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Abstract 

Digital thermal neutron imaging (radiography and tomography) is a powerful 
non-destructive analytical tool and h as demonstrated its importance in 
industrial and research application world-wide.  However, standards throu gh 
test samples, methods and procedures, which are essential when t he 
technique is to be ap plied in the nati onal and i nternational industrial and 
research environment, do not exist yet. 

This contribution provides proposed w ork intended at contri buting towards 
the establishment of national  and international standards for di gital thermal 
neutron imaging. This entails a con tribution towards the establ ishment, 
evaluation, validation and i mprovement of quanti tative measurements and 
practice utilizing digital thermal neutron radiography. 

1. Introduction  

Digital thermal neutron imaging consists of radi ography (2-D imagi ng) and 
tomography (3-D i maging). Radiography is the detecti on of transmi tted 
intensity of neutrons through a specimen using a position sensitive detection 
system, which results in 2-D images called radiographs. Tomography is the 
reconstruction of a 3-D vi rtual image from many radi ographs (2-D –  
projections) obtained by rotating the object through many discrete angles (0 
<   180o, in the case of paral lel beam geometry and 0 <   200o, in the 
case of cone beam geometry).  

Standardization is essential in science and technology in that it establishes 
and enforces precision and accuracy in measurements, consequently creating 
a basis for research, i ndustrial and commercial measurements [1].  
Standardization evaluates the performance of the measuri ng instrument and 
establishes procedures for precise and accurate measurements and results. 
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Characterization of radiography facilities is essential in order to determine the 
capabilities of facilities.  This provides the basis for the estimation of the 
performance level of facilities but cannot be best co nducted unless there are 
international standards as a reference frame.  

The standardization effort for di gital thermal neutron i maging seeks to 
establish such i nternational standards to create a  basis for esti mation of 
facility performance, and subsequ ently attract non-destructi ve industrial 
application of thermal neutron imaging.  

Firstly, characterization of the hardware faci lities is essential in order t o 
determine their capabilities in terms of beam properties, detection properties 
and subsequent combinations of the two such as spatial and temporal  
resolution, acquisition period, L/D, S/N ratio, etc.  T his can be achieved 
through the implementation of test sampl es and test methods whi ch entails 
the efforts t owards achieving the correct test s pecimens, procedures an d 
practices.  

Secondly, obtaining accurate quanti tative information from di gital thermal 
neutron images is an important development of this decade, and 
establishment and finalization of standardization in this regard is essential. A 
properly validated methodology to st andardize quantitative digital thermal 
neutron imaging is of importance in a number of current research fi elds of 
global interest which includes in-situ investigations of fuel cell dynamics as 
well as quantification in porous media.   

Since neutron imaging is attributed to neutron radiography, tomography and 
dynamic imaging which some can be practiced in isolation or in combination; 
the effort to establish standards should be focused on these three attributes. 
This work gives the over view of the work requi red for standa rdization in 
these regards, and then focuses mainly on standardization for achievement of 
accurate and precise quantitative measurements through digital thermal 
neutron radiography. 

2. General standardization in digital thermal neutron imaging  

2.1 Thermal neutron radiography 

2.1.1 Facility parameters 

2.1.1.1 Neutron beam quality in terms of intensity profile, energy profile and 
beam geometry.  

Theoretical calculations with regard to beam quality will be conducted 
considering core fl ux, beam port l ocation, moderator position, collimation 
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system, inclusion or excl usion of a neutron peri scope, neutron gui de 
configuration and a neutron polarizer.  Experimental investigation will be in 
terms of L/D cal culations, TOF measurem ent for energy prof ile, gold foil 
activation for flux measurement, and measure of gamma rays intensity at the 
object plane originating from the core and collimation system. 

2.1.1.2 Detection system properties in terms of spatial and temporal 
resolution. 

Suggestion of round ro bin samples for exposu re to determine detector 
response estimation in terms of spati al and temporal  resolution, signal-to-
noise ratio, and accuracy of quanti tative measurement of mat erials of h igh 
cross-section.  

2.1.1.3 Neutron source-detection system combination 

Optimisation of facili ty with regard to perpen dicular orientation of the  
detector relative to beam direction. The orientation of the detector relative to 
the beam axis affects the detec tor’s efficiency. Determination of dependence 
of optimised operation of the faci lity based on scintillator screen’s properties 
as a function of neutron energy.  

2.1.2 Secondary contri bution due to i nteraction effect of neutrons wi th air 
and sample under investigation. 

The effect of beam gui de and fl ight tube to  flux, energy a nd geometric 
profiles. The scattering effects of neutrons, beam hardening, and neutron and 
gamma background to quanti tative measurements and qual ity of 
radiographs. Suitable sample-detector distances will be de termined for 
meaningful quantitative measurements. 

2.1.3 Phantom samples and sample positioning relative to facility geometrical 
setup. 

Sample will be chosen s o as to i nvestigate the e ffect of the shape,  cross-
section, thickness and parallel positioning of sample with reference to 
detector to resulting radiographs.  

2.1.4 Image acquisition, processing and visualization software packages. 

Theoretical and practi cal testing of en abling software package s in terms o f 
mathematical models and el ementary computation models used.  
Subsequently, tested software packages will be certified. 

2.2 Thermal neutron tomography 
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2.2.1 Facility setup 

2.2.1.1 Rotating sample stage and sample placing.  

Considerations will be given to the pr ecision of the upright placement of the 
sample, step angles, achieving finely resolved step angles and determining 
the tomogram spatial quality with the number a nd magnitude of the st ep 
angles. 

2.2.1.2 Sample-detector distance effect on sharpness and quantitative 
meaningfulness of the tomogram. 

Sample-detector distance affects the reconstruction of sharp and meaningful 
tomogram of neutron projections. The determination of sample-detector 
distances suitable for parallel or cone beam reconstructions is crucial. The 
determination of a threshold sample-detector distance for meaningfully 
reconstructed data is also important. 

2.2.2 Procedure for proje ction acquisition and pro cessing of projecti ons to 
tomograms 

The effect of dark-current,  open-beam, environmental scattering images, 
beam hardening, multiple scattering and r econstruction procedure 
combinations on sharpness and quantitative meaningfulness of th e 
tomogram. Suggested round robin samples will be used to define special 
resolution in tomograms. Use of samples of high cross-section and low cross-
section constituency (a type of round robi n samples) for est ablishment of 
reasons for brightening effect on tomograms and modelling of correction 
measure. Samples of different shapes and homogeneous composition will be 
applied for evaluation of beam hardening effect which varies the effective 
cross-section of a mater ial as a  function of material thickness and energy  
profile. 

2.2.3 Image format, and image saving and archiving capacity. 

Assessment of i mage format and thei r effectiveness to hi gh quality 
tomograms, reliability and memory space efficiency. 

2.2.4 Tomogram reconstruction and visualisation software packages. 

Theoretical and practi cal testing of en abling software package s in terms o f 
mathematical models and el ementary computation models used. 
Subsequently, tested software packages will be certified.  

2.2.5 Artefacts definition and correction. 
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Theoretical and practical investigations of artefacts on suggested round robin 
samples for streaks, beam hardening, brightening and circular artefacts; and 
for eliminating the background noise at reconstruction stage to avoid overlap 
of material peak by noi se in transparent sampl es. The determi nation and 
definition of known and unknown artefacts and reasons for their appearanc e 
will be conducted. Subsequently correction measures shall be suggested. 

2.3 Neutron dynamic imaging. Facility setup. Temporal and spatial 
resolution. 

Considerations will be gi ven to defini tion of thr eshold of good tem poral 
resolution delivered by the combination of high beam flux, efficient detection 
system, fast readout and fast savi ng computer system. Det ector efficiency 
will be in terms of conversion of radiation to photon image and readout time. 
Parameters to consider are detector triggering, delay signals, detector 
response, readout time, file saving and high flux. 

3. Standardization in quantitative digital thermal neutron 
radiography 

Digital neutron radi ographs contain inherent density information relating to 
the radiation attenuation by the objec t. It therefore offers the possi bility of 
quantitative investigation of the amount and di stribution of a parti cular 
embedded material and particular physical properties related to i t as a 
function of position in the object t hrough radiography and tomograph y 
application. Accurate an d precise quantitative measurements are onl y 
possible when appro priate corrections for beam  energy spectrum, neutron 
attenuation and neutron scattering are made. 

 

Fig. 1. Demonstration of the pattern of the PSF of a point source.  

The latter includes scattering from the test obj ect as wel l as from the 
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surrounding environment. In addition the detector response properties need 
to be properly accounted for.  Efforts have been made towards establishing 
and implementation of these corrections by a number of resear chers [2, 3,  
4]. However, the qual ity of the poi nt-scatter functions (PSF) used i n the 
correction of materi al scatter and i llustrated in Figure 1, has not been  
examined and al ternatives such as appl ication of COG code (COG is not an  
acronym it is the name of the code, which means to think) which has been 
established for neutron imaging of complex geometries of material, have not 
been explored either. 

COG code r esults have been  used as benchmark used to  evaluate the 
performance of transport code usi ng more approx imate physics models [5]. 
Examination for beam hardeni ng effects, wi th the ai m of appropriate 
correction protocols applicable to quanti tative imaging, have n ot yet been 
fully explored. As a  result, corrected image data has not lead to successful  
accurate quantification of material and si ze information in samples of 
complex geometry (where 3-D image reconstruction is the only proper  wa y 
to visualize and display quantitative information) at resolution and size scale 
of practical interest. This study seeks to fundamentall y, through empirical as 
well as theoretical investigation, explore improvement of correcti on 
techniques that will allow for accurate quanti tative measurements wi thout 
limitations to relatively thin thicknesses. The aim is that the outcomes of this 
study should provide a rational scientific basis for validation of the accuracy  
and reproducibility of quantitative neutron imaging. 

 

Fig. 2. Demonstration of multiple scattering of neutrons. 

The MCNP method can be used for a given complex sample to trace th e 
passage of neutrons al ong straight paths, or more convol uted trajectories, 
which reach the detector/scintillator and contribute to the image. It has been 
shown that a PSF calculation result of sample scatter, using MCNPX, can give 
a good estimation of the sampl e scatter component that can be subtract ed 
from the transmission image, for the purpose of quantitative measurements 
[2] [3]. However, this correction does not consider differences of path length 
of the collided and uncollided beam within the sample as it assumes the same 
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attenuation for both  (Figure 2). Bea m hardening correction is also a key  
factor in accurate quantitative measurements because i t affects the 
preferential attenuation of the lower energy component of the neutron beam  
spectrum in thicker regions of the sampl e, thus shi fting the attenuati on 
coefficient towards the higher energy component [4]. 

Correction for beam hardeni ng effects i n neutron radiographs is very 
important as it is also incorporated in the reconstruction software for realistic 
size and shape determination. The weakness i n the correction for this effect 
is that correction for the entire sample data is based on visualization of a 
single reconstructed slice in 3-D applications [6]. 

3.1 Methodology 

The current approach, to conduct accurate qu antitative digital thermal 
neutron imaging investigations, is been only based upon independent beam 
hardening and sample scatter estimation in the 2-D domai n but not yet for 
the 3-D domai n [4]. T he latest published study for correcti ons towards 
accurate quantitative measurements in digital thermal neutron imaging 
considers a PSF calculation of the form: 
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where SA is the  a pproximated scattering intensity, dA the approxi mated 
distance (not geometric) between the scattering point and the detector and r 
the radius of the scattering pattern of each point source. 

The beam h ardening effect i s taken i nto account by defi ning an effecti ve 
attenuation coefficient that takes all energy contributions into account. This is 
because the beam will evolve as it interacts with sample material. 

The dependence of the  effective attenuation coefficient on energy an d 
detector sensitivity is given by: 
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where 0  is the beam spectrum,   the macroscopic cross s ection, t 
transmission and   the detector sensitivity. 

This study suggests an approach where the PSF (equation (1)) will contain an 
incorporated factor for beam hardening. This is motivated by the reason that 
the attenuation coefficient, which affects the scattering pattern and defining 
the PSF, is affected by th e beam hardening effect. However, the COG code,  
which traces each i nteraction every neutron makes wi th the sample, will be 
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used in an a ttempt to find a good approximation of the avera ge effective 
attenuation coefficient. This code al lows any arbi trary complex geometry to  
be modelled. COG has several variance-reduction techniques that permit fast, 
reliable answers to be obtained and t hus enables the accurate quanti tative 
investigation of objects t hickness with relatively more mean-free-paths than 
a PSF calculation can correct for [7].  The COG code has been a pplied before 
for thermal neutron scattering law data, so it should be able to handle beam 
hardening factor incorporation into sample scattering simulations [8]. After a 
systematic study of neutron scattering using COG, a semi-empirical 
correction for a simpler PSF calculation approach shall be attempted.  

3.2 Practical implications of accurate quantitative digital imaging 
A proper val idated methodology to standardize quantitative thermal neutron 
imaging is of importance in a number of current research fields of global 
interest. One such area of research i nvolves in-situ investigations of fuel cell 
dynamics to enabl e better physi cal explanation of phenomena wi thin. 
Thermal neutron imaging is particularly relevant to fuel cell research as 
neutrons have a high cross section for hydrogen and water, thereby al lowing 
good contrast imaging of the distribution of these materials in the cell.  
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