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Abstract
A monoenergetic neutron field is an attractive environment for neutron metrology and the development of novel neutron 
detectors. Deuterium–deuterium and deuterium–tritium (DT) reactions with an accelerated deuteron beam produce 2.5 and 
14.8 MeV monoenergetic neutrons, respectively. The Korea Research Institute of Standards and Science (KRISS) is devel-
oping a monoenergetic neutron field facility with an accelerator that generates a deuteron beam to establish monoenergetic 
neutron measurement standards. An electrostatic accelerator with a maximum high voltage of 400 kV and beam current from 
0.5 to 500 μA from High Voltage Engineering Europa BV was installed. For a tritiated titanium or deuterated titanium target 
deposited at 250 μg/cm2 on a 38 mm copper plate, a target chamber is developed by KRISS. The total neutron yield is limited 
to 5 ×  108 n/s, which is the maximum allowed emission rate resulting from the shielding capacitance of a laboratory wall 
shield. The corresponding deuteron beam current of the DT reaction with the maximum emission rate is approximately 15 
μA. Furthermore, various additional studies such as beam current monitoring, target temperature monitoring, air cooling for 
the target, and beam profile measurement have been performed for the stable generation of the monoenergetic neutron field.
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1 Introduction

A list of monoenergetic neutron reference fields in the 
energy range 1–20 MeV in the International Organization 
for Standardization (ISO) 8529–1 was utilized to establish 
neutron measurement standards [1]. Neutron energies of 
2.45 and 14.8 MeV are monoenergetic neutron fields that 
are prioritized because they can induce neutrons with rela-
tively low cost and low tritium consumption based on an 
electrostatic ion beam accelerator [2]. Neutrons of 14.8 MeV 
energy can be used for neutron research and calibration of 
neutron detectors [3]. Additionally, monoenergetic neutron 
fields are gaining attention for industrial applications such 
as neutron activation analysis, double differential cross-sec-
tional measurement, nondestructive testing, medical imag-
ing, and therapeutic research [4–8].

To produce monoenergetic neutron fields, the Korea 
Research Institute of Standards and Science (KRISS) 
installed a 400 kV electrostatic accelerator with a beam 
current of 0.5 to 500 μA from High Voltage Engineering 
Europa BV. A facility for monoenergetic neutron fields using 
an accelerated deuterium beam is being developed at KRISS 
to provide monoenergetic neutron fields and establish meas-
urement standards. In this study, we investigated the proper-
ties of a deuterium beam emitted from an accelerator. The 
beam profile and beam current measurements at the target 
position confirmed that the ion beam reached the target posi-
tion uniformly. The temperature of the copper plate on the 
target was measured to validate the effectiveness of an air-
cooling system, preventing deuterated titanium (TiD) from 
evaporating. The neutrons generated by reactions with the 
deuterium beam were identified using an He-3 proportional 
counter with a Bonner sphere,  Cs2LiYCl6:Ce (CLYC) scintil-
lator, and a neutron survey meter.
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2   Experiments and discussion

2.1  Monoenergetic neutron generation

The monoenergetic neutron fields targeted by KRISS are of 
2.5 and 14.8 MeV energy. The energy of neutrons gener-
ated by nuclear reactions depends on the measurement angle 
and energy of the projectile particle in a two-body reac-
tion. The reactions of accelerated deuterium with tritide and 
deuterium targets are called deuterium–deuterium (DD) and 
deuterium–tritium (DT) reactions, respectively. Addition-
ally, DT and DD reactions are exothermic reactions with 
appreciable cross sections for deuterons with an incident 
energy of approximately hundreds of keV. The nuclear reac-
tion equation and the Q-value are as follows:

The neutron yield and energy distribution were estimated 
for various thicknesses and incident deuterium energies 
using the TARGET simulation code developed by PTB [9]. 
Based on the simulation results, the thicknesses of the triti-
ated titanium (TiT) and TiD targets were determined to be 
250 μg/cm2 by optimization within the allowable neutron 
yield of < 5 ×  108 at this facility and an energy resolution 
in the neutron energy distribution. When a deuteron is pro-
jected to the target, the produced neutron energy depends 
on the produced neutron angle with respect to the incident 
deuteron direction, which is calculated using two-body kin-
ematic relations, as shown in Fig. 1 [10]. An incident deute-
rium beam with a minimum energy of 110 keV produced a 
14.8 MeV monoenergetic neutron at 0° in the DT reaction. 

3H + 2H → n + 4He (Q = 17.589MeV).

2H + 2H → n + 3He (Q = 3.269MeV).

An incident deuterium beam produced a 2.5 MeV monoen-
ergetic neutron at approximately 90° in the DD reaction. A 
Cockcroft–Walton accelerator with a maximum voltage of 
400 kV is installed in KRISS to generate a monoenergetic 
neutron field based on the deuterium acceleration energy and 
measurement angle.

2.2  Facility for a monoenergetic neutron reference 
field

As a facility for monoenergetic neutron fields, the laboratory 
is primarily composed of three rooms: accelerator control, 
accelerator, and low-scattering neutron irradiation rooms. A 
low-scattering neutron irradiation room with dimensions of 
12 × 12 × 12  m3 was the primary experimental hall with an 
aluminum mesh floor at the height of 3.5 m from the bottom. 
The target for the DD and DT reactions was located at the 
center of the irradiation room, and a beamline was installed 
on the aluminum mesh floor to minimize scattered neutrons 
and radioactivation by neutrons (Fig. 2a). In the accelerator 
room, the acceleration system was equipped with a 400 kV 
high-voltage ion beam generator (Fig. 2b). The positive 
ions generated in the plasma chamber were delivered to the 
accelerator tube at 30 kV by the extraction electrode, and it 
was further accelerated by 370 kV in the acceleration tube 
to generate a maximum 400 kV ion beam. The accelerator 
control room has a control system for the accelerator, a target 
monitoring system, and data acquisition modules with vari-
ous cables, such as BNC, SHV, USB, and LAN, connected 
to a low-scattering neutron irradiation room (Fig. 2c). Fig-
ure 2d shows the layout of each room and the overall system. 
Interlocks and radiation dose monitoring systems have been 
established for accelerator facility safety.

Fig. 1  Neutron energy based on incident deuterium energy and generated neutron angle
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2.3  Beam characteristics

Target chambers mounted at the end of the beamline are 
being developed at KRISS for monoenergetic neutron gen-
eration. A target chamber with an associated alpha-particle 
(AAP) measurement system was designed and simulated 
[10]. We design a simple cylindrical vacuum chamber to 
evaluate the characteristics of the accelerator beam and neu-
tron generation before implementing the AAP system. The 
vacuum chamber was directly connected to the beamline, 
as shown in Fig. 3a. To maintain a vacuum, an O-ring was 
utilized between the chamber and target holder, as shown 
in Fig. 3b. The chamber was fabricated based on the draw-
ing, and its production is shown in Fig. 4a. The prototype 
chamber was installed electrically floating at the end of the 
beamline to obtain preliminary data on the accelerated par-
ticles, such as the beam size, beam current, and temperature 
rise of the target.

Quartz was installed to monitor beam size and shape at 
the target position. The quartz targets were designed to fit in 
the target holder of the prototype chamber. Thus, the diam-
eter of the quartz was 38 mm, which was the same as that 

of the target (Fig. 4b). The thicknesses of the quartz targets 
were 5 and 10 mm. A quartz surface inside the chamber 
was deposited with 5/15 nm-thick Cr/Au using an e-beam 
evaporator to remove the charging caused by the ion beam 
(Fig. 4c). The GEANT4 simulation results show that the 
400 keV proton particles passing through the Cr/Au deposi-
tion layer lost approximately 3.5 eV in the deposition layer. 
Therefore, a proton beam can be observed in the quartz 
target (Fig. 4e). Figure 4d shows the quartz blank target 
mounted on the target holder in the prototype chamber.

The fluorescence of the particles on quartz was captured 
using a CMOS microscope camera. Figure 5a–d shows 
images of various beam shapes on a quartz plate controlled 
by quadrupole (Q-pole) adjustment of the accelerator. Fig-
ure 5e, f shows the analysis results of the acquired image 
in Fig. 5d. By analyzing the beam shape and intensity, the 
correlation between various beam distributions and neutron 
generation can be studied.

A blank copper target was used to measure the beam 
current and analyze temperature variations. A compressed-
air blower was installed to cool the target. The effect of 
blowing air on the target was confirmed by measuring the 

Fig. 2  Facilities at KRISS: (a) low-scattering neutron irradiation room, (b) accelerator room, (c) accelerator control room, and (d) layout of the 
overall system and each room
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temperature when the cooling system was turned on and off. 
Figure 6 shows the temperature of the blank target. When 
25 μA of the 400 keV proton ion beam was bombarded 
onto the blank target, the target temperature reached 49 °C 
in 30 min. The temperature dropped to under 35 °C when 
the cooling system was operated. When a proton beam of 
100 W power was turned on, the blank target’s temperature 
increased to 90 °C. Because our concern is the evaporation 
of TiT or TiD deposited on the target above 200 °C, this 
cooling system will be sufficient for 100 μA of the 110 kV 

deuteron beam. Further quantitative measurements were 
performed.

The beam current reading system was configured at the 
target to determine the exact amount of deuterium ions 
that reached the target. The expected beam current range 
was 0.1 to 500 μA. A Keithley 6517 B electrometer was 
used to measure the beam current at the target. The meas-
ured beam current without any bias voltage at the target 
was 197.9 μA, which was higher than the beam current 
measured at the Faraday cup (192 μA). The discrepancy 

Fig. 3  a Drawing of a simple cylindrical vacuum chamber and b target holder

Fig. 4  Components for beam characterization were a electrically 
floated prototype cylindrical vacuum chamber, b TiT target depos-
ited on a copper plate, c Cr/Au deposited quartz of the same size as 

the target, and d quartz on the holder of prototype chamber. e Energy 
deposition of 400 keV deuterium beam at quartz plate was simulated 
using the GEANT4 simulation toolkit
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is due to secondary electron emissions from the target in 
the opposite direction of the beam; when a magnet was 
placed on the top of the prototype chamber to collect back-
scattering electrons, the current on the electrometer was 
192.3 μA. Another method is to apply a bias voltage to the 
target. We further investigated the current reading system.

2.4  Neutron measurements in the beam tuning 
process

Neutron production using TiD and TiT targets will be per-
formed after the completion of the beam tuning and vali-
dation processes. During the deuteron beam tuning pro-
cess, neither TiD nor TiT target was mounted in the target 
chamber, and the injected deuterons were bombarded into 
the Faraday cup, which was made of tantalum. Deuterons 
projected onto the Faraday cup remained on its surface, 
and DD reactions could occur with arriving deuterons 
later. We set up two neutron measurement systems using 
an He-3 proportional counter with a Bonner sphere and 
CLYC scintillator [11]. Figure 6 shows the measurement 
results of the two neutron detectors installed in the irradia-
tion room during deuteron beam tuning. Figure 7a shows 
the count rate (top) and pulse height spectrum (bottom) 
using an He-3 proportion counter with a Bonner sphere 
of diameter 20.32 cm. The spectral count rate measure-
ment results showed that the amount of neutron generation 
was constant depending on the deuterium beam irradiation 
time. The 2D plot of pulse-shape discrimination (PSD) 
value over pulse height results using the CLYC-6 scintilla-
tor is shown in Fig. 7b, where neutrons and gammas can be 
distinguished. The CLYC detector is developing two fast 
and thermal neutron measurement methods for CLYC-6 
and CLYC-7. The production of a monoenergetic refer-
ence field will be performed using TiD and TiT targets, 

Fig. 5  a–d Beam shape formed on the quartz plate based on the quadrupole adjustment. e, f 2D histogram image analysis result of fluence inten-
sity to obtain a 10 mm circular beam

Fig. 6  Temperature variations based on beam power changes and the 
air-cooled system on/off
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including continuous beam monitoring with various moni-
toring detectors.

3   Conclusion

To produce the reference monoenergetic standard neutron 
fields of 2.5 and 14.8 MeV, KRISS has installed a 400 kV 
accelerator and designed a neutron reaction chamber. Initial 
system validation tests, such as beam profile monitoring, 
beam current measurements and target temperature valida-
tion with air cooling, were performed to characterize the 
ion beam on target. The neutron production induced by 
the accelerated deuterium beam on the Faraday cup was 
measured using an He-3 proportional counter with a Bon-
ner sphere and CLYC scintillator. After beam optimization, 
monoenergetic neutron measurements using TiT and TiD 
targets and an AAP chamber test will be organized. Mono-
energetic neutron production will proceed, and the devel-
opment of monoenergetic neutron measurement techniques 
is ongoing. The 2.5 and 14.8 MeV monoenergetic neutron 
fields will be available in late 2024.
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Fig. 7  a Neutron spectrum result and count rate using an He-3 proportional counter with a Bonner sphere (diameter 20.32 cm) and b 2D plot of 
PSD vs ADC spectrum of neutron measured by the CLYC-6 detector
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