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Abstract

:

Resolution measurements were made using 14.1 MeV neutrons from a high-yield, portable DT neutron generator and a neutron camera based on a scintillation screen viewed by a digital camera. Resolution measurements were made using a custom-built, plastic, USAF-1951 resolution chart, of dimensions 125 × 98 × 25.4 mm3, and by calculating the modulation transfer function from the edge-spread function from edges of plastic and steel objects. A portable neutron generator with a yield of 3 × 109 n/s (DT) and a spot size of 1.5 mm was used to irradiate the object with neutrons for 10 min. The neutron camera, based on a 6LiF/ZnS:Cu-doped polypropylene scintillation screen and digital camera was placed at a distance of 140 cm, and produced an image with a spatial resolution of 0.35 cycles per millimeter.
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1. Introduction


Kallmann and Kuhn [1,2] are credited with taking the first neutron radiographs shortly after the discovery of the neutron by Chadwick in 1932. They used a low-yield neutron generator with a yield of 4 × 107 n/s and exposure times of 4 to 5 h [3]. Higher-quality neutron radiography images were then produced by Thewlis [4] using reactors and also by Peters [5] using a higher-yield neutron generator than that used by Kallmann, which yielded images of reasonable quality in 1–3 min [3]. High-yield portable neutron generators offer the promise of being able to take a useful neutron radiography system to the object to be imaged rather than vice versa, potentially enabling use of this technique for non-destructive inspection applications. This early neutron imaging work focused on thermal neutrons, which were either produced by a reactor, or were produced by moderating the neutrons from a neutron generator. Fast neutron radiography (FNR), directly using the 14.1 MeV neutrons arising from the deuterium–tritium (DT) reaction, has been reported using lower-yield portable neutron generators by Andersson [6], and high-yield neutron generators that are not portable, by Wu [7,8]. With incremental improvement in DT set up reported by Bishnoi [9] and Kam [10]. It should be noted that FNR using fast, 2.45 MeV, neutrons arising from the deuterium–tritium (DD) reaction has previously been reported using neutron generators [11,12,13]. However, the DD fusion reaction rate is approximately 1% that of the DT reaction rate [14]. Consequently, more power is required to achieve a given neutron yield, so this technology is not suited to truly portable radiography applications. An ideal source for radiography would be a high-yield, small-spot-size source with a small enough footprint to be transportable. To date, some have said that neutron radiography remains constrained by the lack of availability of high-intensity portable neutron sources [15], without which the object to be imaged must be taken to a reactor or fixed neutron generator source, which is impractical for some applications such as building inspection.



The radiographic contrasts obtained by 14.1 MeV FNR are similar to those obtained with high-energy X-ray and gamma-ray radiography and in general are smaller than those achieved with thermal neutron radiography. However, unlike with X-ray and gamma-ray radiography, the broader contrast latitude allows low-atomic-number materials to simultaneously be observed with heavier metals [16].



Imaging performance using a high-yield, small-spot-size, DT generator is presented. A 10 min exposure time resulted in an image with a resolution of 0.35 cycles per mm. A custom-fabricated plastic phantom imaging object was built to investigate the performance of a neutron imaging camera consisting of a scintillation screen viewed with a cooled digital camera charge-coupled device (CCD) array. The resolution was determined using a USAF-1951 resolution target [17] and also by calculating the modulation transfer function (MTF) by analyzing the edges of object images [18]. These calculations were performed for both steel and plastic. The advantage of the neutron-based technique over X-rays is the ability to image “low-Z” (such as hydrogenous) materials, hence the use of the plastic resolution phantom object.



The advent of portable neutron generators with both high yields, >109 n/s, and small neutron emission spot sizes, of 1–2 mm, could potentially enable wider adoption of this technique.




2. Materials and Methods


An imaging phantom object was fabricated from a stack of patterned Delrin® [Polyoxymethylene, (CH2O)n] sheets with a combined thickness of 25 mm. The sheets were fabricated using a Computer Numerically Controlled (CNC) milling machine patterned with a USAF-1951-compliant resolution chart consisting of different sized vertically and horizontally oriented groups of three bars of equal width and separation. The object also contained six bolt holes which aligned the sheets with respect to each other. The imaging phantom is shown in Figure 1.



The completed object measured 125 mm × 98 mm × 25 mm. The stacked-sheet approach was used because of the fine detail required in the pattern. An object with a feature size less than 1 mm and a depth of 25 mm would otherwise be difficult to fabricate from a single block of plastic since it would require a small-diameter tool (submillimeter diameter) to cut through the entire thickness of the object, likely causing the tool to break. The completed object is shown in Figure 2, which shows the overall thickness of the object.



The imaging phantom object was placed in direct contact with a “250 × 200 mm X-ray Neutron Tomography Camera” from the company Neutron Optics [17], almost flush with the scintillator (aside from the thickness of metal forming the camera’s light-tight box, and a thin sheet of lead used to screen X-rays). The camera consists of a cooled Sony ICX694ALG CCD (2752 × 2200 pixels = 6 Megapixel) that images a 250 mm × 200 mm scintillator using a high-resolution f/1.4 lens. The scintillator is viewed in reflection via a mirror. This configuration allows the camera electronics to be shielded from radiation because it is not in direct line of sight with the neutron source. A 2 mm thick polypropylene phosphor plate, doped with 6LiF/ZnS:Cu from RC Tritec Ltd., was used as a fast imaging scintillator. This phosphor emits 530 nm light in response to irradiation with fast (>0.8 MeV) neutrons [19].



The camera was oriented such that the neutron generator’s target was positioned at the scintillator’s zenith at a distance of 140 cm. A 3 mm thickness of lead was placed between the imaging phantom object flush against the camera. This thickness of lead was determined to be effective in screening out unwanted X-rays arising from the neutron generator’s 150 kV acceleration voltage. Lead bricks were placed around the neutron camera’s CCD array to reduce background signals arising from neutron-induced prompt gamma-ray emission from materials in the walls and the floor of the room. The neutron generator and camera were positioned in the center of an empty room, approximately 1 m from the floor. The room had a high roof and a low mass ceiling. Efforts were taken to minimize any mass close to the camera to avoid neutron scatter, and minimize gamma rays produced from neutron interactions with extraneous material in the laboratory. A 20 cm thickness of lithium carbonate was used to attempt to shield the detector from scattered, thermalized neutrons. A compact, portable, Adelphi Technology DT generator was used as a neutron source. The generator was operated with a yield of 3 × 109 n/s DT for 10 min. This yield is estimated from neutron measurements made using a Bonner ball neutron detector. This neutron generator had an emission spot size of 1.5 mm, as observed by measuring the burn pattern on an aluminum foil placed over the solid metal target, prior to loading the generator with tritium. The target was oriented at 45° to both the ion beam and imaging camera, so the projection of the target on the scintillator plane is circular. The expected angular divergence of the beam is consequently L/D = 1400 mm/1.5 mm ≈ 900, otherwise expressed as a divergence angle of Tan−1(1.5/1400) = 0.061°.



The USAF resolution chart was analyzed by rotating the image such that the bars were oriented parallel to the axes (i.e., ‘vertical’ lines in the image parallel to the y axis and ‘horizontal’ lines parallel to the x axis). The average value of the pixels at a given x position was then taken by taking the average value of the pixels in a ‘vertical’ strip. These results were then plotted and the observation of maxima and minima in the expected locations indicates that a given resolution, could be imaged.



Additionally, the modulation transfer function (MTF) was calculated by taking a one-dimensional Fourier transform of the line-spread function (LSF) [20]. The LSF is the derivative of the edge-spread function (ESF), which is the intensity as a function of position along a line perpendicular to the edge of the object. After first rotating the line edge to be parallel to the y axis, the x values were averaged across the portion of the image that straddles the edge to derive the LSF. This was smoothed by taking the average of the surrounding pixels over a 2 mm region either side of each point. This was found to be sufficient to allow a useful derivative to be calculated. The resolution of the imaging system is conservatively defined as the reciprocal of the spatial frequency where the modulation transfer function (MTF) falls to 0.15 [21]. The resolution could, alternatively, be reported as the reciprocal of this quantity. These MTF measurements were taken at different locations within the image and compared with the USAF-1951 results.




3. Results


The image shown in Figure 3 was produced when the imaging phantom object was irradiated for 10 min. A 12.5 mm thick steel block was irradiated with the sample for comparison, and is located above the plastic phantom in the image.



Based on the neutron yield, the duration of the exposure and the solid angle subtended by the scintillator from the neutron source, the number of neutrons contributing to the image can be estimated to be (250 × 200 mm)/(4π × 14002 mm2) × 3 × 109 n/s × 600 s = 3.7 × 109 neutrons across the 250 × 200 mm imaging area, i.e., 73,000 neutrons per mm2.



Variations of overall brightness across the image (darker bottom left corner in Figure 3) were due to the presence of structures within the generator itself. Moving the camera moved the position of the dark spot across the image. Dark-field corrections (background subtraction) was not performed on this image.



3.1. Analysis of the USAF-1951 Resolution Chart


3.1.1. Visual Inspection


Inspection of the images shows that a spatial frequency of 0.35 cycles/mm is observable. The results are recorded in Table 1.



Plotting the pixel intensity as a function of position on a 3D graph can make the pattern clearer, as seen in Figure 4.




3.1.2. Brightness as a Function of Position across the USAF-1951 Pattern


By averaging the pixel values across each x or y direction, a graph of the average intensity may be constructed. Plotting these on a graph as a function of position in the cycle, rather than absolute distance, allows the three intensity peaks to line up for different line pair spacings in the pattern. This is shown in Figure 5 and Figure 6 for horizontal and vertical bars, respectively.



The graphs shown in Figure 5 and Figure 6 show a central peak and two side lobes corresponding to the three bars comprising each pattern. This periodicity is clearly visible down to 0.35 cycles/mm and is marginal at 0.39 cycles/mm. This is in agreement with visual inspection of the image.





3.2. Modulation Transfer Function


The ESF, LSF, and MTF for the plastic imaging phantom object are shown in Figure 7, Figure 8, Figure 9 and Figure 10. Figure 7 is the left (vertical) edge of the plastic, Figure 8 and Figure 9 are taken from left to right across the (vertical) transition of Adelphi’s logo and Figure 10 is taken across the bottom (horizontal) edge.



For comparison, the same parameters are plotted for the 12.5 mm thick steel block shown, as shown in Figure 11.



A summary of the results is given in Table 2.





4. Discussion


The USAF-1951 image gave a resolution of 0.35 cycles/mm. Measurements of the MTF at various locations within the image provide results of 16 to 18 cycles per mm for vertical lines, and 0.42 cycles per mm for a horizontal line. The best result (0.42 cycles per millimeter) was at the horizontal bottom edge of the phantom (which unfortunately is the only long horizontal edge in the image). The neutron emission spot has a circular projection of diameter 1.5 mm when viewed from the position of the camera (orthogonal to the neutron generator’s ion beam) because the neutron generator’s target is positioned at 45° to the ion beam. The difference between calculated MTF values for horizontal and vertical lines in the object is consequently not attributable to the neutron generator and can be attributed to misalignment of the phantom with respect to the direction of the neutrons, exacerbated by parallax effects. This effect is clearly visible in the optical photograph of the phantom shown in Figure 1a and is particularly noticeable in the curved semicircles forming Adelphi’s logo. The top surface of the phantom is white, the absence of material is black, and the curved semicircular side walls can be seen as a grey color, indicating that the (visible light) camera was not coincident with the projection of the curved surface, as would be the case if the optical camera was positioned at infinity. The same grey color is not observed on the adjacent vertical lines of the logo, as is expected from parallax effects. Consistent with this, the USAF-1951 horizontal tri-bars for 0.31 and 0.39 cycles per millimeter appear darker than the others in the optical image, because of their orientation with respect to the camera. These parallax effects will similarly frustrate the USAF-1951 neutron image and will result in a less pronounced transition in pixel intensity across an interface, resulting in worse MTF measurements.



The origin of the resolution limit in this image is most likely geometrical effects of phantom alignment and parallax caused by the relatively close distance of the detector. The 6 megapixel camera is not the limiting factor. Resolution is likely also hampered by neutron interactions, mostly from the floor and walls of the building.



The experiment is likely under-reporting the achievable resolution. Additional work could lead to improvements:




	
Greater number of neutrons in the image, either higher neutron yield (the generator is capable of 1 × 1010 n/s) or increase the exposure duration (longer than 10 min);



	
Careful alignment of the phantom (taking a series of measurements at slightly different angles to optimize for each structure being imaged);



	
Use of a different standard that minimizes the geometrical/parallax effects (for example a spoke wheel);



	
Acquiring multiple shorter exposures and adding or averaging them with appropriate filtering methods (e.g., median);



	
Improving neutron and gamma-ray shielding around the neutron camera’s scintillator to reduce the effects of scattered neutrons and gamma rays produced by neutron interactions within the scene which subsequently scatter onto the detector;



	
Use of a scintillator that is more sensitive to fast neutrons and less sensitive to gamma rays could also be explored.








This work could be extended by repeating this study with imaging phantoms made from different materials in order to illustrate the improved contrast latitude afforded by this technique.




5. Conclusions


The resolution of a portable neutron imaging system which was comprised of an Adelphi Technology DT generator and a Neutron Optics camera was investigated. A spatial resolution of 0.35 cycles per mm was measured via a plastic USAF-1951 target. and via MTF calculations, which gave a resolution between 0.16 and 0.42 cycles per mm depending upon the location and orientation of the measurement within the image.







Author Contributions


CAD design of the phantom, taking the measurements, analysis of the results, and manuscript writing—original draft preparation, D.L.W.; set up of the generator, C.M.B.; set up of the neutron camera, D.T.; fabrication of the USAF-1951 imaging phantom, A.S.; set up of the generator and MTF calculation methodology, C.K.G. All authors have read and agreed to the published version of the manuscript.




Funding


This material is based upon work supported by the DARPA under Contract No. HR001117C0020. Any opinions, findings and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of DARPA.




Conflicts of Interest


Adelphi Technology manufactures neutron generators, including the DT neutron generator used in this work.




References


	



Kallmann, H.; Kuhn, E. Photographic Detection of Slowly Moving Neutrons. United States Patent 2,186,757, 9 January 1940. Available online: https://patents.google.com/patent/US2186757A/en (accessed on 25 November 2020).

	



Lehmann, E.H. Neutron imaging facilities in a global context. J. Imaging 2017, 3, 52. Available online: https://www.mdpi.com/2313-433X/3/4/52 (accessed on 25 November 2020). [CrossRef]

	



Visilik, D.; Murri, R. Neutron Radioraphy with a sealed-tube neutron generator and graphite moderated system. In Report US Government Contract AT(29-1)-1106; Dow Chemical Company: Midland, MI, USA, 1971. Available online: https://www.osti.gov/servlets/purl/4019663 (accessed on 25 November 2020).

	



Thewlis, J. Neutron Radiography. Br. J. Appl. Phys. 1957, 7, 345. Available online: https://iopscience.iop.org/article/10.1088/0508-3443/7/10/301 (accessed on 20 October 2020). [CrossRef]

	



Peter, O. Neutronen-Durchleuchtung. Zeitschrift für Naturforschung A 1946, 1, 557–559. Available online: https://doi.org/10.1515/zna-1946-1002 (accessed on 25 November 2020). [CrossRef]

	



Andersson, P.; Andersson-Sunden, E.; Sjöstrand, H.; Jacobsson-Svärd, S. Neutron tomography of axially symmetric objects using 14 MeV neutrons from a portable neutron generator. Rev. Sci. Instrum. 2014, 85, 085109. Available online: http://www.diva-portal.org/smash/record.jsf?pid=diva2:706501 (accessed on 25 November 2020). [CrossRef] [PubMed]

	



Wu, Y. Development of high intensity D-T fusion neutron generator HINEG. Int. J. Energy Res. 2016, 68–72. Available online: https://onlinelibrary.wiley.com/doi/epdf/10.1002/er.3572 (accessed on 25 November 2020).

	



Wang, J.; Li, Y.; Wang, Y.; Li, T.; Zhang, Z. Design and Optimization of a Fast Neutron Radiography System Based on a High-Intensity D-T Fusion Neutron Generator. J. Nucl. Technol. 2019, 205, 978–986. Available online: https://doi.org/10.1080/00295450.2019.1575122 (accessed on 25 November 2020). [CrossRef]

	



Bishnoi, S.; Sarkar, P.S.; Thomas, R.G.; Patel, T.; Gadkari, S.C. Fast Neutron Radiography with DT Neutron Generator Indian National Seminar & Exhibition on Non-Destructive Evaluation 2016, Dec, Thiruvananthapuram (NDE-India 2016). Available online: https://www.ndt.net/article/nde-india2016/papers/A133.pdf (accessed on 25 November 2020).

	



Kam, E.; Reyhancan, A.; Biyak, R. A portable fast neutron radiography system for non-destructive analysis of composite materials. Nukleonika 2019, 64, 97–101. Available online: https://content.sciendo.com/downloadpdf/journals/nuka/64/3/article-p97.xml (accessed on 25 November 2020). [CrossRef]

	



Cremer, J.T.; Williams, D.L.; Gary, C.K.; Piestrup, M.A.; Faber, D.A.; Fuller, M.J.; Vainionpaa, J.H.; Apodaca, M.; Pantell, R.H.; Feinstein, J. Large area imaging of hydrogenous materials using fast neutrons from a DD fusion generator. Nucl. Instrum. Methods Phys. Res. A 2012, 675, 51–55. Available online: http://www.academia.edu/download/47825443/Fast_Radiography_-_published_-_1-s2.0-S0168900212001386-main.pdf (accessed on 20 October 2020). [CrossRef]

	



Bergaoui, K.; Reguigui, N.; Gary, C.K.; Cremer, J.T.; Vainionpaa, J.H.; Piestrup, M.A. Design, Testing and optimization of a neutron radiography systembased on a Deuterium–Deuterium (D–D) neutron generator. J. Radioanal. Nucl. Chem. 2014, 299, 41–51. Available online: https://www.academia.edu/download/37816092/2014_JRANC_-_NG_Radiography.pdf (accessed on 20 October 2020). [CrossRef]

	



Popova, V.; Degtiarenkoa, P.; Musatov, I. New detector for use in fast neutron radiography. J. Instrum. 2011, 6, 1–11. Available online: https://iopscience.iop.org/article/10.1088/1748-0221/6/01/C01029/pdf (accessed on 25 November 2020). [CrossRef]

	



Iaea Radiation Technology Reports No. 1, Neutron Generators for Analytical Purposes, Neutron Generators for Analytical Purposes; IAEA: Vienna, Austria, 2012; p. 1. ISBN 978-92-0-125110-7. Available online: https://www-pub.iaea.org/MTCD/Publications/PDF/P1535_web.pdf (accessed on 25 November 2020).

	



Brenizer, J. A review of significant advances in neutron imaging from conception to the present. The 7th International Topical Meeting on Neutron Radiograpy. Phys. Procedia 2013, 43, 10–20. Available online: https://www.sciencedirect.com/science/article/pii/S1875389213000163/pdf?md5=f69b657703c2adb056198e256989f464&pid=1-s2.0-S1875389213000163-main.pdf&_valck=1 (accessed on 25 November 2020). [CrossRef]

	



Rant, J.; Kristof, E.; Balasko, M.; Stade, J. Fast Neutron Radiography Using Photoluminescent Imaging Plates. In Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, 6–9 September 1999; pp. 717–724. Available online: https://www.osti.gov/etdeweb/servlets/purl/20308920 (accessed on 25 November 2020).

	



USAF-1951 Resolution Cart, MIL-STD-150A, Further Details. Available online: https://en.wikipedia.org/wiki/1951_USAF_resolution_test_chart (accessed on 20 October 2020).

	



Neutron Optics, Grenoble, 8 Allée des Pampres, 38640 Cliaz, France. Available online: https://www.neutronoptics.com/cameras.html (accessed on 25 November 2020).

	



RC Tritec Ltd., Speicherstrasse 60A, CH-9053 Teufen, Switzerland. Available online: https://www.rctritec.com/en/scintillators/introduction.html (accessed on 25 November 2020).

	



Robert, K.; Swank, R.K. Calculation of Modulation Transfer Functions of X-Ray Fluorescent Screens. Appl. Opt. 1973, 12, 1865–1870. [Google Scholar] [CrossRef]

	



Cremer, J.T. Neutron and X-ray Optics (Elsevier Insights), 1st ed.; Elsevier: Amsterdam, The Netherlands, 2013; ISBN-13: 978-0124071643, ISBN-10: 0124071643; Equation 16.75; Available online: https://www.elsevier.com/books/neutron-and-x-ray-optics/cremer-jr/978-0-12-407164-3. https://www.amazon.com/Neutron-X-ray-Optics-Elsevier-Insights/dp/0124071643; (accessed on 25 November 2020). [Google Scholar]








[image: Jimaging 06 00128 g001 550] 





Figure 1. Imaging phantom object—125 mm × 98 mm × 25.4 mm. The spatial frequency of each tri-bar feature is given in cycles per millimeter. (a) View from above; (b) design. 
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Figure 2. Imaging phantom object—125 mm × 98 mm × 25.4 mm. 
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Figure 3. Image from the scintillation camera produced by irradiating the sample for 10 min. 
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Figure 4. The use of 3D plots can make the images more visible: (a) 0.25 c/mm vertical; (b) 0.35 c/mm vertical. Units in pixels; averaging was performed to reduce the statistical noise. 
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Figure 5. Intensity distribution for the horizontal bars in the USAF-1951 pattern. 
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Figure 6. Intensity distribution for the vertical bars in the USAF-1951 pattern. 
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Figure 7. Vertical left edge of the plastic phantom: (a) ESF, (b) LSF (inverted for clarity), and (c) MTF. 
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Figure 8. Vertical edge, top part of Adelphi’s logo: (a) ESF, (b) LSF, and (c) MTF. 
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Figure 9. Vertical edge, bottom part of Adelphi’s logo: (a) ESF, (b) LSF (inverted for clarity), and (c) MTF. 
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Figure 10. Bottom edge of the phantom: (a) ESF, (b) LSF (inverted for clarity), and (c) MTF. 
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Figure 11. Steel block: (a) ESF, (b) LSF (inverted for clarity), and (c) MTF. 
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Table 1. Visibility of the resolution standard’s tri-bar patterns.
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Spatial Frequency 1

	
Horizontal

	
Vertical

	
Image






	
0.25 c/mm

	
Visible

	
Visible
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0.28 c/mm

	
Visible

	
Visible




	
0.31 c/mm

	
Visible

	
Visible




	
0.35 c/mm

	
Visible

	
Visible




	
0.39 c/mm

	
Not visible

	
Visible




	
0.44 c/mm

	
Not Visible

	
Not visible








1 Cycles per millimeter.
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Table 2. MTF measurements from different locations from within the image.
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	Material
	Location
	Orientation
	Spatial Frequency 1





	Plastic
	Left edge
	Vertical
	0.17/mm



	Plastic
	Logo top center
	Vertical
	0.18/mm



	Plastic
	Logo bottom, center
	Vertical
	0.16/mm



	Plastic
	Bottom edge
	Horizontal
	0.42/mm



	Steel
	Left edge
	Vertical
	0.2/mm







1 Smallest spatial frequency at which the MTF is 0.15.
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