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Abstract 

Thermal neutron detection efficiency of the single crystal CVD diamond detector (SDD) equipping 

1.9 μm-thick 6LiF thermal neutron converter, which induces the energetic ions through the 6Li(n,α)3H 

reaction, was evaluated comprehensively using a charge-integral based pulse shape discrimination 

(PSD) method and radiation transport calculation by PHITS. The PSD method applied in this work 

successfully separated the pulses induced by energetic tritons, alpha particles and other types of 

radiation. The detection efficiency of tritons was consistent with the radiation transport calculation, 

although that of alpha particles was lower than the estimation. The overall thermal neutron detection 

efficiency was obtained by summing detection efficiencies of tritons and alpha particles. 

Approximately 29% of 6Li(n,α)3H reaction occurred in an effective 1.9 μm-thick 6LiF thermal neutron 

converter could be detectable as the pulses of tritons (~ 73%) and alpha particles (23%).    
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1. Introduction 

A single crystal diamond (SCD) has been considered for the application on a fast neutron detector 

based on the elastic collision and (n,α) reactions of fast neutron with constituent carbon atoms [1-4]. 

The characteristics of SCD such as high radiation tolerance, small size, and high temperature tolerance 

are suitable for the deuterium (D)-tritium (T) fusion reactor environment [5-6]. A single crystal 

diamond detector (SDD) consists of a SCD with the electrode contact on both surfaces. Applying a 

voltage on a side of the electrode of the SCD (besides, another surface electrode is grounded), the 

hole-electron (h-e) pairs generated in the SCD by radiations drift to the electrodes by the electric field, 

providing the radiation detection according to Schockley-Ramo theorem [7-8].  

Also, a foil of lithium or boron placed on the SCD can function as a thermal neutron converter to 

provide the energetic ions by the (n,α) reaction with thermal neutrons [9-11]. The energy deposition 

of energetic ions from the thermal neutron converter into the SCD gives a signal in the SDD. Therefore, 

thermal neutron detection is also possible by the SDD in this manner. According to this additional 

capability for thermal neutron detection as well as the above-mentioned advantages such as high 

temperature and radiation tolerances, the SDD has been regarded as a promising detector for 

evaluating the thermal neutron flux in the blanket in which fuel tritium is generated mainly by 

6Li(n,α)3H reaction. For this application, one of the important issues is to develop the method to 

discriminate the signals between gamma-rays and energetic ions because neutrons always associate 

with gamma-rays. In our previous study, the discrimination of signals induced by energetic ions and 

gamma-rays was demonstrated based upon the difference in the pulse-width originating from the 

distribution of h-e pairs induced by the two radiations above [12]. The thermal neutron was detected 

using a 6Li enriched lithium fluoride (6LiF) foil, which produces the energetic triton and alpha particles, 

near the SCD. The signals of energetic ions were successfully separated from those induced by 

gamma-rays using the PSD (pulse shape discrimination) method. On the other hand, the precise 

evaluation of the detection efficiency for thermal neutrons by the SDD is not completed yet. Because 

of the asymmetric structure of the SDD equipping one thermal neutron converter, the thermal neutron 

detection efficiency can vary by the neutron direction. Therefore, a thermal neutron beam injection 

into the SDD under a low gamma-ray flux environment was carried out in this study to evaluate the 

thermal neutron detection efficiency precisely. Also, the influence of beam direction on the thermal 

neutron detection efficiency was investigated. The signal of the energetic ions induced by the thermal 

neutrons was separately measured by a newly developed PSD method based on the charge-integral of 

a pulse. The thermal neutron detection efficiency evaluated in this work was compared to the radiation 

transport model for the overall evaluation of the measurement and the analysis applied in this work. 

 

2. Pulse shape discrimination 

As mentioned above, the PSD method should be applied for quantifying energetic ions induced by 



the 6Li(n,α)3H reaction because the SCD is also sensitive for gamma-rays. Our previous study 

indicated that the pulse shapes in the SDD induced by energetic ions and gamma-rays were different 

[12]. In the case of energetic ion injection, the rectangular-shaped pulse was obtained [13-14]. On the 

other hand, the triangular-shaped pulse was obtained by gamma-ray irradiations. The previous version 

of the PSD method employed the pulse-width for emphasizing this difference in the pulse shape. 

However, this method was significantly influenced by the fluctuation of the signal in the process to 

evaluate the pulse-width. In this study, the charge-integral method was adopted which has advantages 

such as fast processing and stability for fluctuation of signal  

In this method, first, all current data points in a single pulse event, which consisted of 64 data points 

for 64 ns in total, were subtracted by the background current. Then, all current data points were 

integrated with respect to time. The integrated current in the short time duration from the beginning 

of the pulse was defined as Qfast. The integrated current for an entire pulse was defined as Qtotal. The 

definitions of Qfast and Qtotal can be found in Fig. 1 where a pulse by an alpha particle is displayed as 

an example. In the case of gamma-ray irradiations, the current quickly decreased after the peak-top 

although the current remained constant for a certain duration in the case of energetic ion irradiations. 

Accordingly, the ratio of Qfast to Qtotal (Qfast/Qtotal) for the pulse induced by a gamma-ray should be 

larger than that for the pulse induced by an energetic ion. In this study, the duration of 5 ns was 

employed for evaluating Qfast.  

For finding the beginning time of a pulse, the following algorithm was adopted. 

, 

where tstart is a beginning time of a pulse in each event, tpeak is a peak-top time, a is current data after 

background current subtraction, and ath is a threshold current. Note that tstart, tpeak and a are different 

in each pulse event, and a constant ath was applied in this work. This equation indicates that the current 

data with the subtraction by the threshold current before the beginning of a pulse should be less than 

zero when sufficiently high threshold current is set. Therefore, the value of (𝒂𝒋 − 𝑎𝑡ℎ) × (𝒂𝒋+𝟏 −

𝑎𝑡ℎ) is positive there. At the beginning of the pulse, the values of (𝒂𝒋 − 𝑎𝑡ℎ) and (𝒂𝒋+𝟏 − 𝑎𝑡ℎ) are 

negative and positive, respectively. Therefore, the product of these terms is negative. The product of 

these terms is positive during the pulse. Therefore, the first position where the product of (𝒂𝒋 − 𝑎𝑡ℎ) 

and (𝒂𝒋+𝟏 − 𝑎𝑡ℎ) is negative is the beginning time of the pulse.  

The PSD method applied in this study was demonstrated using an alpha particle source and a gamma-

ray source. As an alpha particle source, 241Am was used, which emits alpha particles with the energy 

of ~ 5.5 MeV [15]. As a gamma-ray source, 60Co was used. The energies of gamma-rays from 60Co 

are 1.173 and 1.333 MeV [15]. The PSD results using the above two radiation sources are displayed 

in Fig. 2. The count rates and total numbers of pulses for alpha particles and gamma-rays were 19 cps 

and 30 cps, and ~24000 (measurement for 1200s) and ~110000 (measurement for 3600 s), respectively. 

𝒕𝒔𝒕𝒂𝒓𝒕 = 𝑎𝑟𝑔𝑚𝑖𝑛[(𝒂𝒋 − 𝑎𝑡ℎ) × (𝒂𝒋+𝟏 − 𝑎𝑡ℎ)],  (𝑗 = 1~𝒕𝑷𝒆𝒂𝒌) 



There were two regions of pulse group with higher Qtotal and lower Qtatal, which should be assigned to 

the pulses induced by alpha particles from 241Am and gamma-rays from 60Co, respectively. The values 

of Qfast/Qtotal were scattered for the pulses by gamma-rays compared to those by alpha particles. This 

difference in the distribution of Qfast/Qtotal should be caused by the difference in the production position 

of h-e pairs in the SCD by alpha particles and gamma-rays. 5.5 MeV alpha particles deposited all 

energy into the surface region of the SCD. On the other hand, the energy deposition by gamma-rays 

occurred at random positions in the entire bulk of the SCD. This leads to various distributions of h-e 

pairs in the SCD in each gamma-ray event, resulting in the different Qfast/Qtotal. Another reason should 

be the low Qtotal in gamma-ray irradiations. Gamma-ray energy deposition in the SCD is dominated 

by Compton scattering. Therefore, gamma-rays interacting with the SCD deposit only part of their 

energy. Such a low energy pulse has a low pulse height, therefore, the pulses induced by gamma-rays 

were usually influenced by the oversubtraction in the background subtraction process. This 

oversubtraction raised the baseline level, leading to the scattering of Qfast/Qtotal. In any case, Fig. 2 

demonstrated that the discrimination of pulses induced by alpha particles and gamma-rays using 

Qfast/Qtotal was achievable. In this study, the PSD method explained in this section was used in the 

following experiments. 

   

3. Experimental 

3.1 Single crystal CVD diamond detector 

The SDD (B6-C compact thermal-neutron diamond detector) manufactured by Cividec 

instrumentation GmbH was used in this work [16]. The SCD was a single crystal, electronic grade, 

chemical vapor deposition diamond. The size of the SCD was 4.5 mm × 4.5 mm, and the thickness 

was 500 μm. A 100 nm-thick titanium layer was deposited on both SCD surfaces to work as the 

electrodes. The detector housing had the size of 54 × 10 × 5.5 mm3, and was composed by polyether 

ether ketone (PEEK). This detector equipped the 6Li-enriched LiF (6LiF) thermal neutron converter 

with the thickness of 1.9 μm. The isotopic abundance of 6Li in this layer was 95%. The energetic ions 

of triton and alpha particles are generated by 6Li(n,α)3H reaction with thermal neutrons. The recoil 

energy of triton and alpha particles are about 2.7 MeV and 2.0 MeV, respectively. The energetic ions 

should deposit their energies into the SCD through the window with a diameter of 3.6 mmφ. The 

distance between the SCD and the 6LiF layer was 1.0 mm. The details of the structure of SDD can be 

found in Fig. 3.  

The signal produced by the SDD was sent to a pre-amplifier (C2-HV broadband amplifier of 

CIVIDEC). The amplified signal was recorded by the DAQ system (APV8102-14MWPSAGb) 

composed of fast processing ADC and FPGA system with the sampling rate of 1 GHz and the 

resolution of 14 bit. The details of the data acquisition system used in this work can be found elsewhere 

[17].  



 

3.2 Thermal neutron irradiation 

For the precise evaluation of the thermal neutron detection efficiency, the E-3 port of the Kyoto 

University Reactor (KUR) was used in this study. In this port, thermal neutrons from KUR were guided 

through the wall of the KUR torus hall to decrease the gamma-ray dose. Then, the thermal neutron 

beam passed the collimator with the size of 15 × 20 mm2 located at 750 mm from the port. The 

irradiation position was located at 600 mm from the collimator. Before the irradiation, the thermal 

neutron flux was evaluated as 2.7 × 105 n cm-2 s-1 by the activation foil method using gold. Then, the 

thermal neutron measurement was carried out by inserting the detector into the beam line. The thick 

LiF sheet was placed on the backside of the detector to absorb all thermal neutrons which did not react 

with the detector to mitigate the influence of scattered neutrons in the experiment.  

In this study, two irradiation setups were used. In Case I, the thermal neutron beam was injected into 

the normal surface of the SCD in the SDD through the 6LiF foil. In Case II, the thermal neutron beam 

penetrated through the housing of the SDD into the SCD, and then was injected into the 6LiF foil. The 

irradiation directions in these two cases can be found in Fig. 3.  

 

4. Radiation transport calculation 

The thermal neutron detection efficiency of the SDD was also evaluated through radiation transport 

calculations using PHITS (Particle and Heavy Ion Transport code System) [18]. The geometry of the 

SDD was precisely modeled as shown in Fig. 3. A plane neutron source with the size of 4.5 mm × 4.5 

mm (comparable to the size of the SCD) was placed to emit thermal neutrons with the energy of 0.025 

eV. The directions of the thermal neutron beams were opposite in Cases I and II, and the beam injection 

angles in both cases were perpendicular to the SCD normal. Then, the radiation transport behaviors 

including the neutron transport, the generation of energetic ions in the 6LiF foil, the transport of 

energetic ions, and the energy deposition in the SCD in Cases I and II were evaluated. The count 

number as a function of deposited energy into the SCD in a single event was estimated by T-deposit 

tally. The trigger level was imitated using the energy cut-off of 300 keV for energetic ions.  

 

5. Results and discussion 

The results of PSD applied for approximately 53000 pulse data obtained by the thermal neutron 

irradiations for 9 min in Case I are displayed in Fig. 4. The event rate in this measurement was around 

98 s-1. In the PSD results, there were three regions. The first region was located in 2000 < Qtotal < 2800 

and 0.30 < Qfast/Qtotal < 0.46. The second region was in 900 < Qtotal < 1500 and 0.32 < Qfast/Qtotal < 

0.50. The third region placed with similar Qtotal to the second region, although Qfast/Qtotal was much 

larger. A lower Qfast/Qtotal of the first region should indicate that this pulse group was induced by 

energetic ions. Here, Qtotal in the first region corresponded to 2.0-2.9 MeV according to Qtotal of alpha 



particles from 241Am as shown in Fig. 2. Therefore, the first region was assigned to the energetic tritons 

generated by the 6Li(n,α)3H reaction. The range of Qfast/Qtotal for the second region suggested that this 

pulse group was also induced by energetic ions. Therefore, the pulse group in the second region was 

assigned to alpha particles induced by the 6Li(n,α)3H reaction with the recoil energy of 2.0 MeV. On 

the other hand, the Qtotal of the second region corresponded to 0.9-1.5 MeV, which was significantly 

lower than the recoil energy of alpha particles by the 6Li(n,α)3H reaction. The third region showed 

higher Qfast/Qtotal, and Qtotal was comparable to or lower than that of the second region. According to 

these facts, the pulse group in the third region would be caused by the Compton scattering of gamma-

rays or the elastic collision of neutrons, which can induce the low energy deposition into the bulk of 

the SCD.  

The transport behaviors of thermal neutrons and the energetic tritons in Case I estimated by PHITS 

are depicted in Fig. 5(a) and 5(b), respectively. In these figures, the thermal neutron beam enters the 

SDD from the right side to the left side. Most of the thermal neutrons passed through the SDD, 

although the flux of thermal neutrons decreased after passing through the SDD. Part of the thermal 

neutrons collided with the constituent atoms of the SDD, and thermal neutron scattering can be 

observed. For the case of triton transport, the flux of energetic tritons can be observed only in the 

region between the 6LiF foil and the SCD because energetic tritons transported to the opposite 

direction from the SCD immediately stopped by the housing of the SDD. The flux was high on the 

surface of the 6LiF and decreased in the region near the side wall of the window, forming a concentric 

distribution. The transport behavior of alpha particles was similar to tritons, although the flux was 

lower. The results for Case II were similar to those for Case I (not shown here). The thermal neutron 

flux in the 6LiF foil in Case II decreased compared to Case I because thermal neutrons must pass 

through a longer distance in the housing of the SDD. Accordingly, the flux of energetic tritons was 

also lower in Case II compared to Case I.  

  The histogram of Qtotal which corresponds to the deposited energy into the SCD measured in Case 

I was summarized and is displayed in Fig. 6(a). The bin-size of this histogram is approxmately 70 keV. 

Also, histograms of Qtotal of tritons and alpha particles (the pulse groups as first and second regions in 

Fig. 4, respectively) are added in this figure. The unit of Qtotal is calibrated to MeV, according to the 

Qtotal of alpha particles from 241Am as shown in Fig. 2. The histogram of Qtotal showed two peaks. The 

profile of the histogram was quite different from that observed in our previous study where the first 

peak was dominant [12]. In the previous study, the 252Cf spontaneous fission neutron source was used 

where influence of gamma-rays from the source was significant. A low gamma-ray flux environment 

was achieved in this study, and it was suitable for evaluating the thermal neutron detection efficiency. 

The PSD results indicated that the pulses with high Qtotal above 2 MeV was caused by tritons. On the 

other hand, the pulse by alpha particles could be discriminated from the other pulses with the similar 

Qtotal by the PSD method. The expected histograms of deposited energy by tritons and alpha particles 



during thermal neutron irradiation in Case I by PHITS are also displayed in Fig. 6(b). The bin-size of 

this histogram is 36 keV. The profiles of these histograms were almost similar to the experimental data 

with PSD processing. However, the peak-top energy of the expected histogram of alpha particles was 

at the higher energy side compared to the Qtotal of the alpha particles induced pulses in this 

measurement.  

Table 1 summarizes the detection efficiencies of energetic ions in Cases I and II obtained in this work. 

Those estimated by PHITS are also presented in this table. The detection efficiency of alpha particles 

was almost one-third compared to that of tritons, as observed in the Qtotal histogram. The detection 

efficiencies in Case II were lower than those in Case I. The thermal neutron transport calculation by 

PHITS presented in Fig. 5 showed the scattering of thermal neutrons in the SDD. This fact suggests 

that the amount of scattered thermal neutrons before reaching 6LiF was larger in Case II than that in 

Case I because thermal neutrons needed to penetrate thicker SDD housing and the SCD. The ratio of 

the detection efficiency estimated by the calculation (C) to that evaluated by the experiment (E) was 

almost consistent for tritons in both Cases I and II. However, C/E for alpha particles in both Cases I 

and II were larger than unity. The possible reason for the lower detection efficiency of alpha particles 

in the actual measurement would be due to the lower pulse-height induced by slowed-down alpha 

particles injection in the SDD. The pulse data including 64 data points were firstly subtracted by the 

background current signal. A slightly high background signal would induce the oversubtraction of the 

pulse height, resulting in the lowered Qtotal of a pulse. This influence should be significant in a low 

energy pulse induced by slowed-down alpha particles compared to tritons. Actually, the Qtotal of pulses 

by alpha particles presented in Fig. 6(a) was lower than that estimated by PHITS due to the influence 

of the oversubtraction. Therefore, the detection efficiency decreased for alpha particles measurement 

because a part of alpha particle induced pulses with a lowered pulse-height could not exceed the trigger 

level of measurement. 

As the results of detection efficiency evaluation, we obtained the thermal neutron detection 

efficiencies by summing those of tritons and alpha particles as (2.9±0.1) × 10-4 count/(n cm-2) for 

Case I and (2.1±0.1) × 10-4 count/(n cm-2) for Case II. These values of the detection efficiency indicate 

that approximately 29% of energetic ions generated by the 6Li(n,α)3H reaction in 3.6 mmφ sized 6LiF 

(an effective window size for energetic ions in the SDD as shown in Fig. 3) can be detectable as the 

pulses by tritons (~ 73%) and alpha particles (23%).  

 

6. Conclusion 

The PSD method based on the simple charge-integral calculation successfully separated the pulses 

induced by energetic tritons, alpha particles and other types of radiation. The overall thermal neutron 

detection efficiencies were evaluated by summing detection efficiencies of tritons and alpha particles 

as (2.9±0.1) × 10-4 count/(n cm-2) for Case I and (2.1±0.1) × 10-4 count/(n cm-2) for Case II. Neutrons 



are scattered and thermalized in the blanket of fusion reactors. In such condition, the detection 

efficiency should be (2.5±0.2) × 10-4 count/(n cm-2), which was deduced as an average of the detection 

efficiencies evaluated in Cases I and II. The neutronics experiments to evaluate the thermal neutron 

flux distribution in the blanket mock-up are planned and to be conducted using the detection efficiency 

obtained in this work.  
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Figure captions 

Table 1 The summary of the detection efficiencies of tritons and alpha particles in Cases I and II 

measured by the experiment and estimated by PHITS. The detection efficiencies are evaluated here as 

a ratio of the number of pulse signals to the number of neutrons injected into the SCD (4.5 mm × 4.5 

mm). The errors in the measurement were evaluated as 1 of the count numbers of tritons and alpha 

particles. The statistic errors in the count rate in PHITS results are also displayed in this figure. 

 

Fig. 1 The definitions of Qfast and Qtotal in this work in a pulse by an alpha particle from 241Am. 

 

Fig. 2 The PSD results for alpha particles from 241Am and gamma-rays from 60Co. The count rates and 

total numbers of pulses for alpha particles and gamma-rays in this figure were 19 cps and 30 cps, and 

~24000 (measurement for 1200s) and ~110000 (measurement for 3600 s), respectively. 

 

Fig. 3 The schematic drawing of the SDD used in this work. The thermal neutron beam directions in 

Cases I and II are also presented.  

 

Fig. 4 The results of PSD applied for about 53000 pulse data (event rate ~ 98 s-1) obtained by the 

thermal neutron irradiation for 9 min in Case I 

 

Fig. 5 The transport behaviors of (a) thermal neutrons and (b) energetic tritons generated in the 6LiF 

in the SDD in Case I estimated by PHITS 

 

Fig. 6 The histograms of (a) Qtotal obtained in Case I (the same data set as presented in Fig. 4) and (b) 

energy deposition events estimated by PHITS for all pulse data, energetic tritons and alpha particles.  
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Neutron beam

direction
Energetic ion

Count/neutron

in experiment

Count/neutron

in PHITS
C/E

Case I
Alpha particles (3.80±0.04) × 10-4 (4.97±0.03) × 10-4 1.31 ± 0.01

Tritons (1.05±0.06) × 10-3 (1.06±0.05) × 10-3 1.01 ± 0.01

Case II
Alpha particles (2.80±0.03) × 10-4 (3.86±0.04) × 10-4 1.38 ± 0.02

Tritons (7.51±0.05) × 10-4 (8.20±0.06) × 10-3 1.09 ± 0.01



 

 

 

Fig. 1 M.I. Kobayashi et al. 
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Fig. 2 M.I. Kobayashi et al. 

 

 

 

 

  

0.0 0.2 0.4 0.6 0.8 1.0

1000

2000

3000

4000

5000

Q
to

ta
l

Qfast / Qtotal

In
cr

ea
si

n
g

 N
u
m

b
er

 →

241Am:

~5.5 MeV alpha particles

60Co:

~1.2 MeV gamma-rays



 

 

 

Fig. 3 M.I. Kobayashi et al. 
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Fig. 4 M.I. Kobayashi et al. 
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Fig. 5 M.I. Kobayashi et al. 
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Fig. 6 M.I. Kobayashi et al. 
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