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Abstract—This paper presents the method to evaluate the fast 

neutron energy spectrum using the single crystal CVD diamond 

detector to be applicable on the radiation monitoring in advanced 

scientific/engineering systems usually characterized with mixed 

and high-dose radiation field. The pulse shape discrimination 

based on the shape and the width of a pulse was applied to extract 

events in which fast neutron hits at the specific depth of the single 

crystal diamond. Unfolding of the measured spectrum for 

extracted pulses could deduce the neutron energy spectrum. 

Experiments using mono-energetic neutron sources demonstrated 

the reliable capability of this method to evaluate the neutron 

energy spectrum quantitatively. 

Keywords—single crystal CVD diamond detector, neutron, pulse 

shape discrimination 

 

I. INTRODUCTION 

N state-of-the-art scientific/engineering systems, such as 

Boron Neutron Capture Therapy (BNCT) [1-4], high-

energy science [5-7], nuclear engineering [8-10], and the 

fusion reactor [11-14], precise neutron monitoring technology 

is strongly required. These systems usually operate with harsh 

environments characterized by high radiation field, high 

temperature, and very limited space for the detector.  

The single-crystal diamond based detector might satisfy 

these criteria [15, 16]. The single-crystal diamond (SCD) is a 

potential material not only for radiation measurement but also 

power electronics, optics, material processing, and so on [17]. 

Recently, the manufacturing of the artificial SCD has been 

developed using chemical vapor deposition (CVD) processes, 
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and the detector-grade SCD has been fabricated [18]. The 

single-crystal CVD diamond detectors (SDD) assembled with 

detector-grade SCDs are commercially available.   

The properties of SCD are reviewed in reference [19]. The 

size of the detector-grade SCD is quite small [20], usually less 

than 10 cm3 including the detector housing. Some studies have 

revealed that the detection efficiency of SDD for 14 MeV 

neutrons remains steady up to a neutron fluence of 

approximately 0.5 × 1014 n cm-2 [21]. Additionally, the high-

temperature tolerance of SDD in neutron measurement under 

473 K has been demonstrated [22]. These excellent properties 

of SDD should enable neutron measurement under harsh 

environments in advanced systems.  

For example, due to its high radiation tolerance and compact 

size, continuous radiation dose monitoring on the body of a 

patient can be possible in BNCT. It's worth emphasizing that 

the effective Z of SCD, close to the constitutional atoms of the 

human body, enables a tissue-equivalent X-ray dose monitoring 

during therapy [23]. The SDD can be placed in a narrow space 

due to its compact size. We can transport the SDD through a 

narrow port into the intense radiation field, avoiding high-level 

occupational exposure. This is a significant advantage in 

radiation monitoring during the decommissioning of damaged 

nuclear power plants such as the Fukushima-Daiichi nuclear 

power station [24, 25], where the space to transport the 

radiation monitor is limited and the radiation level is extremely 

high. Additionally, it is worth emphasizing that the compact 

size of the SDD enables radiation field evaluation with minimal 

modification of the radiation field due to the detector. 

Furthermore, SDD so far has been the only accepted solution 
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for diagnostics of tritium breeding rate and fast neutron flux in 

the harsh environments in the blanket of a fusion reactor, where 

high temperature and high radiation dose are expected, and the 

ports for diagnostics are limited.  

Our previous study proposed to apply only one SDD with the 

Pulse Shape Discrimination (PSD) technique on the monitoring 

for the tritium breeding rate and the fast neutron flux in the 

breeding blanket of fusion reactor [26]. With that method, the 

influence of gamma-ray, which, in this case, are always 

associated with neutrons, could be eliminated. Then, the 

discriminative measurement for nuclear reaction products 

including recoil tritium from the thin lithium fluoride foil under 

fast neutron irradiation was demonstrated. Simultaneously, the 

energy deposition spectrum induced only by fast neutrons could 

be obtained, although the processes to convert the energy 

deposition spectrum to the neutron energy spectrum combined 

with this PSD method has not been completed yet. The study 

presented herein is a continuation where we demonstrate the 

neutron energy spectrum reconstruction through PSD 

processing. For this demonstration, mono-energetic neutrons 

sources were used. The unfolding of the energy deposition 

spectrum was conducted to obtain the neutron energy spectrum 

according to the response matrix of the SDD for fast neutrons 

evaluated by Geant4 simulation [27].   

II. EXPERIMENTAL 

A. 14.1 MeV neutron irradiation 

14.1 MeV neutron irradiation was carried out at OKTAVIAN 

facility of Osaka University [28]. In this neutron source, the 

tritium target consisted of tritium atoms stored in titanium thin 

layer deposited on copper substrate was placed in front of 

deuteron beam direction to produce fast neutron through 
3H(d,n)4He reaction.  

The SDD was B-12 Knof diamond detector manufactured by 

Cividec instrumentation GmbH [29]. The active area and the 

thickness of the SCD in this detector was 4 × 4 mm2, and 0.5 

mm, respectively. A 100 nm-thick titanium electrode was 

deposited on both surfaces of the SCD. The SDD was placed 

with the 90-degree angle to the deuteron beam direction to be 

exposed to 14.1 MeV mono-energetic neutrons, at 130 mm 

away from the center of the tritium target. The energy of 

deuteron was 300 keV. The schematic drawing of the 

experimental set-up is given in Fig. 1 (a). 

 

B.5.5 MeV neutron irradiation 

In the second experiment, 5.5 MeV neutron irradiation was 

performed at the Fast Neutron Laboratory (FNL) of Tohoku 

University [30]. In this facility, the dynamitron accelerator 

produces a 3 MeV deuteron beam with a current of 

approximately 0.5 μA. The target used in this irradiation was 

the deuterium-gas target consisting of a gas-cell filled with 

deuterium gas with the pressure of near 1 atm. The gas-cell has 

a 6.47 μm thick Haver foil window. The energetic deuterons 

can penetrate this window into the gas-cell to produce neutrons 

through 2H(d, n)3He reaction.   

The SDD in this experiment was a B-6 high-temperature 

thermal neutron detector manufactured by Cividec 

instrumentation GmbH [29]. In this detector, the SCD, with the 

same active area and thickness as in detector model B-12, is 

contained in a housing made of polyether ether ketone (PEEK). 

In the conventional use of this detector, the SCD is faced to a 

thin lithium fluoride layer deposited on the lid to produce 

nuclear reaction products by 6Li(n,α)3H reaction. In this work, 

however, the lid was taken out to open the SCD surface to fast 

neutrons. Considering the energy loss of 3 MeV deuterons in 

the Haver foil and the 0-degree angle between the deuteron 

beam and the SDD, the mono-energetic 5.5 MeV neutrons can 

be irradiated into the SCD [31].  The distance between the SCD 

and the end of the gas target was 20 mm. The schematic 

drawing of the experimental set-up is also given in Fig. 1 (b) 

 

C. DAQ systems 

In the above neutron irradiation experiments, the same 

electronic instruments were used as drawn in Fig. 1 (c). The 

data acquisition (DAQ) system (Techno AP APV8102-

14MWPSAGb) used here consists of a fast-processing analog 

to digital converter (ADC) and a field programmable gate array 

(FPGA) with a sampling rate of 1 GHz and a 14 bit resolution 

[32]. The pre-amplifier (CIVIDEC C2-HV broadband 

amplifier) directly connected to the SDD and powered by a +12 

V DC power supply (Matsusada Precision PLD-18-2). This  

pre-amplifier is to apply +250 V on the electrode of the SDD 

from a high voltage power supply (ORTEC 428), and to amplify 

the signals from the SDD to send them to the DAQ system. 

These instruments were connected by co-axial cables. In the 

experiments conducted at FNL the cable lengths were 10 m. 

Longer cables were needed at OKTAVIAN to reach the 

instruments placed outside of the irradiation room to avoid the 

intense neutron field. 
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(B6 high-temperature thermal 

neutron detector without 

thermal neutron convertor)

Haver foil

(6.47 um thick)

Deuterium-

gas target
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D+
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CVD diamond detector
(B12 Knof diamond detector)

Tritium target

(a)

130 mm

high voltage cable 

single co-axial cable 
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co-axial cable 
Amplifier PC

Ethernet

(428 Radiation detector bias supply)
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Fig. 1. The schematic drawing of (a) detector layout in 

14.1 MeV neutron irradiation, (b) detector layout in 5.5 

MeV neutron irradiation, (c) layout of electronic 

components used in both experiments. 
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III. SIMULATIONS 

A. Neutron transport calculation in OKTAVIAN facility using 

MCNP6 

Neutron transport calculation in OKTAVIAN facility was 

conducted using the general Monte Carlo N-Particle code 

(MCNP6) [33]. The ENDF/B-VII.1 Evaluated Nuclear Data 

Library was used in this calculation [34]. The vacuum 

components, tritium target, coolant channel as well as the 

irradiation room was modeled. The angular distributions of 

neutron energy and flux at the target were the same as that 

validated at Fusion Neutron Source (FNS) of JAEA, because 

the OKTAVIAN employed the same target system as that in 

FNS [35]. The neutron energy spectrum at the position of the 

SDD was estimated using the neutron transport probability 

obtained by this calculation and the actual neutron yield in the 

experiment measured by a fission chamber placed around the 

tritium target.  

 

B. Neutron transport calculation in FNL using PHITS 

Neutron transport calculation in FNL facility was conducted 

using Particle and Heavy Ion Transport code System (PHITS) 

[36]. For this calculation, the gas target was modeled. The 3.0 

MeV deuteron beam was also set to calculate the transport of 

deuteron in the Haver foil and the gas-cell, and to estimate the 

subsequent neutron generation and transport. The Frag Data Table 

of 2H(d,n)3He reaction was applied to calculate the total and 

angular neutron yield. The details of this calculation can be found 

elsewhere [31]. The neutron energy spectrum at the position of the 

SDD was estimated according to this calculation and the deuteron 

beam current in the experiment.  

 

C. Neutron energy deposition into the SCD by Geant4 

Energy deposition spectrum by the hit of fast neutrons into the 

SCD was estimated using Geant4-based application templet 

(Galet [37]). In the simulation, mono-energetic neutron was set as 

the source, and the energy deposition in each event was integrated. 

We used ENDF/B-VII.1 Evaluated Nuclear Data Library [34] and 

FTFP_BERT_HP physics model for modeling recoil carbon 

atoms in the SCD [27]. Also, we applied NRESP7.1 model to use 

multistep breakup model for 12C(n,n’2α)α reaction [38, 39].  

The energy deposition spectra in each mono-energetic neutron 

irradiation were evaluated in the neutron energy range of 0.3-15.0 

MeV with the energy interval of 0.3 MeV. The energy dispersion 

was set to 5% throughout the energy range. The energy deposition 

efficiencies in each energy bin (0.3 MeV interval, from 0.3 MeV 

to 15.0 MeV) with respect to the fast neutron energy (0.3 MeV 

interval, from 0.3 MeV to 15.0 MeV) were compiled as a response 

matrix of the SCD for fast neutrons. 

IV. ANALYSES 

A. Pulse shape discrimination 

The pulse in the SDD is induced by the drift of electron-hole 

pairs in the SCD, therefore, the shape of the pulse depends on 

the initial depth distribution of electron-hole pairs [40, 41]. Due 

to the sensitivity of the SCD to various particles such as 

energetic ions, gamma-rays and neutrons, several pulse shapes 

can be obtained in the SDD in the mixed radiation field.  

Fast neutrons can induce electron-hole pairs as point-like 

throughout the entire bulk of the SCD. In particular, pulses with 

a rectangular shape and a narrow pulse width can be found in 

fast neutron irradiation due to events at the specific depth of the 

SCD where the drift durations of electrons and holes are 

equivalent. This specific depth of the SCD is usually called the 

ballistic center region (BCR), and these events can be induced 

only by fast neutrons [42, 43]. Therefore, the fast neutron 

measurement is possible by the extraction of BCR pulses even 

under mixed radiation field. 

The PSD method applied in this work extracted these narrow 

rectangular shaped pulses induced only by fast neutrons, using 

rectangularity (R) and the FW1/4PH (Full Width of One-Fourth 

of the Peak Height) of each pulse. R is defined as R = 4Q/3AW, 

where A, W, Q indicate the peak height, FW1/4PH, and the 

charge integral exceeding A/4, respectively. R reaches unity 

when the shape of the pulse is close to the rectangular shape. 

According to our previous study, pulses with R > 0.63 and 5 ns 

< W < 6.5 ns were extracted as events occurred at the BCR from 

fast neutron interactions. The histogram of the total charge of 

these pulses were converted into the energy deposition 

spectrum using the alpha particle source of 241Am. The detail of 

these PSD processing can be found in Ref. [44, 45].  

Figure 2 (a) shows typical shapes of pulses obtained under 

14.1 MeV neutron irradiation before the PSD. Various shapes 

of pulses indicate that events which induced these pulses might 

occur at different depths of the SCD. Also, the deposition 

energy from a neutron to the SCD should be different for each 

event, resulting in various total charges of these pulses. The W 

distribution of pulses in the 14.1 MeV neutron irradiation 

experiments before the PSD can be found as a black line in Fig. 

3. The values of W are widely distributed from 3 ns to above 19 

ns.  

Pulse shapes of pulses extracted by the PSD are displayed in 

Fig. 2 (b). Pulses with narrow widths and closely rectangular 

shapes were successfully extracted. The W distribution of these 

pulses is added as a red line in Fig. 3. The W of extracted pulses 

ranges from 5 to 6.5 ns. The decrease in the count number in 

this region after the PSD is due to the filter by R.  
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Fig. 2. Examples of pulse shapes measured during 14.1 

MeV neutron irradiation (a) before the PSD processing 

(b) after the PSD processing.  
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It should be noted that a large portion of pulses are excluded 

by the PSD (please compare the area of the black line and the 

red line in Fig. 3). The degradation in the statistical accuracy of 

fast neutron measurement is a typical drawback of this method, 

and should be considered when designing the measurement.  

 

B. Evaluation of neutron energy spectrum 

The neutron energy spectrum was evaluated from the energy 

deposition spectrum of BCR pulses. The energy deposition 

spectrum can be expressed as follows. 

𝛹𝑖 =
𝜔𝑖

𝜃
∑𝑃𝑖,𝑗

𝑁

𝑗=1

𝜙𝑗     (1) 

Here, Ψ, ω, θ, P,  indicate the energy deposition rate [s-1], 

noise-cut function, the overall PSD efficiency, response matrix, 

and the number of incident neutrons into the SCD [s-1], 

respectively. The subscript i indicates the deposition energy bin 

number, which ranges from 0.3 to 15.0 MeV with an interval of 

0.3 MeV, resulting in a total 50 bins (N = 50). The subscript j 

denotes the index number of fast neutron energy in the Geant4 

simulation, also ranging from 0.3 to 15.0 MeV with an interval 

of 0.3 MeV, resulting in a total of 50 indices (M = 50). The 

detail description of Eq. (1) can be given by Eq. (2). 

[
 
 
 
 
 
 

𝛹1

𝛹2

⋮
𝛹𝑖

⋮
𝛹𝑁−1

𝛹𝑁 ]
 
 
 
 
 
 

=
𝜔𝑖

𝜃
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⋮  ⋱  ⋱  ⋮
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⋮    ⋱  ⋮
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𝑃𝑁, 1 𝑃𝑁,2 ⋯ 𝑃𝑁,𝑗 ⋯ 𝑃𝑁, 𝑀−1 𝑃𝑁, 𝑀 ]
 
 
 
 
 
 
 

[
 
 
 
 
 
 

𝜙1

𝜙2

⋮
𝜙𝑗

⋮
𝜙𝑀−1

𝜙𝑀 ]
 
 
 
 
 
 

 (2)  

Pi,j indicates the energy deposition efficiency of the SCD at 

the i-th deposition energy bin by neutron irradiation with the 

energy of 0.3j MeV. Therefore, the energy deposition rate at the 

i-th deposition energy bin can be expressed as follows: 

𝛹𝑖 =
𝜔𝑖

𝜃
(𝑃𝑖,1𝜙1 + 𝑃𝑖,2𝜙2 + ⋯+ 𝑃𝑖,𝑗𝜙𝑗 + ⋯+ 𝑃𝑖,𝑀−1𝜙𝑀−1 + 𝑃𝑖,𝑀𝜙𝑀) (3)  

The energy deposition efficiencies in each deposition energy 

bin by j-th mono-energetic neutron irradiation 

(𝑃1,𝑗 ,  𝑃2,𝑗, ⋯ 𝑃𝑖,𝑗 , ⋯ , 𝑃𝑁−1,𝑗 , 𝑃𝑁,𝑗) can be evaluated in a single 

run of Geant4 simulation. Therefore, energy deposition 

efficiencies in each deposition energy bin, evaluated by a single 

run of Geant4 simulation changing irradiated neutron energies 

from 0.3 to 15 MeV (50 runs in total) were compiled to make a 

response matrix of the SCD for neutrons in the neutron energy 

range up to 15 MeV. Note that because the Q-values of 

interactions between neutrons and the SCD are less than or 

equal to 0 (see Section V), P in the region i ≥ j should be 0. 

Accordingly, the lower triangular portion excluding the 

diagonal component in the response matrix can be filled with 0. 

The overall PSD efficiency was defined to the ratio of BCR 

pulse count to overall pulse count. The noise-cut function was 

applied to reshape the response matrix to take care the influence 

of current threshold in DAQ system set for noise cutting, which 

is ignored in Geant4 simulation. The following sigmoid-like 

function was assumed for this function. 

𝜔𝑖 = 2𝛽 (
1

1 + 𝑒−𝛼𝛾𝑖
−

1

2
)

𝛽

     (4) 

 Parameters of α, β were selected so that the energy deposition 

spectrum for 14.1 MeV neutrons estimated in Geant4 

simulation reproduces the actual spectrum in the measurement. 

The detail of these parameters is discussed in Fig. 5 below.  The 

parameter γ indicates the interval in the energy bin which is 0.3 

MeV here. 

To estimate the number of incident neutrons, ,  the Newton-

Raphson method was used. First, the equation (1) was modified 

as follows. 

𝑓𝑖 = 𝛹𝑖 −
𝜔𝑖

𝜃
∑𝑃𝑖,𝑗

𝑁

𝑗=1

𝜙𝑗      (5) 

Here, f indicates the residual of equation (1). Then, following 

iterative calculation was done to decrease f. 

𝝓(𝒌+𝟏) = 𝝓(𝒌) − [
𝝏𝒇

𝝏𝝓
]
−1

𝒇    (6) 

The superscript (k) indicates the step number of iterative 

calculation. The iteration of equation (6) replacing  finished 

when the following condition was achieved in all energy bins. 

|
𝝓(𝒌+𝟏) − 𝝓(𝒌)

𝝓(𝒌)
| = 10−10     (7) 

Accordingly, the number of incident neutrons can be obtained. 

These processes need the first guess in the number of incident 

neutrons. In this study,  = 1 was set, thus any expectation in 

neutron energy spectrum was not used. 

V. RESULTS AND DISCUSSION 

Figure 4(a) and (b) show each energy deposition spectrum of 

all pulses in 14.1 MeV and 5.5 MeV neutron irradiation 

experiments. The energy deposition spectra of BCR pulses 

obtained by PSD processing are also displayed. The results 

indicated that there are various peaks in the case of 14.1 MeV 

neutron irradiation although 5.5 MeV neutron irradiation 

resulted in a peak in lower deposition energy region. Even a 

significant decrease in count by PSD processing, the shape of 

the energy deposition spectra of BCR pulses hardly changed 

compared to those of all pulses in both neutron irradiation 

experiments. However, the evidence of a successful 

discrimination applied in this work can be found in the 

spectrum above the deposition energy of 3 MeV for 5.5 MeV 

neutron irradiation. As an example, the inset in Fig. 4(b) depicts 
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Fig. 3. The FW1/4PH (W) distributions of all pulses and 

BCR pulses measured during 14.1 MeV neutron 

irradiation experiment. The number of pulses analyzed 

here is ~6.9 × 106. 
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the energy deposition spectrum with log-scale in y-axis. The 

energy deposition above 3 MeV, which would be induced by 

recoil protons from housing at the surface region of the SCD, 

was completely rejected by the PSD processing. 

The overall PSD efficiency was evaluated to be 0.135 ± 0.04 

from the results of 14.1 MeV neutron irradiation experiment. 

This value was also used in the evaluation of neutron energy 

spectrum in 5.5 MeV neutron irradiation experiment. 

The energy deposition spectrum of BCR pulses, the 

estimated deposition spectrum by Geant4 and the estimated 

deposition spectrum multiplied by the noise-cut function for the 

case of 14.1 MeV neutron irradiation are compared in Fig. 5. 

According to some literatures, peaks around 8.4 MeV, 6 MeV, 

3 MeV were assigned to the energy deposition events of 

energetic ions produced by 12C(n,α)9Be (Q ~ -5.702 MeV), 
12C(n,n2α)α (Q ~ -7.275 MeV) and 12C(n,n’)12C (Q ~ 0 MeV) 

reactions, respectively [19, 43, 46].  

The estimated energy deposition spectrum by Geant4 was 

quite comparable to the actual energy deposition spectrum. 

However, a slight difference can be found in the peak by 
12C(n,n’)12C around 3 MeV, and there was a significant 

difference in lower energy region blow 1 MeV. The Geant4 

simulation ignored the current threshold in the DAQ system for 

noise-cutting, thus a significant difference in lower energy 

region emerged. The estimated energy deposition spectrum 

multiplied with the noise-cut function displayed in this figure 

successfully reproduced the actual energy deposition spectrum 

below 1 MeV. In the following calculation, the same values in 

parameters of α, β in noise-cutting function were applied on all 

energy deposition spectra estimated by Geant4 with various 

incident neutron energies.      

According to the results in Figs. 4 and 5, θ and ω were 

deduced, respectively. Then, the neutron energy spectra for 

14.1 MeV neutron irradiation and 5.5 MeV neutron irradiation 

experiments were evaluated. Figure 6 summarizes the results of 

these evaluation. The deduced neutron energy spectrum for 

14.1 MeV neutron irradiation experiments was compared to that 

estimated by transport simulations using MCNP6 in Fig. 6(b). 

Fig. 4. The energy deposition spectra of all pulses and 

BCR pulses in (a)14.1 MeV neutron irradiation 

experiment, and (b)5.5 MeV neutron irradiation 

experiment. The results of 5.5 MeV neutron irradiation 

experiment with log-scale for y-axis is added in Fig. 4(b) 

as an example to show the successful PSD processing. 

The number of all pulses in each spectrum were ~6.9×106 

and ~2.0×106, respectively. 
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Fig. 5. The energy deposition spectra of BCR pulses in 

14.1 MeV neutron irradiation experiment (red line), the 

estimated spectra obtained by Geant4 simulation (blue 

line), and the estimated spectra by Geant4 multiplied 

with noise-cut function (green line). The parameters of α, 

β in this function were 7.5 and 10, respectively. 
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to that estimated by MCNP6. The respective results are 

displayed in (c) and (d) for 5.5 MeV neutron irradiation 

experiment. 
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Also, the estimated energy deposition spectrum by the deduced 

neutron energy spectrum is compared to the actual energy 

deposition spectrum with PSD processing in Fig. 6(a). The 

same series of results for 5.5 MeV neutron irradiation 

experiment are displayed in Figs. 6 (c) and (d). First, the 

estimated energy deposition spectra for both cases were quite 

comparable to the actual energy deposition spectra 

quantitatively. Even though there are small peaks in the 

deduced neutron energy spectra, which might be caused by a 

discrepancy in the cross-section library used in Geant4 

simulation, it can be fairly recognized that the deduced neutron 

energy spectra were quantitatively consistent with the estimated 

spectra by MCNP6 or PHITS simulations. 

VI. CONCLUSION 

In this study, we demonstrated the evaluation of neutron 

energy spectrum combined with the PSD processing to extract 

pulses induced only by fast neutrons in the SDD. This method 

has processes to reject pulses induced by gamma-rays and 

energetic ions in PSD processing, and showed reliable 

capability to evaluate the neutron energy spectrum 

quantitatively. Accordingly, the developed method here opened 

to measure fast neutrons in mix radiation field. 

On the other hand, there are still challenges in applying this 

method to various environments. For example, it has been 

reported that the width of pulses in the SDD can increase with 

rising detector temperature [47]. Since the current PSD method 

relies on pulse width to extract BCR pulses, this broadening can 

affect the likelihood of exceeding the current threshold in the 

DAQ system. Therefore, the PSD method should be optimized 

as a function of detector temperature before applying it to 

systems operating at higher temperatures. 
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