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	 In this paper, we discuss the development of a diamond detector element for a criticality 
proximity monitoring system, which is essential for the decommissioning of the Fukushima 
Daiichi Nuclear Power Plant. The system must withstand γ-rays at a dose rate of 1 kGy/h with 
minimal shielding due to payload constraints. We evaluated the effects of γ-rays on prototype 
diamond detectors and confirmed that removing the lift-off separation surface of diamond 
membrane by ion beam etching and adding a p+ diamond layer effectively reduced the effect of 
γ-rays. A prototype detector combined a 180-µm-thick 6LiF sintered neutron-to-charged-particle 
converter with a diamond detector having a 2.53 mm² sensitive area. With a threshold energy set 
at 1 MeV, a neutron detection efficiency of 3.0 × 10−4 cps/nv was obtained for a 252Cf source. 
The combination of a radiation-resistant front-end integrated circuit and a diamond detector 
resulted in an estimated γ-ray noise level of 0.001 cps at 0.915 MeV, based on the measurements 
with γ-rays at a dose rate of up to 600 Gy/h using a 60Co source. Furthermore, at a dose rate of 1 
kGy/h, the γ-ray noise was 0.0004 cps, satisfying the S/N ratio of ≥1 required by the Feynman-α 
method. We suggest that by using 1024 diamonds in the future, the criticality proximity 
monitoring system could achieve a neutron detection efficiency of 1.9 cps/nv.
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1.	 Introduction

	 In the process of removing fuel debris from the Fukushima Daiichi Nuclear Power Plant, it is 
essential to establish a criticality management method that prevents criticality caused by changes 
in the shape of the fuel debris and the amount of water, as well as excessive radiation exposure to 
the general public and workers in the event of criticality. To address this issue, the International 
Research Institute for Nuclear Decommissioning (IRID) is promoting the development of fuel 
debris criticality control technology, led by reactor plant manufacturers.(1) One of the major 
challenges identified in this effort is the development of a lightweight criticality proximity 
monitoring system with a neutron detection sensitivity of several cps/nv, capable of measuring 
weak neutrons from fuel debris in an environment with a high γ-ray dose rate of up to 1 kGy/h.(2)

	 The criticality proximity monitoring system used in the initial stages of debris removal needs 
to be inserted into the primary containment vessel through a narrow penetration. There are strict 
weight restrictions on the payload of the fuel debris removal device, and the improved device for 
the initial removal is planned to weigh 50 kg.(3) In addition, a neutron detection sensitivity of 
several cps/nv is required to meet the requirements of the reactor noise analysis method.
	 In the future, to investigate the condition of the fuel debris remaining inside the reactor 
pressure vessel, it will also be necessary to use a neutron detector of the same type that can be 
inserted into a dry tube. Generally, a fission ionization chamber is used as a neutron detector in 
such environment with a high γ-ray dose rate. However, to achieve sufficient detection 
sensitivity, the detector must be made larger. Furthermore, obtaining permission to use a fission 
ionization chamber containing nuclear fuel material in a damaged reactor is expected to be 
highly challenging. Therefore, an alternative solution is needed.
	 At IRID, the following are being evaluated: (a) neutron gas detectors, including an improved 
10B proportional counter and a corona detector, and (b) a SiC semiconductor neutron detector. 
Regarding the former, it has been estimated that, a 10B proportional counter (neutron detection 
sensitivity: 2 cps/nv), which can be used to evaluate criticality by the Feynman-α method within 
a one-hour measurement, would require a lead shielding thickness of 2 cm. However, its total 
weight would exceed 150 kg.(1) The latter is currently under development and is assumed to 
operate at 100 Gy/h from the perspective of the signal-to-noise ratio with γ-rays and circuit 
noise.(3) However, it is not designed to withstand 1 kGy/h. Additionally, the electronic 
components of the data transfer circuit require tungsten shielding to ensure radiation resistance.
	 To address the above-mentioned issues, we are developing the criticality proximity 
monitoring system that is expected to have high radiation resistance and low sensitivity to 
γ-rays, as shown in Fig. 1. This device consists of a neutron detector composed of diamond 
detector elements and neutron-to-charged-particle converters, as well as radiation-resistant 
silicon semiconductor integrated devices(4,5) that have been developed through high-energy 
accelerator experiments.
	 To achieve the required performance of a maximum permissible operating γ-ray dose rate of 
1 kGy/h or more, the diamond membrane underwent further processing, and the electrode 
structure was improved. Furthermore, the response of these diamond detector elements in 
combination with a new measurement circuit to γ-ray dose rates of up to 1.5 kGy/h was 
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evaluated. Additionally, the neutron sensitivity of the system after integrating a 6LiF neutron-to-
charged-particle converter with diamond detector elements was measured, and then the neutron 
detection efficiency of the entire system was estimated.

2.	 Experimental Procedure

2.1	 Growth of single-crystal diamond membranes and fabrication of radiation detectors

	 In this study, seven diamond detectors were fabricated using single-crystal diamond 
membranes grown at Hokkaido University and an electronics-grade single-crystal diamond 
membrane grown by Element Six Ltd., as shown in Table 1.
	 The following is an outline of the method used to grow the diamonds at Hokkaido 
University.(6) Homoepitaxial diamond layers were grown by the CVD method(7) on high-
pressure and high-temperature (HP/HT) type IIa single-crystal diamond substrates(8) from 
Sumitomo Electric Industries, with the (001) plane tilted 3 degrees in the <110> direction. To 
obtain freestanding diamond membranes by the lift-off method,(9) ion implantation layers were 

Fig. 1.	 (Color online) Image of actual criticality proximity monitoring system under development.
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formed on the diamond substrates beforehand. The typical synthesis conditions were a 
CH4/(H2+CH4) ratio of 0.2%, a gas pressure of 110 Torr, a substrate temperature of 900 ℃, a 
microwave plasma power of 700–1100 W, and a growth rate of 0.48 µm/h. The CVD-grown 
layers were then separated by electrochemical etching to obtain freestanding diamond 
membranes.
	 The detector structure consisted of a simple electrode–diamond–electrode configuration, 
with an Al Schottky electrode and a TiC/Au ohmic electrode. The Al electrode was deposited by 
the resistive heating evaporation method, whereas the Ti/Au electrode was deposited by the 
electron beam evaporation method. After Ti deposition, the TiC layer was formed by annealing 
at 400 ℃ for 30 min, followed by Au deposition by the resistive heating evaporation method. 
The diamond membrane with electrodes was placed in an Al detector enclosure. The TiC/Au 
electrode was connected to the SMA receptacle, and the Al electrode was connected to the 
ground of the detector enclosure.
	 Detectors #1 and 2 were made of single-crystal diamond membranes grown at Hokkaido 
University with the structure described above. Detector #3 was made of an electronics-grade 
single-crystal diamond(10) membrane grown by Element Six Ltd. with a thickness of 50 µm, 
using the same process and structure as Detectors #1 and 2.
	 Detectors #4 to 7 were fabricated to confirm the effects of etching and a p+ diamond layer, 
which are intended to reduce charge-up due to γ-rays. To minimize the effect of the diamond 
material used, four detectors were fabricated by laser cutting a 9-mm-square single-crystal 
diamond membrane with a thickness of 80 µm, as shown in Fig. 2(a). Detector #4 has the same 
structure as Detectors #1–3. Diamond membranes fabricated by the lift-off method at Hokkaido 
University have empirically shown that the defects and impurities on the lift-off separation 
surface (early growth layer) are higher than those on the growth surface (late growth layer). 
Therefore, Detectors #5 and 6 were each etched by 10 and 20 µm, respectively, using ion beam 
etching (IBE) on the lift-off separation surface. TiC/Au electrodes were then formed, followed 
by the formation of Al electrodes on the opposite surface. For detector #7, the lift-off separation 
surface was etched by 10 µm using IBE, followed by the deposition of a 2 µm boron-doped p+ 
diamond layer by the CVD method,(11) and then a TiC/Au electrode was formed. In this case, 
there was unfavorable growth of the boron-doped p+ diamond layer on the opposite surface, so 
the opposite p+ diamond layer was removed using IBE, and an Al Schottky electrode was 

Table 1
List of detectors fabricated (Detectors #4–7 were made by dividing a 9-mm-square diamond membrane grown at 
Hokkaido University into four parts).
ID Producer Thickness Processing Detector Structure
Detector #1 HU 66 µm – Al/diamond/TiC/Au
Detector #2 HU 46 µm – Al/diamond/TiC/Au
Detector #3 E6 50 µm – Al/diamond/TiC/Au
Detector #4 HU 80 µm – Al/diamond/TiC/Au
Detector #5 HU 70 µm IBE 10 µm Al/diamond/TiC/Au
Detector #6 HU 60 µm IBE 20 µm Al/diamond/TiC/Au
Detector #7 HU 72 µm IBE 10 µm, p+ diamond Al/diamond/p+ diamond/TiC/Au
IBE: Ion Beam Etching, HU: Hokkaido University, E6: Element Six Ltd.
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formed. Figure 2(b) shows optical microscopy images of the lift-off separation surface of the 
diamond membranes used in each detector. A black pattern was observed in the sample that 
underwent IBE.

2.2	 Evaluation of basic performance of fabricated diamond detectors

	 The induced charge distribution measurement of the detectors was carried out using 5.486 
MeV α-particles from a 241Am source, directed into the Al electrode of the detector in a vacuum 
at room temperature. The results are summarized in Table 2. A preamplifier (ORTEC 142A), a 
main amplifier (ORTEC 672), a high-voltage power supply (ORTEC 428), and a multichannel 
analyzer (WE500) were used for this measurement. The charge collection efficiency (CCE) was 
derived on the basis of a comparison with a silicon semiconductor detector (CU-1250-100; 
EG&G ORTEC), and the average electron–hole pair generation energies for silicon and diamond, 
εSi = 3.62 eV(12) and εDiamond = 13.1 eV,(13) respectively, were adopted. For Detectors #1–7, the 
applied voltage was ±1 V/µm, and the switching between electrons and holes was measured by 
reversing the polarity of the applied voltage. Detectors #4–7 were fabricated from a single 
diamond membrane to eliminate the effect of the diamond material used. However, Fig. 2(a) 
shows that each has a different surface roughness, with a maximum surface roughness Ra of 
approximately 10 µm. Although it is possible that changes in the way α-particles enter the 
diamond due to surface roughness may affect the detector operation, the α-particles are 
completely absorbed in the diamond even with a surface roughness of 10 µm, considering that 
the thickness of the diamond substrate is 60–80 µm, and the range of the 5.486 MeV α-particles 
in the diamond is 14 µm. Therefore, the effect on the detector operation is considered to be 
negligible. In fact, the differences in the values shown in Table 2 are small.

Fig. 2.	 (Color online) Optical microscopy images of (a) 9-mm-square diamond membrane (growth surface) after 
laser cutting and (b) processed surface (lift-off separation surface) under each condition (IBE 0 µm, IBE 10 µm, IBE 
20 µm, and B-doped p+ diamond layer after IBE 10 µm) used for Detectors #4–7.

(a) (b)
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2.3	 γ-ray irradiation experiments

	 The experiments were conducted at the Nagoya University 60Co γ-ray irradiation facility, the 
Kyushu University 60Co γ-ray irradiation facility, and the Takasaki Institute for Advanced 
Quantum Science 60Co γ-ray irradiation facility of the National Institutes for Quantum Science 
and Technology (QST). In the experiments at Nagoya University and Kyushu University, 
5.486 MeV α-particles from an 241Am source were irradiated together with γ-rays at room 
temperature and in air to facilitate the evaluation of the effects of γ-ray irradiation. The distance 
between the α-particle source and the detector’s incident surface during the measurement was 
2.2 mm. Using Stopping and Range of Ions in Matter,(14) the energy loss of 5.486 MeV α-particles 
in 2.2 mm of air was calculated to be approximately 0.198 MeV. On the basis of the above, the 
horizontal axis of response functions was calibrated by setting the energy of the α-particle peak 
to 5.288 MeV. For the measurements observing the time variation in the amount of signals 
induced by the γ-rays, only γ-ray irradiation was performed. The measurements were conducted 
using general radiation measurement devices used in Sect. 2.2 and a signal processing front-end 
integrated circuit designed by the High Energy Accelerator Research Organization (KEK). In 
both cases, the multichannel analyzer ANSeeN ZMCAN-CH04-01 was used. Table 2 shows that 
the detector performance was better for holes than for electrons, so the applied voltage was set to 
−1 V/μm.
	 At Nagoya University and Kyushu University, ionization chamber dosimeters were used to 
measure γ-ray dose rates at the irradiation position. At QST, the detector was placed at pre-
calibrated positions with known γ-ray dose rates. Measurements were performed using a 
diamond detector in combination with a front-end integrated circuit designed for an integration 
time of approximately 100 ns, as shown in Fig. 3. This front-end integrated circuit, designed by 
KEK and fabricated using 65 nm CMOS technology, has radiation resistance exceeding 1 MGy 
and can process up to 8 input channels.

2.4	 Neutron sensitivity measurement experiment

	 Diamonds do not have direct sensitivity to neutrons, so a 6LiF sintered body made from 
95%-enriched 6Li material, i.e., a neutron-to-charged-particle converter, was developed. 6Li 

Table 2
Charge collection efficiency and energy resolution of the diamond detectors.

ID Charge collection efficiency (%) Energy resolution (%)
Electron Hole Electron Hole

Detector #1 100.5 ± 0.1 99.4 ± 0.1 0.30 0.32
Detector #2 98.4 ± 0.2 99.1 ± 0.2 0.54 0.37
Detector #3 98.3 ± 0.3 97.9 ± 0.1 0.61 0.35
Detector #4 99.8 ± 0.3 99.0 ± 0.2 0.82 0.47
Detector #5 99.5 ± 0.3 98.5 ± 0.2 0.80 0.52
Detector #6 98.6 ± 0.3 97.5 ± 0.2 0.79 0.38
Detector #7 97.6 ± 0.4 97.5 ± 0.2 0.87 0.47
εSi = 3.62 eV and εDiamond = 13.1 eV were used for derivation. For the charge collection efficiency error, the standard 
deviation of the α-particle peak portion was adopted.
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captures neutrons and splits into 2.05 MeV 4
2 He and 2.73 MeV 31T. In this case, 4

2 He and 31T are 
considered to fly in opposite directions, approximately 180° apart in accordance with the law of 
conservation of momentum. Therefore, by placing a 6LiF converter on the detector electrode, it 
is possible to measure the neutron sensitivity of the diamond, since either charged particle can be 
detected for each neutron.
	 The 6LiF was sintered in air at 700 ℃ for 5 h and then mechanically polished to a thickness 
of 150–200 μm. Polishing to a thickness of 100 μm or less was likely to cause damage. The 
above thickness was chosen in consideration of the nuclear reaction cross section of 6Li and the 
range of the generated charged particles. The use of 10B4C as a neutron-to-charged-particle 
converter was also considered, but 6LiF was used from the perspective of signal-to-noise ratio. 
	 The 6LiF neutron-to-charged-particle converter was installed on the Al electrode of Detector 
#2, and the overlapping area between the 6LiF converter and Al electrode was 2.53 mm². The 
neutron sensitivity of the diamond neutron detector was evaluated in an irradiation field using a 
252Cf neutron source, with the neutron flux measured by a calibrated neutron gas detector. The 
same system and applied voltage as those used in the γ-ray irradiation tests described in Section 
2.3 were employed for the measurement.

3.	 Experimental Results and Discussion

3.1	 Assessment of effects of high γ-ray dose rate environments on diamond detectors and 
attempts to reduce them

	 Figure 4 shows the γ-ray response functions of Detectors #1 and 3, which were produced 
using the same process and structure, one from a single-crystal diamond manufactured by 
Hokkaido University and the other from a single-crystal electronics-grade diamond 
manufactured by Element Six Ltd.. In the measurement, 5.486 MeV α-particles were 

Fig. 3.	 (Color online) Front-end integrated circuit for signal processing designed by KEK + diamond detector.
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simultaneously injected in air. The measurements were conducted using general radiation 
measurement devices.
	 Detector #1, made from a diamond grown by Hokkaido University, showed almost no signal 
from γ-rays at a γ-ray dose rate of 84.5 Gy/h. At a γ-ray dose rate of 400 Gy/h, signals from the 
γ-rays were observed in the low-energy part, and the energy resolution of the α-particles peak 
deteriorated because the baseline of the preamplifier output fluctuated owing to the influence of 
the γ-ray. This was largely due to the influence of the integration time of the main amplifier. 
This measurement was carried out at the Nagoya University 60Co irradiation facility. At the 
maximum γ-ray dose rate of 832 Gy/h at the facility on the day of the experiment, signals due to 
the γ-rays were observed up to around 1.5 MeV, and although the energy resolution deteriorated 
considerably, the peak from α-particles was clearly observed.
	 On the other hand, for Detector #3, which was made of commercially available diamond 
crystals, a clear α-particle peak was observed at a γ-ray dose rate of 10.4 Gy/h, but the γ-ray 
effect was also observed up to several hundred keV. At a γ-ray dose rate of 29.2 Gy/h, the 
α-particle peak was barely observed, but the count rate increased significantly overall owing to 
the signals caused by the γ-rays. When the dose rate was increased further to 81.2 Gy/h, the 
α-particle peak was completely swallowed up by the signal related to the γ-ray and could not be 
distinguished.
	 The signals caused by γ-rays are considered to be pseudo-signals that occur when charge is 
captured in the crystal upon γ-ray irradiation and subsequently released. Although the impurities 
in the commercially available diamond used for Detector #3 were kept below the detection limit 
of secondary ion mass spectrometry, luminescence due to structural defects is generally 
observed in cathodoluminescence measurements. On the other hand, luminescence due to 
structural defects is negligible in the diamond made by Hokkaido University.(6) Therefore, it is 
highly likely that the γ-ray effect observed in the commercially available diamond detector is 
due to charge capture levels caused by structural defects. On the other hand, there are also 

Fig. 4.	 (Color online) Example of response functions of diamond detectors for α-particles under several γ-ray dose 
rate in air: (a) Detector #1 made with a diamond grown by Hokkaido University (thickness: 66 μm) and (b) Detector 
#3 made with a diamond grown by Element Six (thickness: 50 μm).

(a) (b)
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reports of detectors made from commercially available diamond crystals operating under a γ-ray 
dose rate of approximately 100 Gy/h; this may be due to factors such as variations in crystal 
quality and the effects of machining.
	 Next, the operational stability of the detectors in a high γ-ray dose rate environment was 
evaluated. The measurements were conducted using general radiation measurement devices. 
Figure 5 shows the change over time in the count rate when continuous measurement was 
performed for one hour in an environment with a γ-ray dose rate of 832 Gy/h for Detectors #1 
and 6. The vertical axis shows the number of signals of all energies per second, and the 
horizontal axis shows the elapsed time. In Detector #1, the counting rate gradually increased 
from the start of measurement until around 700 s, and then an instantaneous large count rate was 
recorded. In particular, after 3000 s, the counting rate increased in a spike-like manner and the 
frequency of spikes increased. In contrast, Detector #6, which had undergone IBE of 20 µm on 
the lift-off separation surface, had a base count rate of more than 1000 cps, which was five times 
that of Detector #1. However, there was little change over time, and there was no spike-like 
increase in the counting rate. The thicknesses of the crystals of these two detectors were almost 
the same, and the electrode structure and signal readout circuit were completely the same. 
Therefore, it is considererd that the density of charge capture levels in the diamond crystal exerts 
an effect on the response to γ-rays. This result indicates that it is important to lower the density 
of charge capture in the diamond depending on the growth conditions and substrates used. 
Furthermore, it can be judged that the removal of the lift-off separation surface by IBE was also 
effective.
	 To investigate the effect of removing the lift-off separation surface by IBE in more detail, the 
α-particle spectra of Detectors #4, 5, and 7, which were made from the same single-crystal 
diamond membrane, were measured in an environment with a γ-ray dose rate of 260 Gy/h. The 
measurements were conducted using general radiation measurement devices. The results are 
shown in Fig. 6. As summarized in Table 1, Detectors #4–7 were fabricated by dividing the 
single-crystal CVD diamond membrane grown on a 9-mm-square HP/HT type IIa single-crystal 

Fig. 5.	 (Color online) Time-dependent change in the counting rate of Detectors #1 and 6 in an environment with a 
γ-ray dose rate of 832 Gy/h. The thicknesses of Detectors #1 and 6 were 66 μm and 60 μm, respectively. The lift-off 
separation surface of Detector #6 was removed by IBE to a depth of 20 μm.
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diamond substrate into four equal parts. Detector #4 was not subjected to IBE and was used as 
is. Detector #5 had 10 µm of the lift-off separation surface removed by IBE. Detector #7 was 
fabricated by first removing 10 μm of the lift-off separation surface by IBE and then synthesizing 
a p+ diamond layer. This was done to enable the TiC/Au electrode to collect charges more 
quickly. As seen in Fig. 6, the signals from γ-rays appearing below 2.5 MeV decrease in the order 
of Detectors #4, #5, and #7. This indicates that IBE and the insertion of the p+ diamond layer are 
effective in reducing the signals from γ-rays.
	 From the above results, the removal of the lift-off separation surface by IBE processing and 
the addition of a p+ diamond layer between the diamond and the electrode are effective in 
reducing the signal caused by the γ-rays. In addition, the diamond detector with 20 µm removed 
by IBE performed stably even at 832 Gy/h. As the generation mechanism of signals related to the 
γ-ray, charge capture and release in the crystal are considered to be the cause of noise signal, so 
it was also confirmed that reducing the number of defects and amount of impurities originating 
from the substrate used and the growth conditions is extremely important.

3.2	 Evaluation of effect of γ-ray on diamond detector with front-end integrated circuit 
fabricated by ASIC technique

	 As an elemental technology for the criticality proximity monitoring system, a γ-ray 
irradiation experiment for a measurement element that combined a front-end integrated circuit 
developed at KEK using radiation-resistant Si semiconductor ASIC technology and a diamond 
detector fabricated at Hokkaido University was conducted. For comparison, the same diamond 
detector was connected to general radiation measurement devices, such as ORTEC142A and 
ORTEC428, which were used in the experiment described in Sect. 2.2, and evaluated. Figure 7 
shows an example of response functions for 5.486 MeV α-particles using two different circuit 
systems in an environment with a γ-ray dose rate of 300 Gy/h. The KEK-designed front-end 
integrated circuit has a short integration time of 0.1 µs to reduce the effect of noise signals from 

Fig. 6.	 (Color online) Example of 5.486 MeV α-particle response function in a 260 Gy/h γ-ray dose rate 
environment for detectors made from the same diamond membrane (Detector #4: no IBE, Detector #5: IBE 10 μm, 
Detector #7: IBE 10 μm & p+ diamond layer).
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the γ-ray. As a result, it has been successful in reducing the effect of the γ-ray to around 1 MeV. 
This front-end integrated circuit can handle eight channels of input at once. In an actual 
criticality proximity monitoring system, four detector elements are fabricated on a 6-mm-square 
diamond membrane. The neutron-to-charged-particle converters are sandwiched between two 
diamond membranes, and the signals from the eight detector elements are received by this 
front-end circuit.

3.3	 Evaluation of neutron sensitivity

	 Figure 8 shows an example of the neutron response function for the diamond neutron detector 
described in Sect. 2.4. The horizontal axis of the response function was calibrated by setting the 
high-energy edge to the energy of the triton, 2.73 MeV. The thermal neutron flux of the 
measurement field constructed with polyethylene blocks was measured using a calibrated 6Li 
glass scintillator and a 10BF3 proportional counter, and the result was 127.5 n/cm2/s. If the 
threshold mentioned in Sect. 3.4 was set to 1 MeV and signals with energies above 1 MeV were 
counted as neutron signals, the detection efficiency of the diamond neutron detector used was 
3.2 × 10 cps/nv. Furthermore, when combined with the front-end circuit module shown in Fig. 3, 
the neutron detection efficiency was 3.0 × 10−4 cps/nv. To obtain a more accurate detection 
efficiency for the prototype diamond neutron detector, it was evaluated using the 252Cf neutron 
source at the Radiation Standards Facility of the Japan Atomic Energy Agency, and a thermal 
neutron detection efficiency of 3.7 × 10−4 cps/nv was obtained.

3.4	 Evaluation of noise signals caused by γ-ray at dose rate of 1 kGy/h

	 To ensure a sufficient signal-to-noise ratio (neutron signal/noise signal due to γ-ray) in an 
actual criticality proximity monitoring system, we have been working towards setting the energy 
threshold for discriminating between γ-ray and neutrons at 1 MeV, through measures such as 
reducing the noise signal caused by the γ-ray and selecting neutron-to-charged-particle 

Fig. 7.	 (Color online) Response functions of the diamond detector for the α-particles when connected to the front-
end integrated circuit designed by KEK and general radiation measurement devices (measured at a γ-ray dose rate of 
300 Gy/h using Detector #7).



1988	 Sensors and Materials, Vol. 37, No. 5 (2025)

converters. In the Feynman-α method, which is a typical method for evaluating criticality 
proximity, it is said that the prompt neutron decay constant α can be measured if the neutron 
counting rate/counting rate of noise signal caused by γ-ray is ≥ 1. To satisfy this condition, the 
counting rate of noise signals caused by the γ-ray of 0.001 cps at a γ-ray dose rate of 1 kGy/h 
must be lower than 1 MeV.
	 This evaluation was carried out at the Kyushu University 60Co irradiation facility and the 
QST Takasaki Institute 60Co irradiation facility. Detector #2 and the KEK-designed front-end 
integrated circuit module shown in Fig. 3 were used in the measurement.
	 At the Kyushu University 60Co irradiation facility, noise signals were evaluated at dose rates 
up to 600 Gy/h on the day of the experiment. In Fig. 9, the energy corresponding to 0.001 cps is 
plotted on the vertical axis, whereas the γ-ray dose rate is plotted on the horizontal axis. By 
extrapolating these results, the energy corresponding to 0.001 cps at 1 kGy/h was determined to 
be 0.915 MeV. The threshold of 1 MeV was met, ensuring neutron detection sensitivity.
	 To confirm more directly that the count rate of the noise signal caused by the γ-ray is less 
than 1 MeV at 1 kGy/h, an experiment using the same detector and circuit at the 60Co irradiation 
facility at the Takasaki Institute of the QST was conducted. The results are shown in Fig. 10. The 

Fig. 9.	 (Color online) Dose rate dependence of the energy at which the noise signal counting rate caused by the 
γ-ray reaches 0.001 cps using Detector #2 and KEK-designed front-end integrated circuit (by extrapolation, the 
energy at which the count rate reaches 0.001 cps at 1 kGy/h was estimated to be 0.915 MeV).

Fig. 8.	 (Color online) An example of response function of the diamond neutron detector for neutrons from a 252Cf 
source.
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γ-ray counting rate at 1 MeV at 1 kGy/h was 0.0004 cps, directly proving that it is possible to 
measure neutrons with the desired signal-to-noise ratio. The detector also operated stably at 
1.5 kGy/h.

4.	 Conclusions

	 In this report, we summarized the development of diamond detectors as part of the 
development of elemental technologies for the criticality proximity monitoring system used in 
the decommissioning of the Fukushima Daiichi Nuclear Power Plant. For this monitoring 
system, the maximum permissible dose rate during operation is 1 kGy/h or more, and because of 
the payload limitations of the insertion machine, lead shielding cannot be used. 
	 Experiments on γ-ray irradiation of diamond detection elements were conducted; the 
effectiveness of removing the lift-off separation surface by IBE and introducing a p+ diamond 
layer as a measure to reduce noise signals caused by the γ-ray was revealed. A prototype of a 
6LiF sintered neutron-to-charged-particle converter with a thickness of 180 µm was fabricated. 
When combined with a diamond detector with a sensitive area of 2.53 mm2 and a threshold of 
1 MeV, a detection efficiency of 3.0 × 10−4 cps/nv was obtained for neutrons from a 252Cf source.
	 When a radiation-resistant front-end integrated circuit developed by KEK was combined 
with a diamond detector made by Hokkaido University, the energy of noise signals of 0.001 cps 
caused by the γ-ray in experiments with a γ-ray dose rate of up to 600 Gy/h was estimated to be 
0.915 MeV. Furthermore, the noise signal caused by γ-ray at 1 kGy/h was measured to be 0.0004 
cps, and it was demonstrated that the S/N ratio of ≥1 required by the Feynman-α method can be 
secured at 1 kGy/h. From the above results, it was clarified that if 1024 diamonds are used in the 
criticality proximity monitoring system to be developed in the future, a neutron detection 
efficiency of 1.9 cps/nv can be expected.

Fig. 10.	 (Color online) Dose rate dependence of counting rate of noise signal caused by γ-ray using Detector #2 and 
KEK-designed front-end integrated circuit (directly confirmed to be less than 0.001 cps at 1 kGy/h, and also that the 
detector works stably at 1.5 kGy/h).



1990	 Sensors and Materials, Vol. 37, No. 5 (2025)

	 To realize a system using 1024 diamond detector elements with a 6 mm square size, mass 
production technology for detector diamond membranes is essential. Currently, Hokkaido 
University is capable of producing 16 detector diamond membranes in a single synthesis, but for 
further mass production, it is necessary to increase the synthesis area and improve the growth 
rate to shorten the synthesis time. Additionally, owing to factors such as capacitance, the 
diamond substrates need to be thinned to around 50 µm, making them prone to breakage during 
the detector element manufacturing process, which results in lower yield. Therefore, developing 
a manufacturing process that ensures high yield is also important. Furthermore, in the current 
signal processing front-end circuit, variations in the characteristics of each detector element are 
manually adjusted, but KEK is also developing an automatic adjustment function to 
accommodate the increase in the number of detector elements. In the future, it will be necessary 
to combine these detector elements with the signal processing front-end circuit and demonstrate 
the capability of neutron measurement in high gamma-ray environments.
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