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Abstract  

Digital thermal neutron imaging (radiography and tomography) is a powerful non-destructive analytical tool and has 

demonstrated its importance in industrial and research application world-wide. The standardization process, to 

certify digital thermal neutron imaging as a standard practice in industry, entails standardized test phantoms to be 

evaluated. Through the evaluation of the phantoms the spatial resolution and contrast of a thermal neutron digital 

imaging system can be determined in a controlled and standardized manner by accepting good practice in terms of 

scanning, data processing, data visualization and evaluation. Standard test phantoms are objects with physical 

features designed to test facility capabilities to reveal these features without any ambiguity. The good practice 

enables the acceptable assessment of different international digital thermal neutron imaging facilities for spatial 

resolution and contrast abilities. The purpose of this contribution is to establish good practice for the experimental 

setup, acquiring of 2-D digital projections, the reconstruction process, the visualization and evaluation of the 3-D 

digital images of standard test phantoms for spatial resolution and contrast. Results obtained from applying this 

suggested good practice on contrast standard test phantom will be discussed.  

 Keywords: standard test phantoms, international digital thermal neutron imaging, good practice, spatial resolution, 

contrast.  

 

1. Introduction  

 
Standardization is essential in science and technology in that it establishes and enforces precision and 
accuracy in measurements, as well as to create a basis for industrial and commercial measurements 

[1]. Standards generally consisting of test samples and procedures are essential when the analytical 

technique is to be applied in national and international, industrial and research environments. 
Standards for digital thermal neutron imaging (radiography and tomography) do not exist yet. Spatial 

resolution and contrast characteristics form a principal part of the image quality which determines the 
capability of the thermal digital imaging facility to investigate physical features of certain size and of 

material compositions. 
 

Digital thermal neutron imaging is a powerful non-destructive analytical tool and has demonstrated 
its importance in industrial and research application world-wide [2]. As part of the standardization 

process, test phantoms for spatial resolution and contrast are under development, and good practice 
in terms of scanning, data processing, data visualization and evaluation is required. Standard test 
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phantoms are objects with physical features designed to test facility capabilities to reveal these 

features without any ambiguity. The good practice enables the acceptable assessment of different 
international digital thermal neutron imaging facilities to obtain facility characteristics about spatial 

resolution and contrast abilities.  
 

Standardization evaluates the performance of the measuring instrument and establishes procedures 
for precise and accurate measurements and results. Characterization of radiography facilities is 

essential to provide the basis for the estimation of the performance level of facilities but cannot be 
best conducted unless there are international standards as a reference frame. Characterization of the 

hardware facilities is essential in order to determine their capabilities in terms of beam properties, 
detection properties and subsequent combinations of the two such as spatial and temporal resolution, 

acquisition period, beam collimation (L/D) ratio, Signal-to-Noise (S/N) ratio, etc.  This can be 

achieved through the implementation of test samples and test methods (standardized practice) which 
entails the efforts towards achieving the correct test specimens, procedures and practices.  

  
This paper provides the standardized analytical procedure for projection acquisition, post processing 

of thermal neutron projections to images in three dimensional space (tomogram and slices in X-, Y-, 
and Z planes), and the standardized analytical procedure for extraction and analysis of numerical data 

from post processed images. This procedure is discussed in the context of spatial resolution and 
contrast. Two test samples, the Neutron Tomography Contrast (NTC) and Neutron Tomography 

Spatial Resolution (NTRS) are defined and introduced for adoption as standards. 

 

2 Standard samples  

 

Schematic diagrams of standard samples adopted for contrast and spatial resolution assessment are 
shown in Figure 1. 

Figure 1. (a) Design of the NTC standard created by KAERI. (b) Side view of the NTRS 

standard design created by PSI. 
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2.1 NTC (Neutron Tomography Contrast) Standard  

The design of the NTC standard sample by the Korean Atomic Energy Research Institute (KAERI) is 
shown in Figure 1(a).  This NTC sample consists of 6mm diameter cylinders of Al, Cu, PE, Ni, Pb 

and Ni embedded in an Al cylinder of 30mm in diameter. 
 

 

2.2 NTSR (Neutron Tomography Spatial Resolution) Standard  
A set of samples designed and manufactured by NEUTRA group located at the Paul Scherer Institute 

(PSI) in Switzerland. Each sample is made of two solid blocks of dimensions 10mm x 20mm x 
40mm fixed together by a set of screws, one at the bottom and one at the top. Samples are of 

materials based on matrices of Al, Fe, PE and Cu. The space between the two blocks will be 
maintained by foils of different thickness placed between them. These foils act as spacers. The 

dimensions of the foils are 2cm x 2cm x (thickness: range: 0.05mm to 0.5mm) and materials Al, Fe, 

PE and Cu. The side view of the general design of the phantoms is shown in Figure 1(b). 
 

3 Procedure  

 
3.1  Scanning parameters for NTC and NTSR standards 

Scanning protocol for thermal neutron facilities is divided into flexible and fixed components. This is 
due to that not all parameters can be fixed as these facilities are constantly under development and 

hence unique - allowing freedom of customizing for best performance.  
 

Flexible parameters: 
 Utilization of:  

- A thermal neutron beam. 
- The highest available L/D ratio.  

- Smallest Field-of-View (FOV) on the scintillator screen for the standard to fit e.g. 5cm x 

5cm. 
- Detector with highest number of pixels array which will be used for nondestructive testing of 

the component: e.g. 2048 x 2048 pixels. 
- Thinnest  6LiF/ZnS scintillator for optimum spatial resolution performance and a 6LiF/ZnS 

scintillator with high neutron efficiency for optimum contrast. 
 

Fixed parameters: 
- Number of projections: pi × #pixels in 360 degrees, according to Nyquist-Shannon sampling 

theorem [3]. #pixels are defined by the number of pixels that constitutes the widest horizontal 
dimension of the object to be imaged. 

- Dynamic range:  70% or more of valid capacity (results in acquisition time and neutron flux).  

- Sample-detector distance:  2cm from edge of sample to detector. 
- Number of “Dark Current” (dc) radiographs: 15 

- Number of Open beam (fl) radiographs: 15 
- Sample position is recommended to be in centre of beam and rotation stage. 

 
3.2  Reconstruction parameters  

 
The spatial resolution- and contrast needs for the reconstruction protocol for both the NTC and NTSR 

standards are different and are treated separately.  This procedure describes application of the 

software package “Octopus” for reconstruction of cross-sectional slices from projections [4]. 



3.2.1 NTC STANDARD 

3.2.1.1 Reconstruction of cross-sectional slices from projections. 

 

Image processing module 

- Enable automatic mode of spot filtering by inserting a -1 input. 

- Normalize for beam fluctuation by selecting an AOI which is more 10 pixels thick and more 

than 100 pixels long in the open beam area – not to overlap with the sample.  
- Enable automatic mode of ring filtering by inserting a -1 value input. 

- Check box to create sinograms. 
 

Reconstruction module 

Scan geometry parameters 

- Choose last angle to be 3600. 

- Insert pixel size input: Pixel size
pixels of No.

(mm)ion FOV_dimens
. 

- Right click on the rotation axis input space and click on “evaluate” under evaluation of 

parameters. Octopus will provide good results and select the best rotation axis automatically.  
Confirm if the chosen value gives the best image and select it, then click OK. 

Quality parameters 
- First choose the regular Fourier Filter and increase numerical input in the Noise Filter 

Percentage slot until the visualized noise, which mimics the shape of the sample (Figure 2) 

around the sample‟s cross-sectional image, is minimum or disappears. Fourier frequency 
filtering is used to get rid of statistical noise which is tricky to remove from the digital image 

data. This process requires transforming the intensity domain to frequency domain. The trick 
is to make and observe signal of the same frequency as the random noise incorporated in the 

image disappear to know that the noise is removed from the image signal.   

Figure 2. Demonstration of the visual effect of the Fourier filter on image noise. (a) Before and (b) after Fourier 

filtering. 

 

(b) (a) 

Red line indicates the radius of the 

noise around the NTC phantom. 



- Choose the “linear interpolation” option under quality drop down window. This is to 

smoothen the image using the 2x2 neighboring pixel matrix. 
- Uncheck the “Apply Scaling Factor” box to maintain sinograms scale from projections 

processing. 
- Check the “Apply Logarithm” box to have the output numerical data on reconstructed 

image as integrated attenuation coefficient instead of transmission values.  
- Choose no beam hardening correction under BHC method. 

- Uncheck the “Vertical Smoothing” box. 
Output parameters. 

- Choose after reconstruction option under scaling mode. The output type should be 16bit, 
minimum gray value= 0 and maximum gray value= the largest value in the image (just drag 

the upper limit line to the end). 

- Crop the reconstructed data as desired as long as the entire NTC standard image is complete. 
  

3.2.2 NTRS STANDARD  
 

3.2.2.1 Reconstruction of cross-sectional slices from projections. 
 

Image processing module 

- Enable NO filtering. 

- Normalize for beam fluctuation by selecting an AOI which is more 10 pixels thick and more 

than 100 pixels long. Octopus recommends a 10 pixels thick AOI. 
- Enable automatic mode of ring filtering by inserting a -1 value input. 

- Create sinograms. 
 

Reconstruction module 

Scan geometry parameters 

- Choose last angle to be 3600. 

- Insert pixel size input: Pixel size
pixels of No.

ionFOV_dimens
. 

- Right click on the rotation axis input space and click on evaluate under evaluation of 

parameters. Octopus will provide good results and select the best automatically.  Confirm if 
the chosen value gives the best image and select it, then click OK. 

Quality parameters 
- First choose the regular Fourier filter and keep the percentage at zero for a spatially sharp 

image.  
- Choose the “linear interpolation” option under quality drop down window. This is to 

smoothen the image using the 2x2 neighboring pixel arrays. 

- Uncheck the “Apply Scaling Factor” box to maintain sinograms scale from image 
processing. 

- Check the “Apply Logarithm” box to have the output numerical data on reconstructed 
image as integrated attenuation coefficient instead of transmission values.  

- Choose no beam hardening correction under BHC method. 
- Uncheck the “Vertical Smoothing” box. 

Output parameters 
- Choose after reconstruction option under scaling mode. The output type should be 16bit, 

minimum gray value= 0 and maximum gray value= the largest value in the image (just drag 
the upper limit line to the end). 



- Crop the reconstructed data as desired as long as the entire NTRS standard image is 

complete. 
3.3 Analytical procedure for data visualization and analysis 

 
The spatial resolution and contrast needs for data visualization and analysis protocols for both the 

NTC and NTSR standards are different and are treated separately. VGStudio software package was 
used for visualization of 3-D images and IMAGEJ software package for visualization of 2-D slices in 

X-, Y- and Z planes as well as for extraction of numerical data from the slices [5] [6]. 

3.3.1  NTC STANDARD 

- VGStudioMAX procedure [5]: 

o Import the reconstructed slices into VGStudio. 
o Create frontal slices of the NTC standard. 

- IMAGEJ software [6]: 

o Import the frontal slices into ImageJ (OPEN SOURCE SOFTWARE). 
o Scroll through the slices and identify slices which present full diameter of each 

material cylinder. 
o Place a thick rectangular Region-of-Interest (ROI) from top to bottom of each 

material cylinder as shown in Figure 3. 

Figure 3. Demonstration of the placing of the thick ROI (dotted line) on a frontal slice for attenuation information of 

Fe embedded in the NTC phantom. 

 
- Click Analyze, Tools, ROI manage and “Add” in order to fix the dimensions and position of 

the thick rectangular ROI. Click on the next image and double click on the label of the ROI 
to recall it to that image.  

- Click Analyze, Plot Profile and/or Histogram to obtain the integrated attenuation values from 
top to bottom of each material cylinder and/or mean and standard deviation. Superimpose all 

plots and observe contrast discrimination abilities. 

 
3.3.2 NTRS STANDARD  

- VGStudioMAX procedure: 
o Import the reconstructed slices into VGStudio. 

o If the sheet of certain thickness can be visualized in x, y, z planes then the facility can 
spatially resolve for this thickness of material. 



 

4. Results 
 

4.1 NTC standard 
The procedure has been tested on the NTC sample from KAERI using the SANRAD thermal neutron 

facility at Necsa [7]. Figures 4&5 show the effects of Fourier frequency filtering and Sampling on 
contrast resolution in thermal neutron tomography.  Figure 4 presents the Relative attenuation 

coefficients from a thermal neutron tomogram of the NTC standard obtained through a procedure in 
section 3 with two deviations namely a scanning protocol with 180 projections in 1800 and without 

Fourier filtering.  

   Figure 4. Relative attenuation coefficients from a thermal neutron tomogram of the NTC standard without Fourier 

filtering and 180 projections in 1800. Peaks from left to right: background noise and Pb, Cu, Fe, Ni and PE. 

 

Figure 5. Demonstration of the effect of the Fourier filter and effect of Sampling of the object during scanning. 
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The results in Figure 5 are obtained by applying the procedure in section 3.2.1.1. Figure 5(a) presents 

the effect of Fourier frequency filtering on resolution of Cu and Fe peaks from the scan of Figure 4. 
The NTC standard was then scanned to satisfy the Nyquist-Shannon sampling theorem in 1800 and 

the results of that scanning protocol without Fourier frequency filtering is the resolution of Cu and Fe 
peaks, as well as the Pb peak from the Al and noise peaks (Figure 5(b)). Shown is Figure 5(c) is the 

effect both the Nyquist-Shannon sampling theorem in 1800 and the Fourier frequency filtering. The 
standard was then scanned to satisfying the Nyquist-Shannon sampling theorem in 3600 and Fourier 

frequency filtering was applied (Figure 5(d)). The results of Figure 5(a)&(b) show better resolution 
of the Pb peak from the Al and noise peaks.  

 
Digital image data can be presented as numerical values by applying the procedure in section 3.3.1. It 

is shown in Figure 6(a) that the attenuation coefficient for Pb could not be obtained before satisfying 

the Nyquist-Shannon sampling theorem, even with Fourier frequency filtering, as it overlaps the Al 
and noise peaks. After satisfying the Nyquist-Shannon sampling theorem and applying Fourier 

frequency filtering, the attenuation coefficient for Pb could be obtained (Figure 6(b)). When 
comparative studies for international facilities are conducted, percentage difference ratios will be 

used. 
 

   
Figure  6. Demonstration of the plots of 5 materials (PE, Ni, Fe, Cu & Pb) of equal cylinder size embedded in 

Aluminium. (a) without, (b) satisfying Nyquist-Shannon sampling theorem and Fourier frequency filtering.  

 

 

 

5. Conclusions 
  
This procedure is a suggestion of good practice towards establishment of standardization with regard 
to facility characterization, specifically for spatial resolution and contrast.  The procedure has been 

applied in the contrast standard phantom designed at KAERI and demonstrates ability to provide 
optimized results. It also provides preliminary results that are unambiguous. A mathematically sound 

approach in using the Fourier filtering is still under development; the current approach gives 
satisfactory results but is subject to human error. The procedure is at the development and assessment 

stage with institutes such as Necsa, PSI and KAERI actively involved through an IAEA collaborative 

research programme.  
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