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Abstract—Tritium breeding performance of a fusion blanket is 

a key parameter for the self-sufficient fueling of a fusion reactor 

and thus planned to validate the performance in a neutronics 

experiment. Measuring the two-dimensional (2D) distribution of 

bred tritium is challenging via conventional methods such as -ray 

counting from an irradiated lithium sample by a liquid 

scintillation counter and a single-crystal diamond detector with a 

thin 6LiF film because they are point detectors which require many 

measurements. In present study, 2D distribution of the low 

quantity produced tritium was evaluated with a neutron imaging 

plate with a Gd convertor by estimating the loss of neutrons via a 

capture reaction by Li. Deuterium–deuterium fusion neutrons 

were generated using a compact fusion device at an average 

neutron production rate of 1.5×105 n/s by applying high voltages. 

A neutron image with “shadows” projected by thermal neutron 

capture reactions of 6Li(n,) and 10B(n,) was successfully 

obtained. The experimentally evaluated values were confirmed to 

be consistent with the total number of capture reactions calculated 

using a neutron transport code. The results suggest that the 

approach could be a facile method for two-dimensional evaluation 

of bred tritium. 

 
Index Terms— Neutron generation, Neutron measurement, 

Ceramic breeder, Tritium breeding, Blanket, Radiography. 

 

I. INTRODUCTION 

RITIUM breeding ratio (TBR) defined as the rate of bred 

tritium to burnt tritium in deuterium–tritium (DT) plasma 

must be greater than unity for a self-sufficient fueling of a 

fusion reactor. An experimental validation of TBR with spectral 

neutron flux as well as neutron transport calculations is vital to 

guarantee the self-sufficiency. This is because simulation errors 

can be introduced by uncertainties in the nuclear data, a 

discrepancy in the simulated and the actual geometries, and an 

unexpected neutron absorption by impurities in blanket 

materials [1]. Therefore, it is planned to perform a neutronics 

experiment with a blanket mock-up initially with a cylindrical 

discharge-type deuterium–deuterium (DD) fusion device and 

later with a DT neutron source. 

One direct method for measuring tritium production is to count 

-rays from an irradiated Li-containing specimen using a liquid 

scintillation counter (LSC). In the previous irradiation 
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campaigns, one dimensional distributions of tritium 

productions were measured from the activities of the irradiated 

samples (Li-Pb, Li2CO3, and Li2TiO3) with uncertainties of 4–

8% at 1 level [2]–[5]. This method requires a detectable 

amount of the bred tritium and involves time-consuming 

processes such as chemical dissolution of the irradiated samples 

with acids and measurements of -rays from each sample. 

Another method is to use a single-crystal diamond detector with 

a thin 6LiF layer [6]. The detector enables an on-line tritium 

production monitoring at a point of interest with good time 

resolutions with 4% target accuracy [7], [8]. In a neutronics 

experiment, measurement of tritium production distribution is 

desirable because neutron spectra are largely dependent on 

positions. Two-dimensional analysis of TBR is in principle 

possible using the above mentioned methods but time-

consuming, because they are point detectors and require a 

number of measurements.  

In this study, a facile method for two-dimensional evaluation 

of bred tritium is proposed by measuring neutron loss via 
6Li(n,) capture reaction using a neutron imaging plate (NIP) 

with a Gd converter. An evaluation is carried out through a 

read-out process which takes a few decades of minutes. NIP has 

a high spatial resolution (<200 m) and a wide dynamic range 

(1:105) [9], which is sensitive enough to detect neutrons from a 

compact DD fusion neutron source, with a linearity between 

neutron fluence and photo-stimulated luminescence (PSL) [10], 

[11]. Li2O and Li2TiO3, ceramic breeder materials for solid 

blanket system [12], were irradiated on the NIP to evaluate the 

amount of the bred tritium in this study. The amounts of bred 

tritium in the breeders were evaluated using the previous 

calibration result of the NIP [10].  

II. METHODS 

A. Neutron imaging plate 

A neutron imaging plate (NIP) (BAS-ND2025, 200 mm × 250 

mm, GE healthcare) composed of surface protective, 

photostimulable phosphor, ferrite, and support layers was used 

as a thermal neutron detector. The PSL material layer contained 

a fine mixture of PSL material (BaBrF: Eu2+) and Gd converter 

particles at a Ba:Gd ratio of 1:1. An applicable limit of the NIP 

is on the order of 109 n/cm2 [13]. 
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B. Target materials 

Lithium oxide Li2O (>99%) and lithium metatitanate Li2TiO3 

(>99%) powders with natural isotopic abundance of Li were 

purchased from Kojundo Chemical Lab. Co. Ltd. Boron carbide 

B4C powder (>98%) was purchased from Nilaco Co. These 

powders were filled in acrylic containers (outer dimensions: 

35.5 mm × 35.5 mm, 13.8 mmh) and used as target materials. 

The volume of the powders in the container was 9.09 cm3. The 

packing density of Li2O, Li2TiO3, and B4C were 50.3%, 17.9%, 

and 24.4%, respectively. In additions to the containers filled 

with the target materials, Cd plate (50 mm × 50 mm × 1 mm), 

Pb plate (thickness: 2 mm), and stainless-steel plates (15 mm × 

15 mm, 10 mmh) and square/hexagon nuts were placed on the 

NIP and irradiated. 

C. Neutron source 

DD fusion neutrons were generated by a discharge-type 

cylindrical fusion device, housing a negatively biased 

cylindrical cathode and a grounded anode [14]. By applying 

high voltages, a glow discharge plasma was induced. The 

maximum current and voltage of the power supply were 30 mA 

and 125 kV respectively. Both the anode and cathode were 

coated with Ti to increase the neutron yield [15]. Gas pressure 

in the vacuum chamber was controlled at 0.5–1.0 Pa by 

changing the flow rate of D2 gas into the chamber. Duration of 

the irradiation experiment was 177 min. The neutron yield was 

measured by using GE Reuter Stokes 3He gas-filled detector 

calibrated with a 252Cf neutron source (1.1 × 104 Bq, neutron 

production rate: 1.3 × 103 n/s) placed at the center of the cathode 

in the device.  

D. Experimental set up 

Fig. 1 shows experimental geometry of the neutron irradiation. 

The NIP and target materials in the double Pb-shielding 

container were placed below the neutron source. Neutrons were 

moderated and reflected by polyethylene and graphite blocks 

having thicknesses of 50 mm. The area surrounded by dashed 

line in Fig. 1 displays the arrangements of the target materials 

on the NIP and LiF plates (thickness: 6 mm) and Cd tray 

(thickness: 1 mm) which act as neutron absorbers and block 

scattered neutrons from the concrete floor. Three of the acrylic 

containers filled with the target materials and one of the empty 

containers were placed on the NIP.  

E. Read-out and analysis 

After the irradiation, the NIP was transferred and read out by 

a Storm 820 image reader (Molecular Dynamics) using a red-

light laser beam (wavelength: 635 nm). The interval between 

irradiation and read-out was 11 min. Measured PSL density Pm 

(PSL/cm2) at a point of interest was obtained by measuring the 

total PSL counts in a square 1 cm2 in size over 10 times around 

the point and averaging the values. The pixel size in the reader 

was set to be 200 μm× 200 μm. With the condition, whole area 

of the NIP was read-out within 15 min. Net PSL density P 

(PSL/cm2) was obtained by the relation P = Pm – PBG where PBG 

(PSL/cm2) is the PSL density measured before the irradiation. 

Net PSL density P was converted into neutron fluence using 

the linear  relationship [10]:  P = ac
b where c a and b are 

neutron fluence at the middle of the NIP, constant, and slop of 

line, respectively. The linear relationship was obtained using a 
252Cf source, a polyethylene moderator (5 cm thickness), and -

ray shield of Pb block (5 cm thick). The obtained values are a 

= 0.062 and b = 0.958 with uncertainties of ±4.2%. 

F. Neutron transport calculation 

Neutron transport simulations were performed using the 

Monte Carlo n-particle (MCNP) transport code MCNP-5.0 with 

the nuclear data from FENDL-2.1 and FENDL-3.1 library [17], 

[18]. The dosimetry cross-section library IRDFF-1.05 was used 

for 6Li(n,), 10B(n,), and nat.Gd(n,) reactions [19]. Fig. 2 

displays geometry for MCNP calculations. The neutron source 

was specified as a homogeneous volumetric source as large as 

the cylindrical cathode (5 mm, 10 mmh). Simulations were 

performed using 108 source particles, for which statistical errors 

were <1%. 

 

 
Fig. 1.  Geometry of the neutron irradiation experiment. Area surrounded by 

dashed line represent arrangement of the NIP, neutron absorbers of LiF plate 

and Cd tray, and double shielding of Pb. 
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III. RESULTS AND DISCUSSION  

Fig. 3 shows the change in discharge condition with operation 

time and neutron production rate. Applied voltage (V) gradually 

increased with a reduction in D2 gas flow rate and became >70 

kV after 18 min (Fig. 3a). The maximum applied voltage was 

77 kV. After 43 min, current was decreased from 5 to 4 mA 

to avoid overheating of the cathode. Neutron irradiation was 

performed using the 3He counter with no X-ray shielding. 

However, it was later found that neutron counting was 

influenced by X-rays generated from the neutron source during 

the operation, especially in a high-voltage condition of >40 kV. 

This could be a reason for the exponential increase of neutron 

production rate with applied voltage observed in our previous 

study [10], in contradiction to the non-exponential increase of 

D(d,n)3He reaction cross-section with the energy (Fig. 3b). 

Therefore, an additional measurement was performed to 

eliminate the influence of X-rays by shielding the 3He counter 

with a Pb cover (thickness: 2 mm). Fig. 3b represents the 

relationship between applied voltage and neutron production 

rate with the Pb shielding. The neutron production rate 

increased mainly when low voltage was applied; while a limited 

impact of the voltages was seen at high voltages greater than 60 

kV. Given that the energy of accelerated deuterium ions at 1 kV 

is equal to 1 keV, the neutron production rate was compared 

with the cross-section of D(d,n)3He fusion reaction (Fig. 3b) 

[16]. It was confirmed that the dependency of neutron yield on 

the applied voltage is consistent with the cross-section. The data 

of neutron yield were fitted with a third order function of V 

(green line in Fig. 3b). subsequently neutron production rate 

during the irradiation experiment was obtained using the 

function and the applied voltages (Fig. 3a). The neutron 

production rate during the experiment is shown in Fig. 3c. After 

the initial period (0–18 min), neutrons were steadily generated 

with production rates of >105 n/s. By integrating the neutron 

production rate with operation time, the total neutron 

production during the experiment was estimated to be 1.6 × 109 

(average neutron production rate: 1.5 × 105 n/s). 

The arrangement of the target materials on the NIP and the 

read image are represented in Fig. 4. Noted that the image (Fig. 

4a) is horizontally flipped for a direct comparison. “Shadows” 

were successfully projected behind the acrylic containers filled 

with Li2O, Li2TiO3, and B4C powders as well as behind the 

stainless-steel and Cd plates; however, shadows behind the 

stainless-steel nuts were not clearly seen. It is noteworthy that 

no shadow was projected behind the Pb plate. This indicates 

that the image in Figure 3b is not projected by X/ rays but by 

neutrons because Pb acts as a shield to X/ rays and has a 

transparency to neutrons [20]. The constituent light elements (H 

and C) produced a shadow behind the empty plastic container 

owing to elastic scattering of neutrons.  

 
 

 
 

 Fig. 2.  Two-dimensional geometries on xz (a) and xy plane (b) for the MCNP 

calculations. A point tally is placed at the center of NIP, black circle in panel 

(b), to calculate neutron flux 1. 
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 Fig. 3.  Discharge condition for the neutron irradiation (a), dependency of 

neutron production rate with applied voltage with the Pb shielding for 3He 
counter (b), and obtained neutron production rate with removal of X-ray effect 

(c) 
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PSL density behind the Cd plate (50 mm × 50 mm × 1 mmh) 

in the neutron image and line profiles along x direction are 

shown in Fig. 5. Initially, a spatial resolution of the image was 

attempted to examine along a single pixel line scan in the x 

direction (dashed line in Fig. 5a). However, because of the low 

PSL densities in each pixel, the line profile (plot of gray solid 

line in Fig. 5b) was considerably noisy to produce a clear result. 

The green solid line in Fig. 5b shows a horizontal line profile 

obtained by averaging the data of 20 pixels along the y direction 

(white solid line square in Fig. 5a). The averaged data showed 

a reasonable decrease in PSL densities behind the Cd plate with 

a better signal-to-noise ratio. Full width at the middle of the 

minimum value was ~51 mm, which resulted in the spatial 

resolution of ~0.5 mm. The resolution was a few times worse 

than the theoretical resolution of the NIP [9]. This resolution 

could be improved when more thermal neutrons were irradiated 

on the NIP.  

Net PSL density Pi (i = 1–5) at position i is shown in Fig. 6. 

The net PSL density at position 2 behind the empty container 

was lower than that at position 1 owing to the elastic scattering 

as mentioned above. The net PSL densities at positions 3, 4, and 

5 were even lower than the value at position 2 due to neutron 

capture by the target materials in addition to the scattering by 

the container. Thus, it was considered that neutron loss by the 

target materials Pi (i = 3–5) can be derived from Pi = P2 –Pi. 

The order of Pi was P3 < P4 < P5, in which the largest 

number of neutron capture was observed behind the container 

filled with B4C.  

Fig. 7 shows neutron fluxes at the middle of the reading area 

in the calibration geometry c (n/cm2/s/s.n.) and one at the 

center of the NIP 1 (n/cm2/s/s.n.) in the DD irradiation 

experiment. The neutron fluxes are not equivalent because of 

the differences in geometry (distance between source and the 

NIP, moderator thickness, etc.) and types of neutron sources (i.e. 

fission/fusion). These fluxes were correlated using the 

correlation factor K. The correlated neutron flux K1 had a good 

agreement with c when K = 7.7 in the energy range less than 

0.1 MeV; however, there was a large discrepancy in fast 

neutrons with the energy of >0.1 MeV. The effect of fast 

neutrons on the NIP was investigated by calculating the 

dependency of total nat.Gd(n,) reaction number on the neutron 

energy at position 1. The calculation results showed that most 

(>99.9%) of nat.Gd(n,) reactions were induced by neutrons with 

an energy <0.1 MeV. This indicates that the contribution of fast 

neutrons to the total number of nat.Gd(n,) reactions in the NIP 

is <0.1%. The cross sections of the other constituent elements 

in the NIP (Ba, Br, F, and O) for elastic scattering are <10 barn 

and significantly small compared with the nat.Gd(n,) cross 

section of 104–105 barn for neutrons with energies of 10–100 

meV. Thus, we consider the neutron capture reaction via 
nat.G(n,) is dominant in the measurement. But, it is eventually 

unclear how much PSL data is influenced by fast neutrons, 

which is an unevaluated source of error in this approach. 

 Given that c = K1 based on the above-mentioned 

considerations, neutron fluence 1 (n/cm2) could be obtained 

from the following relationship 

bP
Ka

1

1

1
                                                                            (1). 

It was assumed that the number of lost neutrons estimated 

from Pi is equivalent to the number of neutrons captured by 
6Li and 10B, while those by 7Li, 11B, 12C, nat.O, and nat.Ti were 

ignored owing to their relatively low cross-sections. In Table 1, 

the evaluated values, reaction numbers calculated by MCNP, 

and the ratio of calculation results to the experimental results 

(C/E) are summarized. The numbers of neutrons captured by 

Li2TiO3, Li2O, and B4C were experimentally obtained to be 6.5 

× 104, 9.7 × 104, and 1.1 × 105 respectively. The order was 

 
Fig. 4.  Arrangement of the target materials on the neutron imaging plate (a) 

and the read image (b). In panel (a), the photo is flipped horizontally. In panel 

(b), numbers i (i = 1–5) denote measuring positions of PSL density. 
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 Fig. 5.  Neutron image with a shadow projected by Cd plate (a) and line 

profiles along x direction (b).  
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consistent with the order obtained from the total reaction 

number calculated by MCNP. Yet, the raw C/E ratios were 1.2 

(Li2TiO3), 2.0 (Li2O), and 2.7 (B4C) and larger than unity, 

showing a systematic underestimation in the experimental value. 

One of the reasons for the systematic underestimation could be 

the fading effect [21], in which accumulated data are lost 

gradually with time owing to the loss of trapped electrons in the 

phosphor layer. The effect is known to be affected by 

temperature, time, and exposure to visible light. Based on the 

formula given in a previous fading study performed at a room 

temperature [21], the total loss of PSL density during irradiation 

(177 min) and transfer (11 min) was estimated to be 36%. The 

experimental values after the correlation are shown in Table 1. 

C/E ratios along with the correlated values of the fading effect 

were 0.7 (Li2TiO3), 1.3 (Li2O), and 1.7 (B4C) (C/E in Table 1). 

The results of the present study indicate the feasibility of 2D 

measurement of the bred tritium with a modest accuracy by 

counting the captured thermal neutrons using the NIP. Sources 

of errors in the experiments are Li/B content in the target 

materials (<±2%), neutron generation (<±5%), PSL density in 

the read-out image (<±5%) [10], and the calibration (<±4.2%). 

Uncertainty of the number of the reactions by MCNP were 

evaluated to be <±3.1%. The discrepancy in the C/E values may 

be explained by quantitative limitation in the NIP rather than 

the above mentioned error sources. In other words, the obtained 

data by reading out the NIP is influenced by -rays from target 

and surrounding materials during irradiation, while the 

accumulated data is lost during irradiation and transfer. In 

addition, the effect of fast neutrons such as elastic scattering 

remains unevaluated source of error.  

It is emphasized that a significant advantage of this approach 

is that a 2D measurement is possible after one time read-out 

process which takes less than 15 min. The measurement time is 

considerably faster than the conventional LSC-based approach 

which requires a number of measurements at different positions. 

It is recommended to utilize this approach in combination with 

the conventional methods. 

 

  

 
 

TABLE I 
CALCULATED TOTAL REACTION NUMBER, EXPERIMENTALLY ESTIMATED 

NUMBER OF NEUTRON LOSS, AND C/E RATIOS.  

Target 

material 

Calculated total 
number of capture 

reaction by MCNP 

Captured neutrons 

(experimental) 
C/E 

Li2TiO3 7.6×104 1.0×105 0.7  
Li2O 1.9×105 1.5×105 1.3 

B4C 3.0×105 1.7×105 1.7 

 

IV. CONCLUSION 

In this study, distribution of low-amount bred tritium is 

indirectly estimated using neutron imaging plate (NIP) for the 

first time, to the best of our knowledge. After neutron 

irradiation is performed using a compact deuterium-deuterium 

fusion neutron generator with an average neutron production 

rate of 1.5 × 105 n/s, the neutron image with “shadows” 

projected due to thermal neutron capture by Li and B were 

successfully obtained at a spatial resolution of ~0.5 mm. PSL 

densities on the NIP were converted into neutron fluence using 

the linear relationship and correlation factor K. The C/E ratios 

after the correction of the fading effect were 0.7 (Li2TiO3), 1.3 

(Li2O), and 1.7 (B4C) which showed a modest agreement with 

the reaction numbers calculated using the neutron transport 

code. Despite the limitation of the present approach with 

respect to the quantitativeness due to inevitable influences of 

environmental -rays and fast neutrons, the quickness of the 

approach for evaluating a two-dimensional bred tritium 

distribution could be helpful for a neutronics experiment. 
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Fig. 6.  PSL density (PSL/cm2) measured at position i (i = 1–5). The positions 
are shown in Fig. 3. 
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Fig. 7. Comparison between neutron fluxes of c and 1 multiplied by 

correlation factor K (K = 7.7). Inset shows geometry of the calibration with 

polyethylene moderator and location of point tally for c. The position of 1 is 

shown in Fig. 2. 
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