing a negatively biased cylindrical
cathode and grounded two anodes in the vacuum chamber
[9]. D2 gas pressure in the vacuum chamber was controlled at
0.5–1.4 Pa by altering the flow rate of D2 gas into the chamber
manually, while the chamber was continuously evacuated by a

rotary pump and a turbo molecular pump. By applying high
voltages, a glow discharge plasma was induced. The fusion
reaction of 2D(d, n)3He produced fast neutrons with the energy
of 2.45 MeV. Both the cathode and anodes were coated with Ti
to increase the neutron yield [24]. The neutron yield was mon-
itored by GE Reuter Stokes 3He gas-filled detector, which was
shielded by Pb foil (2 mm thickness) to minimize miscounts
by bremsstrahlung x-rays during discharge in a high voltage
condition [12]. The counter was calibrated with a spontaneous
fission neutron source of 252Cf (1.08 × 104 Bq with a neutron
production rate of 1.25 × 103 n s−1) placed at the center of
the cathode in the device for monitoring the number of source
neutron (s.n.).

2.2. Neutron irradiation

Blanket mock-ups composed of polyethylene moderator,
graphite reflector, and lithium carbonate (Li2CO3) tritium
breeder were irradiated by DD fusion neutrons. The isotope
ratio of Li in Li2CO3 was a natural abundance. Figure 1
represent the experimental assembly for the irradiations. A
blanket mock-up was positioned next to the neutron genera-
tor, in which the generator was surrounded by the moderator
and reflector blocks to increase thermal neutron flux in the
mock-up (figure 1(a)).

The SDD was supplied from Cividec instrumentation
GmbH. The single-crystal diamond was fabricated by chem-
ical vapor deposition. As shown in figure 1(b), the diamond
(4.5 mm × 4.5 mm, thickness: 140 μm) is in a housing
(54 mm × 10 mm × 8 mm). 6Li-enriched LiF (6LiF) film
was pasted on a removable lid. The thickness of the LiF film
was 1.9 μm. 6Li isotope in LiF was enriched to 95.62% for
increasing its sensitivity. The 6LiF film converted moderated
neutrons into 2.07 MeV alpha particle and 2.73 MeV triton via
6Li(n, t)α reaction. A certain percentage of charged particles
went through gas gap in a window (diameter of the window
dw: 2.5 mmφ) and produces electron–hole pairs in the dia-
mond (figure 1(b)). The electron–hole pairs were separated
oppositely by bias voltage on each surface of the diamond.
Experimental TPR per s.n. in the 6LiF film, Rexp (/s.n.) was
obtained from the following equation.

Rexp =
IT

kntotal
, (1)

where k, IT, and ntotal are calibration coefficient (count),
the total intensity of triton (count), and the total number of
s.n. respectively. The calibration coefficient corresponds to
triton count in the SDD per 6Li(n, t) reaction numbers in
the 6LiF film. The SDD was calibrated using unsealed Am
and Np–Am–Cm α-sources. The energies of α particles are
4.77 MeV (237Np), 5.48 MeV (241Am), and 5.79 MeV (244Cm).
Theα-source was placed on the SDD without the lid. The mea-
surement times for the single and triple α-sources were 31 and
90 min, respectively.

The SDD covered by Pb foil (thickness: 2 mm) was placed
at five positions (from A to E) in three different geometries (I,
II, and III). In geometry I and II, mock-ups were assembled
only with the polyethylene moderator and graphite reflector
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Figure 1. (a) Experimental assembly for the neutron irradiations, (b) schematic image of the SDD with a 6LiF film convertor where dLiF
denotes diameter of the 6LiF film, (c)–(e) photos of geometry I (c), II (d), and III (e) taken from the top of the blanket mock-ups,
representing the detector positions and arrangements of the blocks.

Figure 2. Geometry I (a), II (b), and III (c) modeled for the Monte Carlo n-particle (MCNP) calculations, where the plus (+) mark at the
center of the neutron source cathode denotes the origin (x, y, z) = (0, 0, 0). Upper and blow are vertical and horizontal views at x = 0 and
z = 0, respectively.
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Figure 3. Increases of neutron production rate with current (a) and
applied voltage (b), in which black arrows indicate the optimized
discharge condition (60 kV and 9 mA).

blocks. In geometry I (figure 1(c)), the SDD was positioned in
a polyethylene block (5 cm × 5 cm × 8 cm) near the neu-
tron generator (position A) and in the 40 cm × 20 cm ×
55 cm mock-up (position B). Positon C located in the 40 cm ×
20 cm × 55 cm sized mock-up in geometry II (figure 1(d)).
Geometry III (figure 1(e)) was composed of the moderator,
the reflector, and the tritium breeder blocks (Li2CO3). Posi-
tion E and F were located at backward and forward of Li2CO3

in the mock-up (40 cm × 20 cm × 55 cm) where the total
size of Li2CO3 was 20 cm × 5 cm × 10 cm. The densities
of the polyethylene, graphite, and Li2CO3 blocks were 0.92,
1.64 and 1.85 g cm−3. Only the measurement at position C
was performed for 5 hours, while the rest were irradiated for
2 hours.

2.3. Computations

Neutron transport simulations were performed using the
MCNP transport code MCNP6 [25] with the nuclear data
from FENDL-2.1 [26] and FENDL-3.1 [27]. The dosimetry
cross-section library IRDFF-1.05 [28] was used for calculat-
ing 6Li(n,α)t and 3He(n, p) reaction numbers. Calculated TPR
per s.n., Rcal (/s.n.), was given as Rcal = NσLiφ where N,
σ Li, and φ are the number of 6Li atom in the 6LiF film, reac-
tion cross section of 6Li(n, t), and neutron flux in the 6LiF
film. Figure 2 displays geometries modeled for the MCNP cal-
culations. The neutron source was defined as a homogeneous
volumetric source as large as the cylindrical cathode (diameter:
5 cmφ, length: 10 cm). MCNP calculations were performed

Figure 4. Energy spectra obtained in the calibrations using the
unsealed 241Am and 237Np–241Am–244Cm α-sources.

Figure 5. Simulated neutron spectra in 6LiF film at position A to E
by MCNP.

with 109 source particle histories. In the MCNP models, the
housing and the 6LiF film in the SDD were included, while
the window and diamond were ignored.

Transport of charged particles in the SDD was simulated by
the PHITS code [29] with the intranuclear cascade model [30]
and the JENDL 4.0 nuclear data [31]. The geometry for the
PHITS calculations is composed of the 6LiF film, the hous-
ing, lid, diamond, and air (in the window and outer region
of the SDD) based on the model in the previous study [22].
In the PHITS calculations, neutron energy spectra obtained
by MCNP were set as source particles to track neutrons and
charged particles and to evaluate energy deposition Ed by each
particle onto the diamond. The size of a plane neutron source
was defined as 5 mm × 5 mm, which was significantly larger
than those of the single crystal diamond and the film.

3. Results and discussions

3.1. Optimization of discharge condition

Current and applied voltage increase neutron production rate
with different trends, while a too high electric-power makes
discharge plasma instable due to evaporation of insulating
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Table 1. Calculated triton production rate in the 6LiF film, triton flux on the diamond surface, and theoretical calibration factor kth by the
PHITS code where numbers in bracket represent statistical errors.

Position A Position B Position C Position D Position E

Triton 1.93 × 10–4 1.04 × 10–3 1.05 × 10–3 8.65 × 10–4 4.38 × 10–4

production
rate (/s/s.n.)
Triton flux 1.59 × 10–5 8.50 × 10–4 8.55 × 10–4 1.46 × 10–3 7.38 × 10–4

(/s/cm2/s.n.)
kth (/s.n.) 8.26 × 10–2 (±0.9%) 8.17 × 10−2 (±0.3%) 8.15 × 10−2 (±0.3%) 8.26 × 10–2 (±0.5%) 8.27 × 10–2 (±0.6%)

material [32]. An efficient discharge condition which maxi-
mizes neutron yield with a low electric power was assessed
before a mock-up irradiation. Figure 3 shows the dependen-
cies of neutron production rate on current (1–20 mA) and
applied voltage (15–70 kV). The neutron production rate lin-
early increased with current (figure 3(a)). On the other hand,
the neutron production rate increased exponentially with volt-
age in a low voltage condition of V < 30 kV, while the increase
saturated above 60 kV (figure 3(b)). The increasing tendency
with the applied voltage was consistent with the increase of
the cross-section of D(d, n)3He with deuterium ion energy.
Consequently, the discharge condition with 9 mA and 60 kV
was chosen for following irradiation tests, which yielded the
neutron production rate greater than 2 × 105 n s−1.

3.2. Calibration of SDD

Figure 4 shows the energy spectra of the SDD with the
unsealed Am and Np–Am–Cm sources. Three distinguishable
peaks were detected at 4.42, 5.20, and 5.55 MeV. Energy reso-
lutions (FWHM/E) at 5.20 MeV were measured to be 2.0%
(Am source) and 2.5% (Np–Am–Cm source), respectively.
These values are sufficiently high for measuring alpha and tri-
ton separately. The intensity ofα particles from the Am source
was used for the following calibration.

Calibration factor k (count) was determined from the geom-
etry of the α-source and SDD as follows.

k =
Iαd2

Am

AAmtd2
LiF

. (2)

where AAm is activity of the Am source (AAm = 555 Bq), t is the
calibration time in second (t = 1860 s), and Iα is the total count
of α particles dAm, and dLiF are diameters of the Am source
(3.5 mm) and the LiF film convertor (2.0 mm) respectively.
In figure 4, the energy range for α particles from 241Am was
defined to be 4.73–5.34 MeV, which resulted in Iα = 28089
counts. From equation (2), the calibration factor was given to
be k = 8.33× 10–2. This corresponds with the fact that approx-
imately twelve 6Li(n, t) reactions occur in the LiF film to detect
one triton count by the SDD.

For a confirmation, theoretical calibration factor kth was
obtained by tracking both neutrons and charged particles in
the SDD using the two simulation codes as follows. Value of
kth was obtained by dividing the number of triton generated in
the 6LiF film by the number of achieved triton on the surface
of the diamond. Figure 5 shows neutron energy spectra in the

Figure 6. Histories of neutron production rate monitored by the 3He
counter for five detector positions of the SDD located at positions A
and B (a), position C (b), and positions D and E (c). The data were
fitted by quadratic functions of time. In (b), gray arrows indicate
periods with no neutron generation.

6LiF film calculated at position A to E by MCNP. The calcu-
lated neutron fluxes (/cm2/s/s.n.) in the 6LiF film at position A
to E were (1.36 ± 0.01) × 10–3, (3.85 ± 0.04) × 10–4, (3.92
± 0.05) × 10–4, (4.78 ± 0.05) × 10–4, and (6.03 ± 0.19) ×
10–5, in which the errors were relatively large for the high num-
ber of history particles due to the small volume of the film. In
particular, the statistical error at position E was high (3.2%)
due to the low neutron flux, while those for the rest positions
were <1.1%. In this paper, neutrons with energies at <0.5 eV,
between 0.5 eV and 0.1 MeV, and at >0.1 MeV are called as
thermal, epi-thermal, and fast neutrons. The energy spectrum
at position A had the highest fast neutron flux because of the
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Figure 7. Energy spectra by the single-crystal diamond (SDD) detector obtained at position A (a) and position B (b), where blue-colored
regions indicate the peaks by triton compared with calculated energy depositions onto the diamond by the PHITS code by using the neutron
energy spectra at position A (c) and position B (d).

shortest distance from the cathode (i.e. neutron source), while
the thermal neutron flux was smaller than those at position B,
C, and D in the mock-ups. The thermal neutron flux at position
E was the smallest due to thermal neutron capture by Li2CO3 in
the mock-up. Subsequent calculations were carried out using
the PHITS code by setting the energy spectra at position A to E
as the energy distributions of source particles. The calculation
results are listed in table 1. The increased numbers of 6Li(n,
t) reactions were seen at position B, C, and D because of the
high thermal neutron fluxes as mentioned above. By multiply-
ing the triton flux on the diamond surface per s.n. (/cm2/s/s.n.)
with the surface area of the diamond (cm2), the number of
achieved triton (/s/s.n.) were obtained. To this end, the values
of kth were obtained to be 8.15× 10–2 to 8.27 × 10–2 with sta-
tistical errors smaller than 1%, which were independent on the
neutron energy spectra in the diamond. The theoretical values
agreed well with the k value obtained by using the 241Am α-
source (k = 8.33 × 10–2). The agreement indicates that almost
all of the achieved triton on the diamond surface was detected
by the SDD. With the k value, TPRs in DD irradiations were
analyzed in the following section.

3.3. Evaluation of TPR

The neutron irradiation experiments were carried out with
the discharge condition of 9 mA and 60 kV where the SDD
positioned at five different positions (position A to E). Even
with the same discharge condition, it was found that the neu-
tron count rates by the 3He counter were influenced by the
geometry changes of the mock-ups; the 3He(n, p) reaction
rates were altered by factors of 1.01 (geometry II) and 0.546
(geometry III) by MCNP. The count rate in geometry III was
lower because the surrounding materials (i.e. polyethylene
and graphite blocks) were fewer than geometries I and II as
seen in figure 2. Additionally, scattered thermal neutrons in

Figure 8. Energy spectra by the SDD obtained at position C (a),
position D (b), and position E (c) with the 6LiF film, where blue
colored regions indicate the peaks by triton.

the counter coming from the blanket mock-up was fewer in
geometry III due to neutron capture by Li2CO3 blocks. Hence
the neutron count rates were correlated with the calculated
3He(n, p) reaction rates. The histories of neutron production
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Table 2. Irradiation period, total number of s.n. ntotal, triton intensity IT divided by the calibration factor k, TPR Rexp in the experiments
compared with calculated results by the MCNP code.

Position A Position B Position C Position D Position E

ntotal (×109 s.n.) 1.41 ± 0.11 1.58 ± 0.13 3.27 ± 0.26 1.55 ± 0.12 1.85 ± 0.15
IT/k 288± 8.3 432 ± 10.5 1044 ± 25.7 360 ± 9.4 24.0± 6.0
Rexp (×10–7/s.n.) 2.04 ± 0.17 2.73 ± 0.23 3.19 ± 0.27 2.32 ± 0.20 0.129 ± 0.034
Rcal by FENDL 2.1 (×10–7/s.n.) 1.86 ± 0.06 3.00 ± 0.09 3.05 ± 0.09 2.96 ± 0.09 0.184 ± 0.011
Rcal by FENDL 3.1 (×10–7/s.n.) 1.96 ± 0.07 2.97 ± 0.09 3.00 ± 0.09 2.97 ± 0.09 0.183 ± 0.012
C/E (FENDL 2.1) 0.91 ± 0.08 1.10 ± 0.10 0.96 ± 0.09 1.27 ± 0.11 1.42 ± 0.38
C/E (FENDL 3.1) 0.96 ± 0.09 1.08 ± 0.10 0.94 ± 0.08 1.28 ± 0.12 1.41 ± 0.38

rate monitored by the 3He counter are shown in figure 6.
The rates showed gradual changes with time, which may be
influenced by temperatures of the cathode and anode dur-
ing the operations. During the irradiation with the SDD at
position C, there were three periods with no neutron gener-
ation (figure 6(b)). The neutron production rates were fitted
with quadratic functions of time, which agreed with the data
within 8%. By integrating the fitting curves with time, the
total number of s.n. at positions A to E were estimated to be
1.41 × 109, 1.58 × 109, 3.27 × 109, 1.55 × 109, and 1.85 ×
109 with uncertainties of 8%.

In figure 7, the energy spectra by the SDD at positions A
and B are compared with the calculated energy depositions by
the PHITS code. The energy spectra by the SDD at positions
C, D, and E are shown in figure 8. Peaks of the 2.73 MeV triton
were detected at Ed ∼ 2.55 MeV only when the 6LiF conver-
tor film was attached to the SDD (figures 7(a) and (b)). From
the experimental and computational energy spectra, the energy
range for triton was defined as 2.40 < Ed < 2.69 MeV in this
study. When the 6LiF film converted thermal neutrons, weak
and discrete peaks were observed in the energy range from
1.0 to 1.8 MeV. From the calculation results, these broad peaks
were specified to be the 2.07 MeV alpha particle which lost the
energy in the 6LiF film by energy straggling. The downward
sloping peaks below 0.75 MeV were detected whether with
the 6LiF film or without (figures 7(a) and (b)). These peaks
were mainly caused by the energy deposition by 12C, originat-
ing from 12C(n, n′)12C elastic scattering of fast neutrons in the
diamond. The intensity of 12C peak per unit irradiation time
at position A was the highest among the five positions, which
was consistent with the highest fast neutron flux at position
A (figure 5). In the PHITS calculations, contributions of neu-
trons, electrons, and photon were negligibly small. It is noted
that photons generated in the MCNP models were ignored in
the PHITS calculations. The PHITS calculation results indi-
cated that the peak shape of 12C were largely affected by fast
neutron flux (figures 7(c) and (d)). It is noteworthy that the
obtained triton peaks had excellent signal to noise ratios, even
with the low neutron yield of the compact neutron source. The
background count rate in triton intensity IT estimated from
the data without the 6LiF film (figures 7(a) and (b)) was only
1.39 × 10–4 count/s, resulting in signal to noise ratios of
48.0–72.0 (at positions A to D). This is because of a negligible

amount of gamma emissions into the SDD, deriving from low
activation of the neutron source.

The experimental and computational results are summa-
rized in table 2. The experimental and calculated TPRs lied
on the order of 10–7 (/s.n.). After error propagations, Rexp

values were finally evaluated to be 8.4%–8.5% at positions A
to D. The errors are comparable with the previous ones using
the accelerator-based DT neutron sources and Li2CO3 diag-
nostic pellets 4–6, 13–15. In the calculated TPRs, 2% errors
in the nuclear data were added to the statistical errors in the
MCNP calculations. The differences in Rcal between by the
FENDL 2.1 and FENDL 3.1 data libraries were 0.6%–5.2%,
where the discrepancy became the maximum at position A.
The calculated to experimental (C/E) ratios in TPR at posi-
tions A to D were evaluated to be 0.91–1.27 (FENDL-2.1) and
0.94–1.28 (FENDL-3.1), where the measurements and calcu-
lations agreed within 1σ (positions A, B, and C) and 3σ (posi-
tion D). On the contrary, error of Rexp at position E was as high
as 25%, due to the significantly low triton intensity behind the
Li2CO3 blocks. The C/E values at position E were 1.42 ± 0.38
(FENDL-2.1) and 1.41 ± 0.38 (FENDL-3.1), which agreed
within 2σ. From the calculated energy spectra (figure 5) and
the total numbers of s.n.s, thermal neutron fluences at posi-
tions A to E were estimated to be 2.38 × 105, 4.08 × 105,
8.58 × 105, 4.08 × 105, and 3.05 × 104 n cm−2. These values
suggest that at least 105 n cm−2 of thermal neutron fluence
is needed for an evaluation of 6Li(n, t) reaction rate by the
SDD.

One of prime issues for the present system is the relatively
large experimental error, dominantly deriving from the uncer-
tainty in neutron production rate. Currently, the neutron source
is controlled by a current-fixed mode where the applied voltage
is controlled to be a target value by manually changing the flow
rate of D2 gas. The issue will be addressed by introducing a
control system with analog-to-digital convertors and software,
where these parameters are electrically controlled to maintain
a fixed neutron production rate during a run, as employed for
a spherical fusion neutron device [33]. In summary, this study
has validated the use of the compact neutron source to evaluate
TPR in a blanket mock-up in a DD operation. The system is
applicable to a neutroncs experiment with DT neutrons with
the energy of 14.1 MeV, where a boosted neutron intensity
about magnitude higher than a DD operation is expected.
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4. Conclusion

Use of a compact FNS has been proposed for a blanket neu-
tronics study in this paper. 2.45 MeV neutrons were generated
with the optimized discharge condition (9 mA and 60 kV) in
hours of operation periods, which resulted in the neutron yields
greater than 109. The calibration of the SDD using the 241Am
α-source gave calibration factor as k = 8.33 × 10–2 count,
which agreed well with the computed ratios of the achieved
triton on the diamond surface to the generated triton in the
6LiF film. It is shown that a peak of energetic triton is obtained
with a low noise thanks to negligible activation of the source.
At the positions with high thermal neutron fluxes (i.e. posi-
tions A to D), the TPRs in the blanket mock-ups were mea-
sured with the experimental errors of 8.4%–8.5%. The C/E
values of TPR were 0.94–1.28 with the FENDL-3.1 nuclear
data library. The experimental errors were dominantly intro-
duced by uncertainties in neutron production rate (positions A
to D) and by the low thermal neutron flux (position E). These
will be improved by a boosted neutron yield in a DT operation
and electric monitoring/controlling of the device in our future
work.

Acknowledgments

This work was supported by a Grant-in-Aid for startup
(17H06794) and a Grant-in-Aid for young scientists
(20K14442) from the Japan Society for the Promotion
of Science (JSPS). This work was performed with the support
and under the auspices of the NIFS Collaboration Research
Program (NIFS19KLPA001).

ORCID iDs

Keisuke Mukai https://orcid.org/0000-0001-8067-8732
Bakr Mahmoud https://orcid.org/0000-0001-5761-2903
Kunihiro Ogawa https://orcid.org/0000-0003-4555-1837

References

[1] Fischer U., Boccaccini L.V., Cismondi F., Coleman M., Day C.,
Hörstensmeyer Y., Moro F. and Pereslavtsev P. 2020 Fusion
Eng. Des. 155 111553

[2] Zmitko M. et al 2018 Fusion Eng. Des. 136 1376–85
[3] Konishi S., Enoeda M., Nakamichi M., Hoshino T., Ying A.,

Sharafat S. and Smolentsev S. 2017 Nucl. Fusion 57 092014

[4] Sato S. et al 2003 Nucl. Fusion 43 527
[5] Sato S., Ochiai K., Verzilov Y., Wada M., Kubota N., Kondo K.,

Yamauchi M., Nishitani T. and Konno C. 2007 Nucl. Fusion
47 517

[6] Ochiai K., Edao Y., Hoshino T., Kawamura Y., Ohta M., Kwon
S. and Konno C. 2016 Fusion Eng. Des. 109–111 1143–7

[7] Santarius J.F. et al 2005 Fusion Sci. Technol. 47 1238–44
[8] Yoshikawa K. et al 2005 Fusion Sci. Technol. 47 1224–8
[9] Noborio K., Yamamoto Y. and Konishi S. 2007 Fusion Sci.

Technol. 52 1105–9
[10] Ohnishi M. et al 2016 Fusion Eng. Des. 109–111 1709–13
[11] Ogino Y., Mukai K., Yagi J. and Konishi S. 2019 Fusion Sci.

Technol. 75 487–92
[12] Mukai K., Ogino Y., Yagi J. and Konishi S. 2020 IEEE Trans.

Plasma Sci. 48 1831–5
[13] Verzilov Y., Sato S., Ochiai K., Wada M., Klix A. and Nishitani

T. 2007 Fusion Eng. Des. 82 1–9
[14] Batistoni P., Angelone M., Fischer U., Klix A., Kodeli I.,

Leichtle D., Pillon M., Pohorecki W. and Villari R. 2012 Nucl.
Fusion 52 083014

[15] Jakhar S. et al 2015 Fusion Eng. Des. 95 50–8
[16] Isobe M., Nishitani T., Krasilnikov A.V., Kaneko J. and Sasao

M. 1997 Fusion Eng. Des. 34–35 573–6
[17] Marinelli M., Milani E., Prestopino G., Scoccia M., Tucciarone

A., Verona-Rinati G., Angelone M., Pillon M. and Lattanzi
D. 2006 Appl. Phys. Lett. 89 143509

[18] Cazzaniga C. et al 2014 Rev. Sci. Instrum. 85 043506
[19] Giacomelli L. et al 2016 Rev. Sci. Instrum. 87 11D822
[20] Lee Y., Kwak J.-G., Nam Y.-U., Yoon S.-W., Kim H.-S. and Park

G. 2020 Fusion Eng. Des. 153 111452
[21] Kavrigin P., Finocchiaro P., Griesmayer E., Jericha E.,

Pappalardo A. and Weiss C. 2015 Nucl. Instrum. Methods
Phys. Res. A 795 88–91

[22] Kobayashi M. et al 2019 J. Instrum. 14 C09039
[23] Kobayashi M.I. et al 2020 Fusion Eng. Des. 161 112063
[24] Kanagae T., Noborio K., Yamamoto Y. and Konishi S. 2009 23rd

IEEE/NPSS Symp. on Fusion Engineering
[25] Goorley T. et al 2012 Nucl. Technol. 180 298–315
[26] 2004 The IAEA nuclear data section, FENDL-2.1 Fusion Eval-

uated Nuclear Data Library INDC (NDS)-467 (Vienna,
Austria)

[27] Nuclear data libraries for advanced systems—fusion devices
(FENDL 3.0) Summary Report of the Third Research Coor-
dination Meeting IAEA (Vienna, Austria, 6–9 December
2011)

[28] Greenwood L.R. and Paviotti-Corcuera R. 2002 Summary
report of the technical meeting on international reactor
dosimetry file: IRDF-2002 IAEA Report INDC (NDS)-435

[29] Sato T. et al 2018 J. Nucl. Sci. Technol. 55 684–90
[30] Boudard A., Cugnon J., David J.C., Leray S. and Mancusi D.

2013 Phys. Rev. C 87 014606
[31] Shibata K. et al 2011 J. Nucl. Sci. Technol. 48 1–30
[32] Noborio K., Yamamoto Y. and Konishi S. 2014 Plasma Fusion

Res. 9 1306142
[33] Bakr M., Masuda K. and Yoshida M. 2019 Fusion Sci. Technol.

75 479–86

8

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://orcid.org/0000-0001-8067-8732
https://orcid.org/0000-0001-8067-8732
https://orcid.org/0000-0001-5761-2903
https://orcid.org/0000-0001-5761-2903
https://orcid.org/0000-0003-4555-1837
https://orcid.org/0000-0003-4555-1837
https://doi.org/10.1016/j.fusengdes.2020.111553
https://doi.org/10.1016/j.fusengdes.2020.111553
https://doi.org/10.1016/j.fusengdes.2018.05.014
https://doi.org/10.1016/j.fusengdes.2018.05.014
https://doi.org/10.1016/j.fusengdes.2018.05.014
https://doi.org/10.1016/j.fusengdes.2018.05.014
https://doi.org/10.1088/1741-4326/aa7e4e
https://doi.org/10.1088/1741-4326/aa7e4e
https://doi.org/10.1088/0029-5515/43/7/303
https://doi.org/10.1088/0029-5515/43/7/303
https://doi.org/10.1088/0029-5515/47/7/003
https://doi.org/10.1088/0029-5515/47/7/003
https://doi.org/10.1016/j.fusengdes.2016.01.002
https://doi.org/10.1016/j.fusengdes.2016.01.002
https://doi.org/10.1016/j.fusengdes.2016.01.002
https://doi.org/10.1016/j.fusengdes.2016.01.002
https://doi.org/10.13182/fst05-a857
https://doi.org/10.13182/fst05-a857
https://doi.org/10.13182/fst05-a857
https://doi.org/10.13182/fst05-a857
https://doi.org/10.13182/fst05-a854
https://doi.org/10.13182/fst05-a854
https://doi.org/10.13182/fst05-a854
https://doi.org/10.13182/fst05-a854
https://doi.org/10.13182/fst07-a1645
https://doi.org/10.13182/fst07-a1645
https://doi.org/10.13182/fst07-a1645
https://doi.org/10.13182/fst07-a1645
https://doi.org/10.1016/j.fusengdes.2015.10.025
https://doi.org/10.1016/j.fusengdes.2015.10.025
https://doi.org/10.1016/j.fusengdes.2015.10.025
https://doi.org/10.1016/j.fusengdes.2015.10.025
https://doi.org/10.1080/15361055.2019.1611343
https://doi.org/10.1080/15361055.2019.1611343
https://doi.org/10.1080/15361055.2019.1611343
https://doi.org/10.1080/15361055.2019.1611343
https://doi.org/10.1109/tps.2019.2955497
https://doi.org/10.1109/tps.2019.2955497
https://doi.org/10.1109/tps.2019.2955497
https://doi.org/10.1109/tps.2019.2955497
https://doi.org/10.1016/j.fusengdes.2005.12.007
https://doi.org/10.1016/j.fusengdes.2005.12.007
https://doi.org/10.1016/j.fusengdes.2005.12.007
https://doi.org/10.1016/j.fusengdes.2005.12.007
https://doi.org/10.1088/0029-5515/52/8/083014
https://doi.org/10.1088/0029-5515/52/8/083014
https://doi.org/10.1016/j.fusengdes.2015.04.003
https://doi.org/10.1016/j.fusengdes.2015.04.003
https://doi.org/10.1016/j.fusengdes.2015.04.003
https://doi.org/10.1016/j.fusengdes.2015.04.003
https://doi.org/10.1016/s0920-3796(96)00620-5
https://doi.org/10.1016/s0920-3796(96)00620-5
https://doi.org/10.1016/s0920-3796(96)00620-5
https://doi.org/10.1016/s0920-3796(96)00620-5
https://doi.org/10.1063/1.2356993
https://doi.org/10.1063/1.2356993
https://doi.org/10.1063/1.4870584
https://doi.org/10.1063/1.4870584
https://doi.org/10.1063/1.4960307
https://doi.org/10.1063/1.4960307
https://doi.org/10.1016/j.fusengdes.2019.111452
https://doi.org/10.1016/j.fusengdes.2019.111452
https://doi.org/10.1016/j.nima.2015.05.040
https://doi.org/10.1016/j.nima.2015.05.040
https://doi.org/10.1016/j.nima.2015.05.040
https://doi.org/10.1016/j.nima.2015.05.040
https://doi.org/10.1088/1748-0221/14/09/c09039
https://doi.org/10.1088/1748-0221/14/09/c09039
https://doi.org/10.1016/j.fusengdes.2020.112063
https://doi.org/10.1016/j.fusengdes.2020.112063
https://doi.org/10.13182/nt11-135
https://doi.org/10.13182/nt11-135
https://doi.org/10.13182/nt11-135
https://doi.org/10.13182/nt11-135
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1103/physrevc.87.014606
https://doi.org/10.1103/physrevc.87.014606
https://doi.org/10.1080/18811248.2011.9711675
https://doi.org/10.1080/18811248.2011.9711675
https://doi.org/10.1080/18811248.2011.9711675
https://doi.org/10.1080/18811248.2011.9711675
https://doi.org/10.1585/pfr.9.1306142
https://doi.org/10.1585/pfr.9.1306142
https://doi.org/10.1080/15361055.2019.1609821
https://doi.org/10.1080/15361055.2019.1609821
https://doi.org/10.1080/15361055.2019.1609821
https://doi.org/10.1080/15361055.2019.1609821

	Evaluation of tritium production rate in a blanket mock-up using a compact fusion neutron source
	1.  Introduction
	2.  Method
	2.1.  Neutron source
	2.2.  Neutron irradiation
	2.3.  Computations

	3.  Results and discussions
	3.1.  Optimization of discharge condition
	3.2.  Calibration of SDD
	3.3.  Evaluation of TPR

	4.  Conclusion
	Acknowledgments
	ORCID iDs
	References




