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Abstract 
Fast neutron radiography (FNR) is an important non-destructive technique for imaging of thick bulk 
materials. We are designing a FNR system using a laboratory based 14 MeV D-T neutron generator. 
Simulation studies have been carried using Monte Carlo based GEANT4 code to understand the 
response of the FNR system for various objects. Different samples ranging from low Z, metallic and 
high Z materials were simulated for their radiographic images. The same was extended for studying 
the effect of high Z material thickness on low z material. The quality of constructed images in terms 
of relative contrast ratio and the contrast to noise ratio were investigated. Simulation study has 
revealed the potential and limitations of FNR for imaging different materials and  possible areas 
where FNR can be implemented.  

 In countinuation with the simulation study, feasibility experimentations on the fast neutron 
radiography using a D-T neutron generator is being carried out. The objective was to image  low Z 
(i.e hydrogenous) material hidden behind a thick material of high Z using the high penetrating power 
of fast neutrons. An experimental set-up has been designed with a D-T neutron generator, a collimator 
and an intensified CCD camera based imaging system. Test samples of a low Z material (HDPE-high 
density polythelene ) with holes  placed behind a high Z material lead  (Pb) were imaged and the  
image quality has been studied through contrast. Initial  results  are encouraging and suggests that a 
portable D-T NG based fast neutron radiography system having ICCD camera based imaging system 
could be deployed for field applications. 
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1. Introduction 
 
Neutron based imaging technique is an important non-destructive investigations tool for a number of 
tasks difficult by conventional x-ray or Gamma radiography [1,2]. Neutrons, being neutral particles, 
have high penetrating power and can easily penetrate through thick layer of low Z material as well as 
thick high Z materials layer such as Pb, Fe etc. Neutrons therefore can make good contrast for light 
elements material in the presence of heavy elements and allowing the study of materials in complex 
sample environments. The X-Rays/Gamma radiation interacts with matter and attenuation coefficient 
for different materials increases systematically with increasing atomic number (Z).The attenuation of 
X-rays and gamma rays depends on Z, they are more attenuated by high Z materials and almost 
transparent to low Z material, whereas for neutrons it depends on interaction cross section with nuclei 
and independent of Z number. For instance, some of light elements such as H, B, Li, have a neutron 
attenuation coefficient which is two-three order higher than for element of moderate Z such as Al, Fe, 
Si. The neutrons can also distinguish between different isotopes of the same element. This makes 
neutron radiography an important tool in many fundamental research applications and in the field of 
non-destructive techniques (NDT). 

 Although in principle neutrons of all energies can be used for radiography, it is thermal (meV) and 
epithermal (keV) neutron radiography that is more widely used. One of the main disadvantages of 
thermal/epithemal neutron radiography is imaging of thick and dense material unlike the case with 
fast neutrons as their penetration [9] through most materials is quite good. This makes them a unique 
tool for non-destructive quality inspection in production and service of large-scale objects and 
products containing light and heavy elements simultaneously. Unlike the source of thermal neutrons 
such as reactors, sources of fast neutrons of moderate to high intensity are not common. Some of the 
effectively used fast neutron sources are i) isotope based and ii) accelerator based. The later ones are 
preferred over the former on account of their high yield, electronic switching control and no shielding 
requirement in idle condition. Nowadays, availability of accelerator based high yield 14 MeV neutron 
generator (DT NG) compared with isotopic sources in the market make FNR an attractive tool for a 
wide range of applications. In case of thermal neutron imaging major components such as neutron 
source, collimator, image processing system etc are well optimized and are being used in various 
applications over the years. However, there are very few reports on fast neutron radiography using D-
T based 14 MeV neutrons. Various issues related to fast neutron radiography are still under study such 
as source intensity requirement, optimum collimator design, sensitive imaging system and reduction 
in fast neutron scattering from surrounding materials or from object itself to improve image quality. 

 

The present study was carried out to model FNR on variety of samples for better understanding of 
its potential and limitations. In the following, we present a systematic study on image quality with 
material thickness, possibility of small voids detection in high Z material, imaging low Z material 
hidden behind high Z and contrast among low Z to high Z materials. In parallel and experimental set 
up  was  developed  and  initial  studies   has  been  carried out  using DT neutron generator , 
collimator  and  intensified  imaging detection unit . 
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2.  Modeling of  FNR technique: 
 

FNR technique was modeled using the Monte Carlo based GEANT4 (version 9.5) simulation kit [3]. 
GEANT4 provides an efficient virtual environment to model the interactions between particles and 
matter over a wide range of energies. It provides several powerful tools for configuring radiation 
sources, detectors and a variety of complex shaped objects. The main components of the GEANT4 
code developed for the present study consists of i) the primary generator class which generates the 14 
MeV neutrons, ii) the detector construction class which constructs the geometry of the setup including 
the collimator and the detection system (8 cm diameter) iii) the physics list which activates the 
appropriate physical processes and iv) analysis class which stores the event by event data as 
histograms. The physics list QGSP−BIC−HP is used for the simulation. This high-precision package 
uses the ENDF/B−V II data library and describes the neutron interactions very well for energies 
below 20 MeV. The X, Y position of each neutron track is recorded for each event as two dimensional 
histograms using ROOT package [4] coupled to GEANT4. FNR simulation design comprises of three 
parts viz neutron source, sample and image construction.  

 

2.1 Sample: Imaging of Low Z material (high density polyethylene — HDPE) inside lead (Pb)  

 

One of the preferred applications of FNR is to image low Z material hidden inside high Z material 
such as Fe, Cd and Pb. For such cases we have simulated a sample of HDPE cylinder (diameter = 4 
cm and thickness = 5 cm) with holes of various sizes, enclosed inside concentric Pb cylinder 
(diameter = 6 cm and thickness = 8 cm). Holes inside HDPE were of size 1–5 mm in steps of 1 mm. 
Projection image was constructed with this configuration. All the holes in HDPE along with the 
contrast between HDPE and Pb were seen with good contrast. In the next step, the depth of Pb 
cylinder was increased step by step such that effective thickness of Pb over HDPE varies from 3 cm to 
15 cm and the images are constructed. The constructed images for lead thickness of 3cm and 11 cm 
are shown in figure1.The intensity profile across the centre of the sample image and across the 5 mm 
hole shown in Figure 2. Hole (5 mm) contrast and HDPE-Pb interface contrast are evaluated and it is 
found that HDPE-Pb interface contrast is maximum for Pb slab thickness of 7 cm and the hole 
contrast is maximum at 11 cm Pb thickness. The contrast to noise ratio has also been evaluated and its 
values with Pb thickness is varies from 3.7- 1.3. [5]. 
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Figure 1.The constructed projection images of simulated sample masked with lead of thickness (a) 3 
cm (b) 11  

 

Figure2.  Intensity value plots across the center of the simulated sample 

 

 

3. Experimental  Study :  
 

An experimental   study has also been carried out with D-T neutron source using DT neutron 
generator of neutron yield ~2x10^9 n/sec. The  neutron  spot  size  was of  20 mm  in diameter which  
was  coupled  with a  conical collimator . The  collimator  is  made up of iron material covered  with  
100mm borated (5%)high density  polyethylene  to moderated and minimize the   scattered  neutron  
contribution  to the  detection  unit. An outer layer of 10 mm lead placed over the collimator to reduce 
the gamma contribution from collimator material. The   inlet opening (D) of cone is 10mm and length 
(L) of 330 mm. The  imaging detection unit  was placed at 400mm from outlet of  collimator .Imaging 
unit  consist of large  size  plastic  scintillator  300mm(width)x300mm(height)x40mm (depth), a front 
coated aluminum mirror (placed at 45  with respect to the scintillator ) and IωωD . The L/D   of the 
set up   as explained above is approximately ~33.Various experimentation of different samples of low 
Z in combination of high Z in different configuration has been carried out. Here we are presenting one 
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of the test sample result. The sample of HDPE block (150mm (width) x50mm (height) x100mm 
(depth) with holes of 15 mm at center, masked with lead used for experiment. Sets of 10 images were 
acquired with an exposure time of 16 s for each image with increasing lead thickness of 10, 40, 50, 
80, 90, 120 and 130 mm. The typical images with lead thickness of 50 and 120 mm are shown in 
Figure 3(d-e) and the intensity line profile across the center of the hole is shown in Figure3f. 

 

 

 

 

Figure 3.The experimental images of HDPE test sample with lead thickness of (a) 5 cm (b) 12 cm and 
(f). 

 

 

Figure4. The intensity value plots across the centre of test sample (experiments)  
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4. Summary and Conclusion: 
 

 A successfully study of FNR with D-T neutron has been carried out. FNR has been successfully 
modeled in GEANT4 with 14 MeV neutrons. A test sample configuration of low Z material with 
holes of small size (~mm) shielded by thick high Z material was investigated and analysis of the 
constructed images has been carried out. The contrast   parameter reveals that images of such samples 
could be obtained with good contrast and small size holes (1–5 mm) simulated as voids inside the low 
Z material could be seen for a certain shielded (120mm) thickness of lead. We have also carried out 
demonstration experiments of FNR using D-T based neutron generator. The experimental results have 
shown that this technique is an effective non-destructive imaging technique for probing low Z 
materials shielded by thick high Z materials. These experiments were carried out using a neutron 
source having strength of about 109 n/s, a collimator assembly and a sensitive neutron imaging 
system. We have successfully imaged 15 mm holes in HDPE block masked with thick lead (50-120 
mm) and the study of the effect of varying thickness of lead on image quality of 15 mm hole in HDPE 
block was performed. 
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