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1. Introduction 

 
When using a conventional X-ray tube, the radiation 

security inspection system cannot sufficiently transmit 
X-rays when inspecting a heavy object including metal, 
and the distinction between light elements including 
plastic, water, and oil is ambiguous. In order to solve 
these problems, researches on a radiation security 
inspection system using high energy X-ray and neutron 
source have recently been actively conducted. Such a 
multi-radiation using neutrons and high-energy X-rays 
not only provides high-quality X-ray images of heavy 
and dense objects containing metals and leads, but also 
facilitates the identification of low-atomic materials 
through neutron sources. [1-3] 

In order to generate neutrons for neutron radiography, 
we can use neutron sources such as 1) radioisotope 
neutron sources such as spontaneous fission isotope 
californium-252, 2) particle-accelerator based neutron 
sources, and 3) accelerator based photo-neutron sources. 
[4-6] In addition, high-frequency electron accelerators 
are mainly used to generate high energy X-rays of 
several MeV. 

In the case of the conventional radiation security 
inspection system with multi-radiation generator, 
neutrons and X-rays are generated based on separate 
generating devices. [7-10] These techniques are used 
only as a fixed type because each radiation generating 
device is relatively large in size, heavy, and requires a 
lot of electric power and cannot be mounted on mobile 
equipment. 

Therefore, in this study, we have conducted research 
to measure X-ray and neutron generated from high-
frequency electron accelerator in order to develop a 
movable multi-radiation generator. [11, 12] 

 
2. Methods and Results 

 
In this study, a simulation study was conducted to 

design a system for measuring X-ray and neutron 
sources generated from a single-body multi-radiation 
generator. In addition, measurement method and system 
design were performed considering the energy and flux 
of multi-radiation generated through Monte Carlo 
simulation.  

  
2.1 Monte Carlo simulation  

Monte Carlo Simulation was performed to calculate 
flux of neutrons and X-rays generated from a single-
body multi-radiation Generator. [13,14] The number of 
X-ray photons was found to be the largest at 0 ~ 10 ° of 
the beam direction, but the neutron source was found to 
have a uniform deviation within 11.3% at all angles. 
Figure 1 shows the simulation result of neutron flux as a 
function of the neutron energy, and figure 2 shows 
angular distribution of neutron and X-ray flux.  

 
Figure 1. Simulation result of neutron flux as a function of the neutron energy 

 

 
Figure 2. Simulation result of angular distribution of neutron (top) and X-ray flux (bottom) 
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2.2 Design of multi-radiation measurement system 

 
For the measurement of the neutron flux from a 

single-body multi-radiation generator, multi-radiation 
measurement system was designed using passive and 
active neutron detection techniques. As an active 
neutron detection techniques, the 3He filled neutron 
detector may be used to detect neutrons via the 
following reaction.  

 
3He + n à 3H + p         Q = 0.764 MeV   (1) 
 
As the 3He filled neutron detector, FHT 752 SH-2 

manufactured by Thermo Scientific was selected and its 
specification is shown in Table 1. [15] 

 
Table 1. Specification of 3He filled neutron detector 

Items parameters 
Model  FHT 752 SH-2 

Type A proportional counter 
tube filled with 3He  

Dimension 26mm in diameter , 
224mm in length  

Gas filling 3He; enhanced with CO2 
Filling pressure 2000 mbar  
Active volume 56.1 cm3 
Measuring range From 0.01 to 100,000 

 
Also, the measurement system for the neutron yield of 

the single-body multi-radiation generator was designed 
using activation of a natural copper foil. Copper was 
selected as the foil material due to the following 
reaction and the activity of the activated foil may be 
determined via gamma-ray spectroscopy, by counting 
gamma-rays in the 511 keV peak obtained via electron-
positron annihilation. [16]  

 
63Cu + n à 62Cu + 2n         (2) 

 
The flux of neutrons through the number of measured 

gamma-rays is calculated by the following equation.  
 

A(t) = Nt σ Φ (1-e-ln(2)tirr/t1/2)(e-ln(2)t/t1/2)      (3) 
 

where Φ  is the flux of reactant particles incident on 
the target, Nt is the number of target atoms, σ  is a 
quantity called the cross section, tirr is the time for which 
the foil was irradiated, t1/2 is the half-life of the species, 
and t is the length of time that has elapsed since the end 
of irradiation.  

In addition, an X-ray measurement system was 
designed using an ionization chamber, FHT 191N, for 
X-ray dose measurement and a wedge filter for X-ray 
energy measurement. Since the maximum value of the 
energy of the X-ray generated from the electron 
accelerator is proportional to the energy of the 

accelerated electron, in this study, the maximum energy 
of the X-ray is calculated by measuring the energy of 
the accelerated electron.  
 

3. Conclusions 
 

In this study, fluxes of X-rays and neutrons generated 
by the single-body multi-radiation generator were 
calculated using Monte Carlo Simulation. Based on the 
result of the Monte Carlo simulation, suitable radiation 
detectors and measurement methods was selected for a 
single-body multi-radiation generator after considering 
flux and energy range of X-rays and neutrons. As a 
future work, we will optimize the Monte Carlo 
simulation considering the surrounding structures, 
collimator, and shielding materials, and we will 
compare the measured values with simulation values by 
installing the designed measurement system together 
with the generator. Such data can be used not only for 
evaluating the performance of the radiation security 
inspection system with a single-body multi-radiation 
generator but also for developing a lightweight multi-
radiation generator. 

It is expected that it can be operated with light weight 
and low power consumption when using the single-body 
multi-radiation generator. Therefore, it can be widely 
used as a portable non-destructive inspection equipment 
regardless of the place.  

 
ACKNOWLEDGEMENT 

 
This work was supported by Nuclear R&D program 

through the National Research Foundation of Korea, 
funded by the Ministry of Science and ICT (NRF-
2017M2A2A4A05018182, NRF-2017M2A2A4A01070 
610) and also supported by Radiation Equipment 
Fabrication Center in KAERI. 
 

REFERENCES 
 

[1] International Approaches to Securing Radioactive Sources 
Against Terrorism, NATO Science for Peace and Security 
Series, Wood, W. D. and Robinson, D. M., eds., Springer, 
Dordrecht, The Netherlands, 2009. 
[2] Marion, J. B. and Fowler, J. L., Fast Neutron Physics, Part 
I: Techniques & Part II: Experiments and Theory, John Wiley 
and Sons, Inc., New York, N.Y., 1963. 
[3] Hawkesworth, M. R., "Neutron Radiography: Equipment 
and Methods," Atomic Energy Rev. 15, p.169-220, 1977. 
[4] Radiation Source Use and Replacement, Abbreviated 
Version, National Research Council of the National 
Academies, The National Academies Press, Washington, D.C., 
2008. 
[5] Csikai, J., CRC Handbook of Fast Neutron Generators, 
Volume I and Volume II, CRC Press, Inc., Boca Raton, Fla., 
1987. 
[6] Neutron Sources for Basic Physics and Applications, 
Cierjacks, S., ed., Pergamon Press Ltd., Oxford, England, 
1983. 



Transactions of the Korean Nuclear Society Autumn Meeting 
Yeosu, Korea, October 25-26, 2018 

 
 
[7] A. M. Yousri, A. M. Osman, W. A. Kansouh, A. M. Reda, 
I. I. Bashter, and R. M. Megahid, “Scanning of cargo 
containers by gamma-ray and fast neutron radiography,” 
Armenian J. Phys., vol. 5, no. 1 pp. 1–7, 2012. 
[8] J. Reijonen, N. Andresen, F. Gicquel, R. Gough, M. King, 
T. Kalvas, K.-N. Leung, T.-P. Lou, H. Vainionpaa, A. 
Antolak, D. Morse, B. Doyle, G. Miller, and M. Piestrup, T. T. 
Saito, D. Lehrfeld, M. J. DeWeert, Eds.“Development of 
advanced neutron/gamma generators for imaging and active 
interrogation applications, optics and photonics in global 
homeland security III,” Proc. SPIE, vol. 6540, p. 65401P, 
2007.  
[9] B. D. Sowerby, N. G. Cutmore, Y. Liu, H. Peng, J. R. 
Tickner, Y. Xie, and C. Zong, “Recent developments in fast 
neutron radiography for the interrogation of air cargo 
containers,” Proc. IAEA Conf., Vienna: May 2009, pp. 4–8.  
[10] J. G. Fantidis and G. E. Nicolaou, “A transportable fast 
neutron and dual gamma-ray system for the detection of illicit 
materials,” Nucl. Instrum. Methods Phys. Res. A, vol. 648, pp. 
275–284, 2011. 
[11] S. Lee, et al., Design of Target for Multi-radiation 
Generator Based on Monte-Carlo, KAERI/TR-7194, p.29-35, 
2018 
[12] Byeongno Lee, et al., Design of Single-body Multi-
radiation Generator Based on Electron Accelerator, 
Transaction of the KNS spring meeing, 2018. 
[13] https://mcnp.lanl.gov/. 
[14] A Wasilewski, S. Wronka, Monte-Carlo simulations of a 
neutron source generated with electron linear accelerator, 
NUKLEONIKA, Vol.51(3), p. 169-173, 2006. 
[15] Thermo Fisher Scientific Inc. Neutron tracking probe 
FHT 752 SH-2, http://www.thermoscientific.com/ 
[16] G. F. Knoll, Radiation Detection and Measurement, John 
Wiley & Sons, New York, pp.20-28, 1999. 
 


