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ABSTRACT: 

A thermal neutron radiography unit using the neutrons which emits a 10 MeV electron linac compact has been 

designed and simulated via MCNPX Monte Carlo code. The facility was carried out for an extensive range of values 

for the collimator ratio L/D, the main parameter which describes the quality of the produced radiographic images. The 

results show that the presented facility provides high thermal neutron flux; while with the use of single sapphire filter 

fulfills all the suggested values which characterize a high quality thermal neutron radiography system. A comparison 

with other similar facilities indicates that the use of a photoneutron source using a 10 MeV electrons beam is a useful 

substitutional for radiographic purposes. 
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1.  INTRODUCTION 

Penetrating radiation has been used for imaging 

purposes from 1895 when Roentgen discovered X-rays. 

Neutron Radiography (NR) represents the most 

common method of Non-Destructive Testing (NDT) 

because NR is a useful imaging technique in order to 

evaluate the internal structure of the materials. Neutron 

interacts with materials in a complementary way 

compared to the X-ray imaging. X-rays interact with 

the electron clouds of atoms, and have cross sections 

which are analogous to their atomic number. 

Conversely neutrons interrelate with atomic nuclei. 

Note that there is not dependence between atomic 

number and the respectively cross sections; compared 

to x- and γ- rays, neutrons can be attenuated by many 

light materials, i.e. hydrogen or carbon, however can 

penetrate many heavy materials. This implies that NR 

can yield information in cases where X-ray radiography 

fails. 

Thermal neutrons are usually used for NR imaging 

because most materials show higher attenuation for low 

energy neutrons. For this reason, thermal NR is the 

most popular NR NDT method used in many fields of 

research and industry such as security applications [1]-

[9] medicine [10-17], material sciences [18-29], 

geology [30], archeology [31-32] etc. A suitable 

neutron beam is necessary in order to establish a 

thermal NR facility. Today the numbers of thermal NR 

facilities remain limited owing to the fact that these 

facilities are based mainly in nuclear research reactors 

[33]. In order to overcome the lack of the nuclear 

reactors, the required neutron beams usually are 

derived by accelerators or from some isotopic sources. 

A typical facility includes Deuterium-Tritium (DT) 

[34], Deuterium-Deuterium (DD) [34]-[37], Tritium-

Tritium (TT) [34], [38] neutron generators, 252Cf [39-

41], 241Am/Be [42-44] isotopic neutron sources, proton 

[45] or electron [46] usually on accelerators on 

beryllium [10], [47-50] or lithium [51] targets.  

A high quality thermal NR facility must satisfy 

some recommended values (Table 1). The primary goal 

of the presented work is to propose a thermal NR 

facility using as neutron source, a medical electron 

linear accelerator (Linac), which produces electron 

with 10 MeV energy and fulfills all the suggested 

values in order to produce quality radiographic images 

[52]. The unit has been planned and simulated via the 

MCNPX 2.5.0 code for an extensive range of the 

relevant factors [53]. Comparisons of the proposed unit 

with other similar thermal facilities which use neuron 

beams from nonnuclear reactor sources are also 

presented. 
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Table 1. Suggested values for different neutron beam 

parameters with the aim of high quality radiographic 

images. 

fth (ncm-2s-1) L/D ratio TNC (%) n/γ ratio  

(n cm-2 mSv-1) 

≥ 106  ≥ 90 ≥ 90 ≥ 104  

 

2.  MATERIALS AND METHODS 

2.1.  Neutron Source 
According to the previous works, owing to the high 

atomic number and its physicochemical characteristics, 

tungsten is one of the best materials as electron target 

for (e, γ) reaction [54-58]. For (γ, n) reaction a 

cylindrical D2O target was considered. The geometrical 

configuration which is presented here is based on 

previous work from Tatari and Ranjbar with 

modifications in order to adapt the photoneutron source 

which firstly was designed for radiotherapy purposes as 

photoneutron source for thermal NR units. A 10 MeV 

electron linac that has been considered in this work has 

the parameters which are listed in Table 2 [59].  

 

Table 2. The LINAC beam parameters based on 

previous work from Tatari and Ranjbar [59]. 

Parameter Value 

Energy 10 MeV 

Current 50 mA 

Pulse repetition rate 300 Hz 

Pulse duration 3.6 μs 

Average beam power 540 W 

 

The geometrical configuration of the source is 

shown in Fig. 1. The primary goal of the source is to 

maximize the thermal neutron flux at the exit window. 

The tungsten target is a disk with radius 1.5 cm and 

0.15 cm thickness. The (γ, n) convertor is a rectangular 

filled with D2O with dimensions of 64x64x9 cm. 

Beryllium reflectors with 50 cm depth surround the 

neutron source and increase the neutron flux with a 

conical head design at the exit aperture of the source. 

High Density Polyethylene (HD-PE) is the best 

moderator material [39, 60] and according to our 

simulations, 1.8 cm provides the maximum thermal 

neutron flux (fth) (Fig. 2) at the exit of the beam while 

with the intention to filter the undesired epithermal and 

fast neutrons, a conical single sapphire filter can be 

installed before the exit aperture. The single sapphire is 

maybe the best material for the filtering of the fast 

neutrons [61]. Fig. 3 depicts the neutron spectrum at 

the exit aperture. 

 

2.2.  Thermal Neutron Collimator 

The parameter which affects mainly the quality of a 

thermal NR unit is the collimator ratio L/D [62] and 

described by the equations: 
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Where, φi expresses the neutron flux at the image 

position, φa denotes the neutron flux at the aperture 

position, Ls is the distance between the neutron source 

and the investigated sample, D indicates the diameter 

of the inlet aperture, ug specifies the geometric 

unsharpness and Lf expresses the distance between the 

image and the investigated object (equal to 0.5 cm).  

 

 

 
Fig. 1. Geometrical configuration of the photoneutron 

source (up) and its dimensions (down all dimensions in 

cm). 

 

In addition, the effectiveness of the neutron beam is 

described by the beam divergence which is expressed 

by the formula [63]-[65] 
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Fig. 2. The Thermal neutron flux at the exit of the 

source configuration, for different thicknesses of the 

high density polyethylene moderator. 

 

 
Fig. 3. The neutron spectrum at the exit aperture. 

 

Where, θ denotes the half-angle of the beam 

divergence, I indicates the bigger dimension of the 

radiographic image while L defines the collimator 

length. Last but not least, two others important 

parameters are the TNC (the ratio of thermal neutron 

flux to total neutron flux) and the n/γ ratio which 

defines the neutron intensity versus the gamma 

components in the beam. In accordance with 

Hawkesworth, the n/γ ratio should be higher than 104 

ncm-2mSv-1 that minimum recommended value is 500 

ncm-2mSv-1 [66].  

The geometrical configuration was designed and 

simulated in this article is presented in Fig. 4. Next to 

the aperture of the neutron source, there is a diverging 

collimator which has variable length (L = 200-800 cm). 

The material of the collimator is a very important part 

of the unit and must stop scattered neutrons to reach at 

the investigated object position. A previous work from 

Fantidis [44] has shown that boral offers better 

performance than cadmium or gadolinium. The filling 

materials must stop both neutrons and gamma so a 

combination of borated polyethylene (PE-B) and 

bismuth is a good choice. Lead has better performance 

than bismuth but is a hazardous material so the bismuth 

is a safer choice. Boral with 0.8 cm -thickness was 

selected as lining material while borated polyethylene 

(PE-B) was chosen as a filling material with 3.8 

thickness and bismuth (Bi) with 1.2 cm depth was 

chosen like the collimator casing. The aperture size of 

the collimator (D) was 4 cm and designed as a 

combination of 2 materials, i) a 0.8 cm layer of boral 

with the purpose to minimize stray and scattered 

neutrons from the inspected object and ii) from 1.2 cm 

of Bi with the goal to absorb the unwanted γ-rays. All 

these dimensions are the minimum in order to the 

presented facility to meet the criterion n/γ ≥ 104 n cm-2 

mSv-1 and were derived after numerous simulations. 

The aperture in the side of the image position (D0) was 

selected equal to 12 cm. 

 

 
Fig. 4. Geometric configuration of the studied facility. 

3.  RESULTS AND DISCUSSION 

For the configuration presented in Fig. 4, the basic 

simulated parameters of the system namely, the thermal 

neutron flux (fth), the TNC ratio and the n/γ ratio are 

shown in Table 3 for five values of the L/D ratio (50, 

75, 100, 150 and 200). The divergence angle (θ) of the 
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beam has a range between θ = 0.43 – 1.71° while the 

Ug varies from 2.5×10-3 up to 10-2. The fth (with energy 

0.01–0.3 eV) has values from 6.11×105 up to 1.01×107 

ncm-2s-1, the TNC is approximately the same (with 

values 3.35-3.39%) while the n/γ ratio is above of the 

recommended value in each case. According to the 

suggested values (Table 1) the main problem is the 

poor results for the TNC ratio.  

With the intention to overcome the low values of 

the TNC, the present of the single sapphire as 

fast/epithermal neutron filter is required [49]. Table 4 

shows the fth, the TNC ratio and the n/γ ratio for three 

different L/D values (50, 100 and 150) and for five 

different depths (5, 10, 15, 20 and 25 cm) of single 

sapphire filter. From the results presented, it concluded 

that the TNC ratio is practically constant for the equal 

thickness of the sapphire filter and practical 

independent of the L/D ratio. 5 cm of single sapphire 

reduces the fth approximately 18% while the TNC is 

about 11-12%. At the same time the n/γ ratio decreases 

more than 40%, however remains above the 

recommended values. 10 and 15 cm thicknesses of 

sapphire filter provide TNC around of 34% and 67% 

respectively while the fth has lower values than the case 

without sapphire filter by more than 31% and 41% 

correspondingly. The use of 20 cm single sapphire as 

fast neutron filters although can reduce more than a 

half the fth provides TNC values close to the desired 

value. With 25 cm sapphire filter, the facility satisfies 

all the suggested values hence the presented unit is 

capable to provide quality thermal radiographies.  

Fig. 5 shows the neutron spectra in a plane 0.5 cm 

away from the outlet of the converging collimator for 6 

different occasions, without neutron filter and with 5, 

10, 15 20 and 25 cm sapphire filter. It is evident that the 

presence of the filter reduces drastically the presence of 

the fast neutrons in the beam while the fth does not have 

analogous decrement. In order to evaluate the presented 

facility, a comparison with other thermal NR units 

which do not use nuclear reactor as neutron sources 

was done (Table 5). The proposed facility offers a far 

better performance than isotopic neutron sources and 

neutron generators. Moreover this unit surpasses many 

other which is based on proton accelerators. These 

results indicate that the presented thermal NR unit 

which is based on a 10 MeV electron linac is an 

interesting option for quality thermal neutron imaging.  

 

Table 3. Thermal NR simulated factors for a range of 

L/D ratio values. 

L 

(cm) 

L/D 

 

θ  

(deg) 

Ug 

(cm) 

fth 

(ncm-2s-1) 

n/γ 

(cm-2mSv-1) 

TNC 

(%) 

200 50 1.71 1.00E-2 1.01E+07 3.05E+04 3.35 

300 75 1.14 6.67E-3 4.39E+06 2.81E+04 3.33 

400 100 0.86 5.00E-3 2.47E+06 2.68E+04 3.36 

500 125 0.69 4.00E-3 1.55E+06 2.34E+04 3.35 

600 150 0.57 3.33E-3 1.08E+06 2.29E+04 3.35 

800 200 0.43 2.50E-3 6.11E+05 2.25E+04 3.39 

 

Table 4.  Simulated parameters for 3 L/D ratio values and 5 different depths of fast neutron filter. 

 L/D = 50 L/D = 100 L/D = 150 

Sapphire 

filter 

(cm) 

fth (ncm-

2s-1) 

n/γ (cm-

2mSv-1) 

TNC 

(%) 

fth (ncm-

2s-1) 

n/γ (cm-

2mSv-1) 

TNC 

(%) 

fth (ncm-

2s-1) 

n/γ (cm-

2mSv-1) 

TNC 

(%) 

0 1.01E+07 3.05E+04 3.35 2.47E+06 2.68E+04 3.36 1.08E+06 2.29E+04 3.35 

5 8.23E+06 1.57E+04 11.65 2.04E+06 1.37E+04 11.59 8.86E+05 1.34E+04 12.06 

10 6.94E+06 1.83E+04 33.41 1.72E+06 1.02E+04 34.75 7.47E+05 1.01E+04 35.21 

15 5.84E+06 1.04E+04 64.88 1.45E+06 1.02E+04 67.18 6.29E+05 1.02E+04 67.62 

20 4.94E+06 1.03E+04 86.75 1.22E+06 1.04E+04 88.31 5.32E+05 1.08E+04 88.47 

25 4.36E+06 1.24E+04 95.99 1.08E+06 1.50E+04 96.42 4.79E+05 1.05E+04 96.58 
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Fig. 5.  Neutron spectra in a plane 0.5 cm away from the output of the collimator for 6 different simulations. 

 

Table 5. Comparison of the presented unit with other previous published works. 
Source Total Neutron yield (ns-1) fthermal (n cm-2s-1) TNC (%) n/γ (cm-2mSv-1) L/D 

10MeV 50 mA electron Linac  

6.25×1012 

 

1.01×107 

4.36×106 

2.47×106 

1.08×106 

3.35 

95.99 

3.36 

96.42 

3.05×104 

1.25×104 

2.68×104 

1.50×104 

50 

50 

100 

100 

25MeV 1 mA electron Linac [40] 

 5.78×1013 

2.23×107 

1.60×107 

2.70×106 

16.27 

68.06 

92.31 

>107 

50 

50 

50 
252Cf radioisotope 50mg [39] 

 1.157×1011 3.703×104   50 

252Cf radioisotope 50mg [40] 

1.157×1011 

1.57×104 

6.28×103 

4.18×103 

2.76×103 

0.51 

30.06 

0.15 

1.97 

9.71×103 

1.41×104 

9.92×103 

1.53×104 

50 

50 

100 

100 
252Cf radioisotope 50mg [41] 

1.157×1011 

2.85×104 

1.90×104 

7.72×103 

5.16×103 

 

3.48 

13.83 

1.09 

4.54 

4.50×104 

2.69×104 

6.53×104 

2.89×104 

50 

50 

100 

100 

 241Am/Be radioisotope 1000Ci [38] 
2.7×109 

6.102×102 

3.537×102 

5.41 

22.12 
>106 

50 

50 

DD neutron generator [35] 

1011 

1.58×104 

9.66×103 

4.12×103 

2.52×103 

3.57 

27.06 

3.89 

33.95 

7.01×106 

6.47×104 

1.01×106 

7.75×104 

50 

50 

100 

100 

DD neutron generator [36] 

109 

2.21×104 

7.69×103 

1.22×103 

 

33 

49 

16 

2.83×106 

1.02×106 

1.10×106 

 

50 

50 

100 

DT neutron generator [34] 

1×1013 
3.81×105 

8.99×104 

0.46 

0.49 

7.25×107 

7.29×107 

50 

100 

TT neutron generator [34] 

1011 

8.83×103 

2.36×103 

 

2.02 

2.11 

4.38×107 

6.44×107 

50 

100 

2.5 MeV 10mA proton linac [51] 

8.83×1012 

2.72×106 

1.63×106 

6.64×105 

3.98×105 

16.82 

84.60 

16.93 

84.94 

2.98×108 

5.47×107 

3.79×108 

7.64×107 

50 

50 

100 

100 
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4 MeV 1mA proton linac [45] 

1.2×1012 

4.75×105 

3.10×105 

1.19×105 

7.79×104 

12.50 

74.61 

12.83 

75.86 

 

>106 

50 

50 

100 

100 

15 and 20 MeV 200μΑ proton linac 

[50] 

7.87×1012 

1.32×1013 

 

2.22×105 

3.86×105 

84.9 

87.2 

2.39×108 

2.01×108 

90 

90 

 
4.  CONCLUSION AND REMARKS 

A facility for thermal neutron radiography purposes, 

which is based on a neutron beam emitted from a 10 

MeV medical electron linac, has been simulated with 

the help of the MCNPX Monte Carlo code. A tungsten 

disk was selected as e-γ converter and heavy water as 

γ-n converter. Moreover, high density polyethylene and 

beryllium were selected as moderator and reflector 

materials respectively while for the collimator design, 

Boral was chosen as the lining material and borated 

polyethylene and bismuth as the filling materials. The 

addition of a single sapphire for the filtering of the fast 

neutrons improves drastically the percentage of the 

thermal neutrons in the beam. The presented unit was 

simulated for a wide range of the factors which 

characterized a thermal neutron radiography facility 

and the results indicate that the presented facility meets 

all the recommended values which are essential for 

high quality neutron radiographic images. Last but not 

least, the comparison between the simulated facility 

with some published units shows that the use of a 

medical electron linac for the production of high 

quality thermal neutron radiographies is possible. 
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