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Abstract 
 
Neutron radiography has long been used in various scientific investigations and industrial applications that require 
thermal neutrons for characterization. Different kinds of sources such as radioactive sources, portable and 
accelerator based neutron generators and nuclear reactors can be used to provide thermal beam of neutrons suited for 
neutron radiography. Among the different varieties of neutron sources, reactors offer the largest steady state thermal 
neutron flux. In this paper, we present design and development of a state-of-art neutron imaging beamline at Dhruva 
reactor for advanced neutron imaging applications such as tomography and phase contrast imaging. This beam line 
has been developed on a core facing port HS-3018 (diameter about 380 mm) of the reactor with a specially designed 
collimator to maximize neutron to gamma ratio. The maximum beam size of neutrons has been restricted to ~ 140 
mm diameter at the sample position. The collimator has been designed in such a way that radiography, tomography 
or phase contrast imaging studies can be performed on the same beamline. The shielding hutch and motorized 
shielding door of the beamline have been designed using modular and easy to assemble blocks of borated polythene 
and lead. A cadmium ratio of ~ 250 with L/D ratio of 160 and thermal neutron flux of ~ 4x107 n/cm2/s at the sample 
position has been measured. In this work, different aspects of the beamline design such as collimator, shielding, 
sample manipulator, digital imaging system are described. Results of some preliminary nondestructive radiography 
experiments on fuel pins, zirconium hydride blisters, locomotive parts etc. are also presented. 
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1. Introduction 

 

Neutron  radiography is  a  powerful  tool  for  non-destructive  evaluation  of  materials  
and  finds  numerous  applications  in  industry  and  in  material  research  as  well.  It produces 
a two-dimensional (2D) attenuation map of neutrons that have penetrated an object being 
examined, similar to the X-ray radiography[1,2,3]. However, both X-ray and neutron imaging 
are often complementary techniques, especially when low-energy neutrons (thermal neutrons) 
are used. X-rays interact with orbital electrons and are strongly tied to the physical density of the 
examined object. Neutrons interact with an object‘s nucleus rather than its orbital electrons, so 
there is usually no tie to the object‘s electron density, but rather its elemental composition. 
Because the technique is based on attenuation from a well-collimated beam, either scattering or 
absorption will result in intensity variations to create an image (Low-Z materials such as 
hydrogen are easily imaged due to scattering, while boron and cadmium are readily imaged due 
to their strong absorption). This makes  it  possible  to  produce  images  of  components  
containing  light  elements,  like  hydrogen  beneath  a  matrix  of  metallic  elements,  (lead  or  
iron),  which  cannot  be  easily  done  with  conventional  X  ray  radiography. Fig.1 shows the 
complementary nature of X-rays and neutrons. X-rays are good for distinguishing high Z 
materials whereas (thermal) neutrons show higher attenuation in low Z materials.  Exploiting  
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this  property,  neutron  radiography  has  been  used  in  applications  requiring  the  
identification of low Z materials inside solid metallic samples.  

 

 

 

 

 

 

 

 

Fig.1. Attenuation coefficient as a function of Atomic number for X-ray and neutron 

Although traditional  transmission  radiography  still  plays  an  important  role,  
development of more  sophisticated  techniques  like  tomography, phase contrast radiography 
and tomography [4,5],  real-time  analysis  of  systems  including  fluid  flow  and/or moving 
components, energy  selective  inspection  have widened the scope of neutron imaging. Strong 
neutron sources like research reactors and accelerator-based spallation neutron sources can 
provide intense neutron beams, required for efficient and practical neutron imaging. Such beams  
have  been  successfully  used  for  neutron  radiography  during  the  last  two  decades  and 
neutron  radiography  has  found  its  greatest  applications  in  the  examination  of  nuclear  
fuels,  engine turbines blades, and material characterization. Recently, neutron imaging has been 
used in new branches: fuel cell research, archaeological artefacts, geo-science, etc.  

In this paper we describe a state of art neutron imaging beamline developed at Dhruva reactor for 
advanced imaging applications such as neuron radiography, tomography and phase contrast 
imaging. This beamline incorporates an advanced collimator inserted in the beam port of the 
reactor. The collimator is a beam forming assembly which determines the geometric properties 
of the beam and may also contain filters to modify the energy spectrum of the beam or to reduce 
the content in gamma rays of the beam. The image resolution achievable with the beam depends 
much on the collimator geometry and is expressed by the L/D ratio, where L is the collimator 
length and D is the diameter of the inlet aperture of the collimator on the side facing the source. 
Higher the L/D ratio gives high image resolution at the cost of output beam flux, which varies 
inversely as (L/D)2. Hence, the collimation ratio L/D is decided by a trade-off between resolution 
and neutron flux.  

2. Neutron Imaging Beamline 

Fig2 shows the schematic of neutron imaging beamline. It includes collimator, shielded 
experimental hutch, shielded hutch door, detector and control system. Following sub-sections 
describes the different parts of the beamline. 
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2.1 Collimator 

The schematic design of the collimator is shown in Fig.3. The collimator has been designed 
using reactor grade aluminum cone shaped housing with filled mixture of sand-B4C powder, lead 
rings, boral rings for absorbing scattered neutrons and gamma radiation. It also consists of a 
sapphire crystal in combination with a bismuth crystal placed at the input of the collimator for 
filtering high energy neutrons and gamma radiation respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. Schematic Setup of the Neutron Imaging Bemaline at Dhruva 
 

 

 

 

 

 

 

 

Fig.3. Collimator Assembly Design 
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Beam size at the sample location (approximately 1100mm downstream) is approximately 
140mm. This collimator has been designed in such a way that radiography, tomography or phase 
contrast imaging studies can be performed on the same beamline. 

 

2.2 Experimental Hutch 

Experimental hutch (Fig.4.) consists of shielded walls, motorized shielded door and shielded 
roof. This hutch has been designed using modular and easy to assemble blocks of borated 
polythene and lead. Heavy metal structures have been used to erect the shielding around the port. 
The motion of the motorized shielded door has been designed using linear motion guides with a 
capacity to drive approximately 12 tonnes of load.  

 
2.3 Digital imaging detector System and beam characterization 

 
 The digital imaging detector system used for experiments consists of a scintillator, a front 
coated mirror and a high resolution CCD camera kept inside a light tight box. The CCD camera 
of the detector is kept away from the beam axis at 90 degrees to avoid direct radiation exposure. 
Suitable shielding made of cadmium and lead has been used to protect the CCD camera. The 
detector is computer controlled kept outside the hutch.  The sample manipulator is kept in front 
of the imaging system for mounting the samples. For radiography the sample are directly 
imaged. For tomography the samples are rotated in steps upto 360o and the radiographic 
projection images data is recorded to reconstruct the distribution of materials in the sample. Fig.5 
shows schematic of an experiment setup used for neutron radiography and tomography.   
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Fig.4. Experimental hutch of the beamline 

 
The L/D ratio and the beam size at the sample position (at 1100mm from the collimator output) 
was found to be ~ 160 and  ~140mm respectively. Cadmium ratio was measured to be ~250. 
High cadmium ratio indicates a pre-dominantly thermal beam with low contribution of higher 
energy neutrons. Foils activation analysis was carried out to find the thermal neutron flux. At the 
collimator exit the thermal neutron flux was found to be 4x107n/cm2/s.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. Schematic of Neutron Tomography set-up 

 
3. Non-destructive imaging using thermal beam  

The imaging beamline was used to image various samples such as hydride blisters in 
zircalloy, fuel pins, locomotive parts etc. Fig. 6a shows the neutron radiograph of the hydride 
blisters. Similarly, Fig.6b shows the reconstructed volume of the blister using neutron 
tomography. This study was performed to look for the volumetric concentration of the blisters.  

 

  

 

 

 

Fig.6 (a) Radiograph of zircollay containing hydride blister (b) Reconstructed volume of blister using neutron tomography  

 

(a) (b) 
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Fig.7 shows the neutron radiography image of PHWR fuel pin where the individual fuel pellets 
can be easily seen. Similar studies were performed for samples like locomotive parts, turbine 
blades etc. 

 

 

 

 

 

 

 

4. Conclusion 

A neutron imaging beamline has been designed and commissioned at Dhruva research 
reactor, India. The beamline has been designed using an advanced collimator with both 
neutron and gamma filtering so as to achieve a high cadmium ratio of ~250 and collimation 
ratio of ~160. The measured neutron flux of this beamline at the sample position is 
4x107n/cm2/s. The modular shielding of the beamline has been designed using borated 
polythene and lead blocks. Non-destructive imaging studies of some samples such as 
hydride blisters in ziralloy, PHWR fuel pin has been carried out on this beamline. 
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Fig.7 Neutron radiograph of PHWR fuel pin  


