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 24 

Abstract  25 

An optical fiber-based neutron detector can be used as a real-time neutron monitor for an 26 

intense neutron field. In this study, optical fiber-based neutron detectors were fabricated using 27 

Li-glass scintillator. The thermal neutron sensitivity, upper limit of the output linearity, and 28 

response to gamma rays from 60Co and Cd were evaluated. The thermal neutron sensitivity was 29 

proportional to the mass of the Li-glass scintillator, and the calibration factor was 2.06 × 10−6 30 

and 3.18 × 10−6 cps/(n/cm2/s)/g for the lower-level discrimination of the peak and valley 31 

channel of the neutron peak, respectively. The detector output linearity was confirmed to be up 32 

to nearly 2 Mcps. While evaluating the response to gamma rays, for both 60Co and Cd, the 33 

gamma-ray counting rate was found to be smaller than the uncertainty associated with counting 34 

statistics in most expected applications where the neutron counting rate was >1 kcps.  35 

Keywords: Neutrons, Gamma-rays, Optical Fiber-based Neutron Detectors, Real-time 36 

Measurements, Radiation Monitoring, Scintillator, Li-glass 37 

 38 

1. Introduction  39 

An optical fiber-based neutron detector can be a real-time neutron monitor for an intense 40 

neutron field [1,2]. Especially for boron neutron capture therapy (BNCT), the detector should 41 

count neutrons in the intense neutron flux up to 109 neutrons/cm2/s and should not distort the 42 

target neutron field. Therefore, the relatively low neutron sensitivity and small size of the 43 

optical fiber-based detector is an advantage. In our group, some types of optical fiber-based 44 

neutron detectors and experimental methods using these detectors for characterization of the 45 

intense neutron field for BNCT have been developed [1,3-5]. To measure the intense neutron 46 

field, the detector is required to have proper thermal neutron sensitivity, a wide dynamic range, 47 
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and a low sensitivity to the gamma rays coexisting in the neutron field. Our detector shows a 48 

peak structure, corresponding to neutron events in the signal pulse height spectrum, the so-49 

called neutron peak. Conversely, for the gamma-ray events, pulse heights are suppressed and 50 

show an exponentially decreasing distribution in the low pulse-height region. This condition 51 

occurs because our detectors use a small-sized neutron scintillator, in which the energetically-52 

charged particles generated in 6Li(n,t) reactions can deposit the entire energy; however, fast 53 

electrons generated in gamma-ray interactions escape from the scintillator before depositing 54 

their energy [1]. In a previous study, we used the Li-glass scintillator in the detector and 55 

evaluated the pulse height spectrum, radiation hardness, and output linearity [6]. The Li-glass 56 

scintillator-based detectors are well-known to show an excellent counting rate capability [7,8]. 57 

Also, several experimental results of characterization, such as the counting characteristic, 58 

intrinsic efficiency for incident neutron and neutron-gamma discrimination, of some different 59 

types of neutron detectors using the Li-glass scintillator have been reported [9-14]. However, for 60 

this type of detector using the small piece of the Li-glass scintillator with the 10-meters-long 61 

optical fiber to be usable as a counting-mode detector in the intense neutron fields, the neutron 62 

sensitivity, maximum counting rate, and gamma-ray sensitivity have never been evaluated. The 63 

detectors used in medical practice are strongly desired to confer to the traceability of the 64 

national standard. In many nations, the thermal neutron standard field is a graphite pile with 65 

(,n) reaction-based neutron source like Pu-Be or Am-Be sources. The neutron flux in this type 66 

of standard field is not that high; therefore, it is difficult to calibrate the low sensitivity 67 

detectors. In order to cover both fields, i.e., the standard and BNCT, the detector should have a 68 

wide dynamic range. The Li-glass scintillator-based detector might be suitable because of its 69 

excellent counting rate capability. Therefore, this study aimed to evaluate the thermal neutron 70 

sensitivity at the national standard neutron facility in the National Institute of Advanced 71 
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Industrial Science and Technology (AIST), Japan. Additionally, the upper limit of the detector 72 

output linearity and its response to gamma rays were also evaluated.  73 

 74 

2. Materials and Methods  75 

2.1. Optical fiber-based neutron detector using a Li-glass scintillator  76 

Figure 1 shows the cross-sectional structure of the optical fiber-based neutron detector. The 77 

incident neutrons react with 6Li atoms in the Li-glass scintillator (GS20, Scintacor, Cambridge, 78 

England), and -particles and tritons generated in 6Li(n,t) reactions deposit their energy in the 79 

scintillator and induce scintillation. The emitted scintillation photons are transmitted to the 80 

quartz optical fiber (FP600URT, Thorlabs, New Jersey, United States) and converted into 81 

photoelectrons in the photomultiplier tube (PMT, R9880U-210, Hamamatsu Photonics, 82 

Shizuoka, Japan). The core diameter and numerical aperture of the optical fiber are 600 m and 83 

0.5, respectively. The attenuation of the quartz optical fiber is ~70 dB/km at the maximum 84 

emission wavelength of the Li-glass scintillator; thus, the transmission loss is estimated to be 85 

~15% for a length of 10 m. The small piece of the Li-glass scintillator is attached to the tip of 86 

the optical fiber using the ultraviolet (UV)-curable resin (NOA63, Norland, New Jersey, United 87 

States) with ~100% of the transmittance at the emission wavelength of the Li-glass scintillator. 88 

The mass of the small piece of the Li-glass scintillator is measured in advance using a precise 89 

electronic balance (BM20, A&D Comp., Tokyo, Japan). To efficiently collect the scintillation 90 

photons, the scintillator attached to the tip of the optical fiber is covered with the diffusive 91 

reflective coating of TiO2 powder (Titanium (IV) Oxide, Wako Pure Chemical, Osaka, Japan). 92 

The outermost layer is shaded and protected by the heat shrinkage tube (SETC-2.0B-10, Denka 93 

Electron, Tokyo, Japan). The tip of the optical fiber-based neutron detector, which cannot be 94 

completely shaded only by the heat shrinkage tube, is shaded by a carbon rod with a diameter of 95 
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1 mm and length of 10 mm as a shading material that is hardly activated by neutron irradiation.  96 

The properties of the optical fiber-based neutron detectors fabricated for this study are listed 97 

in Table 1. The small pieces of the scintillators with mass ranging from 18 to 141 g were used 98 

to fabricate six optical fiber-based neutron detectors. Two of them were fabricated using several 99 

small pieces to check the suppressing effect on the gamma-ray sensitivity. The gamma-ray 100 

sensitivity is expected to decrease with decreasing scintillator size because the fast electrons 101 

generated in gamma-ray interactions can easily escape. Contrarily, the neutron sensitivity 102 

depends on the total amount of 6Li. 103 

 104 

Table 1. The properties of the fabricated detectors.  105 

Detector ID 
Li-glass scintillator Sensitivity 

evaluation 

Linearity 

test 

-ray test 

Quantity [−] Mass [g] 60Co Cd 

No. 0 None 0   ✓  

No. 1 Single 18 ± 1   ✓  

No. 2 Plural (3 pieces) 32 ± 2 ✓  ✓ ✓ 

No. 3 Single 47 ± 2   ✓  

No. 4 Plural (4 pieces) 103 ± 2 ✓  ✓ ✓ 

No. 5 Single 108 ± 4   ✓  

No. 6 Single 141 ± 2 ✓ ✓ ✓ ✓ 

 106 

2.2. Signal processing  107 

Figure 2 shows the signal processing circuits of the optical fiber-based neutron detector 108 

system. The anode signal of the PMT is directly fed into the digital multichannel analyzer 109 

(digital MCA, HSMCA 4414-L-NW, ANSeeN, Shizuoka, Japan), with high-voltage supply and 110 
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signal integration function. In this digital MCA, the PMT signal is integrated with a proper time 111 

constant, digitized with the analog–digital converter, and then processed in the field-112 

programmable gate array. The digital MCA has four input channels to process simultaneously 113 

and records the list-mode event data of the pulse height, rise time, and time stamp of events. 114 

To determine the setup of the digital MCA, thermal neutron response evaluation experiments 115 

have been conducted. The evaluation experiments were performed at the thermal neutron port 116 

E3, with a neutron guide tube with curvature to derive thermal neutrons from the reactor in the 117 

Kyoto University Research Reactor (KUR) at the Institute for Integrated Radiation and Nuclear 118 

Science of Kyoto University, Japan. In this neutron port, gamma rays from the reactor are well 119 

suppressed because the reactor core is not directly visible in this port. The measurement 120 

parameters of the digital MCA, such as the applied voltage to the PMT and the time constant of 121 

the integrating circuit, were determined to create a clear neutron peak in the pulse height 122 

spectrum. Figure 3 shows an example of the signal pulse height spectrum. The lower-level 123 

discrimination (LLD) was determined for two settings: the first and second settings, with LLDs 124 

set at the valley and peak channels in the pulse height spectrum, respectively.  125 

 126 

2.3. Thermal neutron sensitivity evaluation  127 

The thermal neutron sensitivity was evaluated for detector Nos. 2, 4, and 6 listed in Table 1. 128 

The sensitivity evaluation was performed at the neutron standard field in the AIST, Japan [15]. 129 

The neutron standard field is created in the graphite pile with an 241Am-Be neutron source. 130 

Optical fiber-based neutron detectors were placed at the reference point inside the graphite pile 131 

at a distance of 900 mm from the Am-Be source, as shown in Figure 4. The pulse height spectra 132 

were obtained for neutron irradiation and background condition.  133 

 134 
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2.4. Output linearity evaluation  135 

The detector output linearity was evaluated using an accelerator-based neutron source in the 136 

Aomori prefecture Quantum Science Center, Japan. Neutrons are produced by 20 MeV protons 137 

bombarding a Be target. The neutron radiography beam port was used in this experiment. The 138 

proton beam current could be tuned from 10 to 50 A to change the neutron intensity. Detector 139 

No. 6 (141 g) in Table 6 was used to evaluate the upper limit of the counting rate on the output 140 

linearity. As a reference detector to monitor the neutron intensity fluctuation, neutrons were 141 

simultaneously measured using detector No. 2 listed in Table 1, which has a lower sensitivity 142 

than detector No. 6 and is expected to keep the output linearity to higher neutron intensity. 143 

When the proton current was 10 A, the thermal neutron flux at the detector position was 144 

derived using the thermal neutron sensitivity calibrated at the neutron standard field in the AIST 145 

as discussed in 2.3. For the higher proton current conditions, the neutron flux was assumed to be 146 

proportional to the proton current. This proportionality was also examined using detector No. 2 147 

listed in Table 1 as a reference detector with low sensitivity. 148 

 149 

2.5. Response evaluation for prompt gamma rays from Cd  150 

Cadmium (Cd) is one of the elements used as a neutron-shielding material. 113Cd has the 151 

largest neutron capture cross section for thermal neutrons among the Cd isotopes with isotopic 152 

abundance of 12.2%. Moreover, 113Cd has a unique shape of neutron absorption cross section 153 

and can absorb thermal neutrons only. Therefore, this material is used to evaluate the thermal 154 

neutron response using the Cd subtraction method. After absorbing the neutrons, Cd isotopes 155 

emit prompt gamma rays. In this section, we evaluate the detector response to the prompt 156 

gamma rays from Cd. 157 

The detector response to Cd gamma rays was acquired at the thermal neutron port E3 in the 158 
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KUR. The experimental setup is shown in Figure 5. The detector head was covered with a Cd 159 

tube with a 0.5 mm thickness and 44 mm length; therefore, thermal neutrons were completely 160 

cut and the detector was only exposed to prompt gamma rays from Cd. The pulse height spectra 161 

were measured, and the counting rate of gamma-ray events was evaluated for two LLD 162 

conditions, set at the valley and peak channels in the pulse height spectrum. The measurements 163 

were performed for detector Nos. 2, 4, and 6 listed in Table 1.  164 

 165 

2.6. Response evaluation for intense gamma ray from 60Co  166 

In general, MeV-order gamma rays exist in a majority of neutron experiments due to nuclear 167 

reactions between neutrons and various materials, such as 1H(n,)2H reactions, causing false 168 

counting rates in neutron detectors.  169 

Measurements to evaluate the detector response to 60Co gamma rays were performed at the 170 

60Co gamma-ray irradiation facility of Nagoya University, Japan. The gamma-ray dose rate at 171 

the detector position was measured using an ionization chamber (PTW Freiburg, TN30013). The 172 

optical fiber-based neutron detectors and ionization chamber were fixed between two 173 

polyethylene blocks (50 × 100 × 200 mm3) as shown in Figure 6. The measurement points were 174 

at a distance of 700, 1000, and 1400 mm from the center of the 60Co source, and the gamma-ray 175 

dose rate measured by the ionization chamber were 7.50, 3.68, and 1.90 Gy/h, respectively. The 176 

pulse height spectra were measured, and the counting rate of the gamma-ray events was 177 

evaluated for two LLD conditions set at the valley and peak channels. These measurements 178 

were performed for all detectors in Table 1. Furthermore, to evaluate the scintillation of the 179 

optical fiber itself using the gamma ray from the 60Co source, a dummy detector without the Li-180 

glass scintillator, detector No. 0 listed in Table 1, was also fabricated, and the gamma-ray 181 

counting rate was evaluated. Measurements with the dummy detector were performed with the 182 
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same PMT and MCA parameters as detector No. 6 listed in Table 1.  183 

 184 

3. Results and Discussions  185 

3.1. Thermal neutron sensitivity  186 

Figure 7 shows the thermal neutron sensitivity as a function of the mass of the Li-glass 187 

scintillators for detector Nos. 2, 4, and 6 listed in Table 1. Although the deviation due to the 188 

gamma-ray counts discussed in Section 3.3 is partially observed when the LLD is set at the 189 

valley channel, the thermal neutron sensitivity is approximately proportional to the scintillator 190 

mass. Therefore, the calibration factor was obtained as 2.06 × 10−6 and 3.18 × 10−6 191 

cps/(n/cm2/s)/g for the LLD settings set at the peak and valley channels of the neutron peak, 192 

respectively.  193 

 194 

3.2. Output linearity  195 

Figure 8 shows the detector counting rate as a function of thermal neutron flux. The output 196 

linearity is confirmed up to ~2 Mcps and is broken down because of distorted pulse height 197 

spectrum due to the pulse pile-up effect above 2 Mcps. Compared with the optical fiber-based 198 

neutron detector using the LiF/Eu:CaF2 scintillator used in a previous study [4], the detector 199 

used in this study shows excellent output linearity even under nearly 40 times larger counting 200 

rate due to the fast decay time constant of the Li-glass. For real-time measurements, the detector 201 

counting rate of about 1 kcps is needed at the minimum. Since the upper limit of the detector 202 

counting rate is 2Mcps, a dynamic range of 3 digits or more is achieved in our detector.  203 

 204 

3.3. Response to prompt gamma ray from Cd  205 

Figure 9 shows the pulse height spectra of detector No. 2 listed in Table 1 when irradiated 206 
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with thermal neutrons and prompt gamma rays from Cd. The background spectrum has also 207 

been plotted. Figure 10 shows the counting rate ratio of the gamma-ray events (C) to that of the 208 

neutron events (Cn) [cps/kcps] as a function of the mass of the Li-glass scintillator. The C/Cn 209 

ratio for each LLD conditions of the valley and peak channels in the neutron peak is evaluated 210 

to be 0.01% and 0.25%, respectively, for detector No. 6 listed in Table 1, which is the maximum 211 

mass in this experiment and is the worst case from the viewpoint of the gamma-ray suppression 212 

ability.  213 

 214 

3.4. Response to the intense gamma ray from the 60Co source 215 

Figure 11 shows the pulse height spectra of detector No. 2 listed in Table 1 with the Li-glass 216 

scintillator with a mass of 32 g when irradiated with intense gamma rays from the 60Co source 217 

at gamma-ray dose rate of 1.90, 3.68, and 7.50 Gy/h. The spectrum obtained when irradiating 218 

with thermal neutrons has also been plotted.  219 

Figure 12 shows the gamma counting rate as a function of dose rate for detector Nos. 6 and 2 220 

listed in Table 1 with the Li-glass scintillator with mass of 141 and 32 g, respectively, in which 221 

the highest and lowest gamma-ray sensitivities of all detectors in this study are expected. When 222 

the LLD was set at the neutron peak channel, the counting rate of the gamma-ray events was <3 223 

cps under 7.5 Gy/h, even in the detector with the highest gamma-ray sensitivity. When the LLD 224 

is set at the valley channel, the gamma-ray counting rate reaches 190 cps at gamma-ray dose 225 

rate of 7.50 Gy/h in the same detector. However, the detector using the plural small pieces of the 226 

Li-glass scintillator with total mass of 32 g expectedly showed the lowest gamma-ray 227 

sensitivity among all detectors in this study; therefore, the counting rate of gamma-ray events is 228 

not available when the LLD is set at the peak channel and is smaller than the uncertainty 229 

associated with counting statistics even when the LLD is set at the valley channel.  230 
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Figure 13 shows the dependency of the counting rate in gamma-ray events at a gamma-ray 231 

dose rate of 7.50 Gy/h on the mass of the Li-glass scintillator when the LLD is set at both, the 232 

peak and valley channels. Results of the dummy detector without the Li-glass scintillator are 233 

plotted with a mass of 0 g. The counting rate of gamma-ray events roughly depends on the Li-234 

glass scintillator mass. However, the gamma-ray sensitivity is not significantly changed between 235 

detectors using single and plural scintillators, indicating that the gamma-ray sensitivity is not 236 

effectively suppressed using several small pieces of the Li-glass scintillator instead of the single 237 

small piece. This is considered to be due to the escaped fast electrons, which might reenter to an 238 

adjacent scintillator and deposit their energy.  239 

The counting rate of gamma-ray events is >100 cps for three detectors using Li-glass 240 

scintillators with a mass of >100 g when the LLD is set at the valley channel. Furthermore, 241 

results indicated that the optical fiber scintillation itself is considered to be negligible.  242 

Since fast electrons induced by high energy gamma-rays have low stopping power, the signal 243 

pulse heights by higher energy gamma-rays more than 1 MeV are lower in the small size 244 

scintillator [1]. In this study, we evaluated the counting rates for 1.17 and 1.33 MeV gamma-245 

rays from the 60Co source, however, those by higher energy gamma-rays are considered to be 246 

similar level.  247 

 248 

4. Conclusions  249 

In this paper, various specifications of the optical fiber-based neutron detector, such as the 250 

thermal neutron sensitivity, detector output linearity, and gamma-ray sensitivity, are 251 

experimentally confirmed using the Li-glass scintillator. The thermal neutron sensitivity per unit 252 

scintillator mass is calibrated to be 2.06 × 10−6 and 3.18 × 10−6 cps/(n/cm2/s)/g when the LLD 253 

is set at the peak and valley channels in the pulse height spectra, respectively. The upper limit of 254 



12 
 

the detector output linearity of the fabricated optical fiber-based neutron detector is evaluated. 255 

Therefore, the detector output linearity is confirmed up to ~2 Mcps, which is ~40 times larger 256 

than the upper limit of the conventional detectors using LiF/Eu:CaF2 scintillators. The gamma-257 

ray response is also evaluated. For gamma rays from the 60Co source, the counting rate of the 258 

gamma-ray events is >100 cps at the gamma-ray dose rate of 7.50 Gy/h for detectors using the 259 

Li-glass scintillator with a mass of >100 g when the LLD is set at the valley channel. On the 260 

other hand, the counting rate when the LLD is set at the peak channel is <3 cps for the same 261 

detectors even at the gamma-ray dose rate of 7.50 Gy/h. Furthermore, for lower gamma-ray 262 

dose rates, the counting rates are negligibly small. The sensitivity to prompt gamma rays from 263 

Cd is much smaller than thermal neutrons. The ratio of the counting rate of the prompt gamma-264 

ray events from Cd to that of the thermal neutron events is approximately 0.25% even when the 265 

LLD is set at the valley channel. In conclusion, the gamma-ray counting rate will be smaller 266 

than the uncertainty associated with counting statistics in most expected applications where the 267 

neutron counting rate is estimated to be >1 kcps. These results indicates that our detector can 268 

offer a high-precision real-time neutron measurements with the traceable neutron sensitivity, 269 

wide dynamic range, and high neutron-gamma discrimination in the intense neutron fields, and 270 

is helpful in neutron monitoring and quality assurance works in BNCT applications. 271 
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Figure Captions 339 

Figure 1. The cross-sectional structure of the optical fiber-based neutron detector. 340 

 341 

Figure 2. The signal processing circuits of the optical fiber-based neutron detector system. 342 

SMA, sub miniature A. PMT, photomultiplier tube. SHV, safe high voltage. BNC, Bayonet 343 

Neill-Concelman. DC, direct current. PC, personal computer. MCA, multichannel analyzer.  344 

 345 

Figure 3 An example of the pulse height spectrum obtained from the optical fiber-based 346 

detector. There are two patterns of the LLD settings: the valley and peak channel in the pulse 347 

height spectrum. LLD, lower-level discrimination. 348 

 349 

Figure 4. The experimental setup at the graphite pile neutron standard in the National Institute 350 

of Advanced Industrial Science and Technology. 351 

 352 

Figure 5. The experimental setup for irradiation with a) thermal neutrons and b) prompt gamma 353 

rays from Cd at the port E3 in the Kyoto University Research Reactor.  354 

 355 

Figure 6. The experimental setup at the 60Co gamma-ray irradiation facility of Nagoya 356 

University. 357 

 358 

Figure 7. The relationship between thermal neutron sensitivity and the mass of the Li-glass 359 

scintillator of detector Nos. 2, 4, and 6 listed in Table 1 for the lower-level discrimination (LLD) 360 

setting set at the a) peak and b) valley channels in the pulse height spectrum.  361 

 362 
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Figure 8. The detector counting rate as a function of thermal neutron flux for the proton beam 363 

current from 10 to 50 A.  364 

 365 

Figure 9. The pulse height spectra of detector No. 2 listed in Table 1, when irradiating with 366 

thermal neutrons and prompt gamma rays from the cadmium tube. The background spectrum 367 

has also been plotted. The neutron counting rate is plotted to the left (Y) axis. The gamma-ray 368 

and background counting rates are plotted to the right (R) axis.  369 

 370 

Figure 10. The ratio of the counting rate in the gamma-ray events (C) as compared to that of the 371 

neutron events (Cn) [cps/kcps] as a function of mass of the Li-glass scintillator [g].  372 

 373 

Figure 11. The pulse height spectra of detector No. 2 listed in Table 1 when irradiated with 374 

gamma rays from the 60Co source at the gamma-ray dose rate of 1.90, 3.68, and 7.50 Gy/h. The 375 

spectrum when irradiated with thermal neutrons has also been plotted.  376 

 377 

Figure 12. The gamma-ray dose rate dependency of the counting rate in gamma-ray events for 378 

the detector using the Li-glass scintillator with mass of 141 and 32 g. LLD, lower-level 379 

discrimination. 380 

 381 

Figure 13. The dependency of the counting rate in gamma-ray events at the gamma-ray dose 382 

rate of 7.50 Gy/h on the mass of the Li-glass scintillator when the lower-level discrimination 383 

(LLD) is set at the a) peak and b) valley channels in the neutron peak.  384 

 385 

 386 
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