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Abstract

:

Combining the nuclear resonance fluorescence (NRF) transmission method with computed tomography (CT) can be a novel method for imaging the isotope distributions, which is indispensable in nuclear engineering. We performed an experiment to reconstruct a three-dimensional NRF-CT image with isotope selectivity of enriched lead isotope rods (208Pb) together with a set of different rods, including another enriched isotope (206Pb), iron, and aluminum rods, inserted into a cylindrical aluminum holder. Using a laser Compton scattering (LCS) gamma ray beam with a 5.528 MeV maximum energy, 2 mm beam size, and 10 photon·s−1·eV−1 flux density, which is available at the BL1U beamline in the ultraviolet synchrotron orbital radiation-III (UVSOR-III) synchrotron radiation facility at the Institute of Molecular Science at the National Institutes of Natural Sciences in Japan, and we excited the Jπ = 1− NRF level at 5.512 MeV in 208Pb. An isotope-selective three-dimensional NRF-CT image of the 208Pb isotope distribution was experimentally obtained for the first time with a pixel resolution of 4 mm in the horizontal plane.
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1. Introduction


The use of the nuclear resonance fluorescence (NRF) in combination with computed tomography (CT) has been demonstrated as an isotope imaging technique, allowing for nondestructive inspection (NDI) for detecting hidden isotopic compositions of target materials that are of interest [1]. Furthermore, the isotope selectivity assessment [2] is a significant advancement in nuclear engineering. Physically, NRF is a nuclear process in which a nuclear state is excited through the absorption of a photon whose energy is nearly identical to the excited energy of the nuclear state. Subsequently, the excited state decays back to its initial state by emitting a photon or a cascade of photons. By measuring the emitted photon energy, a specific nuclear isotope of interest can be identified [1,2,3,4,5,6,7,8,9]. NRF can be used to investigate for commercial contraband, explosives, and special nuclear materials (SNMs) [3,10,11]. The promise of the NRF technique, which has isotope sensitivity, as an NDI technique in safeguard applications lies in its ability to directly measure a specific isotope in an assay target without having to unfold the combined responses of several fissile isotopes, as is often required by other NDI methods [12,13]. Because of its high penetrability, an MeV energy region monochromatic gamma ray is an effective probe for the NDI of high-density materials. In NRF measurements, laser Compton scattering (LCS) gamma rays [14] are used extensively to excite the nuclei to be detected because of their characteristics, such as directivity, a quasi-monochromatic energy spectrum, tunable energy, controllable polarization, and high flux [15]. Kikuzawa et al. [6] performed a proof-of-principle experiment for NRF nondestructive analysis with LCS gamma ray beams. A lead isotope of 208Pb inside of an iron box was measured as a high-Z material instead of fissionable isotopes.



CT is one of the cross-sectional imaging modalities which has numerous applications in various fields, such as medical imaging. CT systems are also used for checking luggage at airports worldwide to detect explosives [16,17,18,19]. For imaging isotopes inside massive materials, the integration of CT and NRF (NRF-CT) has been proposed [20]. Daito et al. [21] employed a GEANT4 Monte Carlo simulation code to perform a simulation study of the CT imaging of nuclear distribution by NRF processes induced by quasi-monoenergetic LCS gamma rays. Recently, we carried out a proof-of-experiment for the NRF-CT using an LCS gamma ray beam available at the beamline BL1U in the ultraviolet synchrotron orbital radiation-III (UVSOR-III) synchrotron radiation facility at the Institute of Molecular Science at the National Institutes of Natural Sciences in Japan [15]. We measured a two-dimensional (2D) NRF-CT image of a natural lead isotope (208Pb) implanted in an aluminum sample based on the transmission method (notch detection method) [15]. One of the advantages of this technique is the ability to measure the CT image of an isotope of interest. Therefore, the isotope-selective capability was demonstrated using an LCS gamma ray beam for enriched lead isotope rods (208Pb and 206Pb) [2]. The reconstructed image had a resolution of 2 mm in pixel size. This result suggests that when a three-dimensional visualization of a specific isotope within an assay volume is provided, we get the full perception of the hidden isotopes. Since the demonstrated 2D NRF-CT imaging required approximately 60 h of acquisition time [2], we should clarify the limitation of the NRF-CT technique with the LCS gamma ray beam to study a three-dimensional (3D) NRF-CT image under the current experimental conditions and improve the measurement and analysis procedures accordingly.



In the present study, we demonstrate a 3D NRF-CT image with three layers of 2D NRF-CT images within the same acquisition time or less than the previous study [2]. To accomplish this, some adjustments in the experimental setup from the previous study were performed [2], including doubling the flux intensity of the LCS gamma ray beam and reducing the scanning steps number for the images in two dimensions. Consequently, we reconstructed a 3D NRF-CT image of enriched lead isotope rods (208Pb) inserted with different rods (206Pb, iron, aluminum, and a vacancy) inside a thick aluminum holder, based on the transmission method.




2. Experimental Procedure


The experimental setup was similar to that of a previous study [2], which was performed at the BL1U beamline of the UVSOR-III synchrotron radiation facility [22,23]. Figure 1 displays the schematic diagram of the experimental setup. The LCS gamma rays were generated by a head-on collision between high energy electrons in the UVSOR-III storage ring and a laser beam via Compton scattering. The electron energy in the storage ring was 746 ± 1 MeV, and the average beam current was 300 mA in the top-up mode [22]. A continuous wave (CW) Tm-fiber laser system (TLR-50-AC-Y14, IPG Photonics GmbH, Köttinger Weg 188 Wissen, Germany) with a lasing wavelength of 1.896 μm (0.6539 eV) and a maximum average power of 50 W was used as the laser source. The laser beam was randomly polarized. In this setup, the maximum gamma ray energy and the total flux with a 100% energy bandwidth were 5528 keV and 108 photons·s−1, respectively. The maximum energy of the LCS gamma ray beam was able to excite the state Jπ = 1− at 5.512 MeV in 208Pb [24].



To define the LCS beam diameter and the energy spectrum on a CT target, a lead collimator (20 cm × 10 cm × 10 cm) with a 2 mm internal hole diameter was positioned at the LCS gamma ray beam path. As was numerically simulated using the EGS5 Monte Carlo simulation code [25], the gamma ray flux density passing through the collimator was found to be 10 photons·s−1·eV−1 at the resonance energy (5.512 MeV). In this experiment, the gamma ray flux density was double that of our previous study, because we used a collimator with a hole diameter twice that of the previous setup [2]. A 5 mm thick plastic scintillation detector (OHYO KOKEN KOGYO Co., Ltd. Kumagawa, Fussa City, Tokyo, Japan), which was located 160 cm downstream from the lead collimator, was used to measure the flux of the incident LCS gamma ray beam. After traversing the plastic scintillation detector, the transmitted LCS gamma ray beam was injected into the CT target. Subsequently, the LCS gamma ray beam transmitted from the CT target irradiated a witness target made of an enriched lead isotope rod (208Pb) with a diameter of 6 mm and a length of 6 mm, which was positioned 65 cm away from the CT target. Two high-purity germanium (HPGe) detectors with efficiencies of 100% (AMETEK ORTEC, Tennessee, USA) and 130% (Mirion Technologies (CANBERRA), Connecticut, USA), relative to a 3″ × 3″ NaI (Tl) scintillator, were arranged at two positions with an angle of 120° with respect to the gamma ray beam axis and at a vertical distance of 8 mm from the witness target. The HPGe detectors were used to measure the gamma rays scattered from the witness target (208Pb). A 6 mm thick lead absorber plate was installed between each HPGe detector and the witness target. Moreover, thick lead shields were positioned around the gamma ray beam axis in the arrangement to shield the HPGe detectors. The lead shields were helpful in preventing photon accumulation on the HPGe detectors and reducing the detector’s dead time. To evaluate the atomic attenuation in the CT target, we measured the flux of the gamma rays that were transmitted from the witness target by a 3.5″ × 4″ LaBr3(Ce) scintillation detector (SAINT-GOBAIN, Courbevoie, France), which was placed 40 cm downstream from the witness target. A 10 cm thick bismuth absorber was mounted in front of the LaBr3(Ce) detector to prevent signal pile-up. Although the bismuth absorber attenuated the gamma rays transmitted from the witness target, this attenuation was annulled during image reconstruction since the relative change of the gamma ray flux, depending on the CT target position and angle, was used in the analysis. The signals from each detector were independently recorded by a multichannel analyzer (APG7400, Techno AP Co., Ltd., Mawatari, Hitachinaka-shi, Ibaraki, Japan).



Figure 2a displays a picture of the CT target. A cylindrical aluminum holder with a height of 20 mm and a diameter of 25 mm was used as the target container, as shown in Figure 2b. Three holes with equal diameters of 6.1 mm were drilled into the holder body with a 120° pitch angle. To construct clear 3D images, the sample holder holes were filled by a set of cylindrical rods with equal dimensions of 6 mm diameter and height, as shown in Figure 2c. In hole 1, the bottom hollow was filled by an iron rod, followed by one of the enriched lead isotope rods (208Pb), while the third hollow remained empty. In hole 2, the bottom was filled by one of the enriched lead isotope rods (206Pb), followed by a hollow aluminum rod and a lead isotope rod (208Pb). In hole 3, the bottom was filled by an enriched lead isotope rod (208Pb), followed by an iron rod and an enriched lead isotope rod (206Pb) in the hole top.



The CT target was positioned 214 cm downstream from the collimator on a three-axis moving stage which could scan in three directions: vertical (z), rotational (θ), and horizontal (x). Figure 3 displays the scanning directions of the CT target. We chose the smallest number of the measurement positions that would allow us to obtain a reasonable image in an appropriate time frame and prove the NRF nondestructive analysis in three dimensions using the LCS gamma ray beam. The step sizes in individual directions were determined to obtain a reasonable image resolution, considering the CT target geometry under a limited measurement time. The diameter of the gamma ray beam was 2 mm, which was half the pixel size of the reconstructed image. The CT target had a diameter of 25 mm, and the lead and iron rods in the target had a diameter of 6 mm. The gamma ray beam diameter was sufficiently shorter than the object being studied. Three layers at z = 3, 11, and 17 mm from the holder bottom in the z direction were selected for constructing 2D NRF-CT images. The vertical positions of these layers were selected to obtain a 2D NRF-CT image for each horizontal row of the rods, since there were three rows of the rods in the z direction, as shown in Figure 2c. The CT target was rotated around the θ axis, with an angle step of 30° in the range from 30° to 180°. The scanning was also carried out in the x direction, with a step size of 4 mm in the range from −12 to +12 mm. We collected 126 data points with the CT target (7 steps along the x-axis × 6 rotational angles (θ) × 3 layers in the z direction). In addition, one data point for each horizontal scan in the x direction was measured for collecting data in the absence of the CT target. Therefore, a total of 144 points were measured. The averaged measurement time for each data point was approximately 20 min.



To perform the experiment in three dimensions, we established an automated scanning system, which was programmed using LabVIEW software (National Instruments, Austin, TX, USA). The scanning system included the CT target motion control of the moving stage in the three dimensions (z, θ, and x), data analysis, and the detector spectra recording.




3. Results and Discussion


The measurements of the gamma ray transmission factors, by including the effects of atomic absorption and nuclear resonance attenuation, yielded 2D NRF-CT images of the 208Pb rods for each layer in the z direction [2]. The 2D NRF-CT images were visualized together to obtain reconstructed 3D NRF-CT images. Figure 4 shows a typical gamma ray spectrum obtained from the plastic scintillation detector. The plastic scintillation detector had no energy resolution within the 5 MeV region. Thus, to obtain the relative flux of the incident LCS gamma ray beam, the region of interest (ROI) was chosen in a wide channel range from 50 to 7000.



Figure 5 displays a typical energy spectrum measured by the LaBr3(Ce) scintillation detector. The energy resolution of the LaBr3(Ce) detector was sufficiently high to distinguish between the LCS gamma ray peak and its single escape peak. The ROI, indicated in the shaded area, covered the energy range from 5360 keV to 5885 keV to consider the counts under the full energy peak.



For each point of measurement, we calculated the count rates of the plastic scintillator and the LaBr3(Ce) detector by integrating the counts in the ROIs and dividing them by the acquisition time. Then, we calculated the transmission factor of the off-resonance gamma rays (εoff) for each θ and x of the CT target. To calculate the normalized count rate of the transmission detector, we used the same procedure as that of previous studies [15,21]. The count rate of the LaBr3(Ce) detector was divided by the total integrated count rate of the plastic scintillator within the ROI for each target position. Then, at each data point, εoff was calculated by the normalized count rate of the transmission detector in the presence and absence of the CT target according to the following formulas:


   ε  off   =  e   [  −    (   μ ρ   )    ave   ×  ρ  ave   × L  ]     



(1)






   ε  off   =  [     c  off    (   with   CT   target   )     c  off    (   without   CT   target   )     ]   



(2)




where      (   μ ρ   )    ave     is the average mass attenuation coefficient,    ρ  ave     is the average density, and L is the length of the path through the CT target. The resonance attenuation effect on the yield measured by the LaBr3(Ce) detector was negligible, as the width of the ROI was wider than that of the resonance attenuation by 4–5 orders of magnitude. Figure 6 shows a typical summed energy spectrum measured by the HPGe detectors. There were several peaks in the HPGe spectrum. Two NRF levels of 208Pb appeared at the energies of 5512 keV and 5292 keV. The single and double escapes (S.E. and D.E.) of the 208Pb NRF at 5512 keV were represented by two peaks at the energies of 5001 keV and 4490 keV, respectively. The peaks at 2614 keV and 1460 keV originated from the natural unstable isotopes of 208Tl and 40K, respectively. Energy calibration of the detectors was performed using the 1460 keV peak of 40K and the 5512 keV NRF peak of 208Pb. The spectra measured by the two HPGe detectors were summed after the 2 keV per channel rebinning of the energy axis.



The NRF peak at 5512 keV was clearly seen in the summed spectra of the HPGe detectors (Figure 6). As shown in Figure 7, the observed NRF peak was fitted with a Gaussian function using the least squares method. The area of the fitted Gaussian function was used as the NRF yield.



The normalized NRF count rate was calculated by dividing the NRF yield by the acquisition time and count rate of the plastic scintillator detector. Next, we calculated the transmission factor at the resonance energy (εon) for each θ and x of the CT target. εon was calculated by the normalized NRF count rate obtained in the presence and absence of the CT target according to the following formulas:


   ε  on   =  e   [  −  (     (   μ ρ   )    ave   ×  ρ  ave   × L +  σ  NRF   ×  N t   )   ]     



(3)






   ε  on   =  [     c  on    (   with   CT   target   )     c  on    (   without   CT   target   )     ]   



(4)




where σNRF is the 208Pb NRF cross section and Nt is the areal density of the nuclide in the CT target in the gamma ray beam path. We used the same procedure of calculations as that of previous studies (see [2,15,21]). The nuclear resonance attenuation factor εNRF was obtained by the following equation [2,15]:


  − ln  (   ε  NRF    )  = −  [  ln  (   ε  on    )  − ln  (   ε  off    )   ]   



(5)







As the sign-inverted natural logarithm of the attenuation factor (−ln(ε)) is proportional to the number of isotope or scattering sources in the CT target, the images in 2D-CT and 3D-CT are reconstructed using the sign-inverted natural logarithm of the attenuations (−ln(εNRF), −ln(εon), and −ln(εoff)).



In the NRF-CT imaging, several CT reconstruction algorithms could be used. Due to the limited number of the measured projections in the current study, one of the iterative algorithms, called the algebraic reconstruction technique (ART) [26,27,28], was used. A program was developed in LabVIEW to reconstruct the images. The ART is a sequential approximation method for image reconstruction from a series of angular projections (sinogram). To perform the ART algorithm, the sinogram data points were to be processed in a series of steps. We created a two-dimensional primary image as a two-dimensional matrix with zero in every cells. The cell number of the matrix was determined based on the projection numbers obtained during the experiment. The primary matrix in our case was 7 × 7. To mitigate the errors of the matrix rotation caused by the small matrix size of the sinogram, pre- and post-processing were implemented. The difference between the projections calculated from the reconstructed image and the measured projections was computed and used to correct the reconstructed image iteratively. The convergence of the reconstruction was evaluated by the root-mean-square difference between the previous and current reconstructed images. More details of the reconstruction process are provided in [15].



For each z layer, three reconstructed images for off-resonance, on-resonance and pure NRF attenuations were obtained with a 4 mm pixel size. Figure 8a shows a cross-sectional slice image of the CT target arrangement at z = 3 mm from the CT target bottom. This shows that 206Pb and 208Pb rods were inserted into the first two holes of the aluminum holder, whereas an iron rod was inserted into the third hole. The CT reconstructed image of the off-resonance attenuation, measured by the LaBr3(Ce) detector, is shown in Figure 8b. The two high-attenuation areas that were induced by the atomic process corresponding to the 206Pb and 208Pb rods were clearly visible in the reconstructed image. However, it was impossible to distinguish between these two isotope rods, because the atomic attenuations by 208Pb and 206Pb were almost the same. In comparison with these lead rods, the atomic attenuation caused by the iron rod was significantly less. Thus, it was difficult to see the iron rod in the reconstructed image. Figure 8c shows the distribution of the on-resonance gamma ray attenuation. Although the 208Pb rod was clearly seen, the intensity of the 206Pb rod was comparatively less. Moreover, the iron rod almost vanished. The distribution of NRF attenuation by 208Pb (pure NRF) after subtraction of the atomic attenuation is shown in Figure 8d. Although the 208Pb rod was clearly visible, both the other lead-enriched isotope (206Pb) rod and iron rod almost vanished.



Figure 9a shows the CT target arrangement at z = 11 mm. This figure shows an enriched lead isotope rod (208Pb), iron rod, and hollow aluminum rod inserted into the first, second, and third holes, respectively, of the aluminum holder. The CT reconstructed image of the off-resonance attenuation, measured by the LaBr3(Ce) detector, is shown in Figure 9b. A high-attenuation area, induced by the atomic process corresponding to the 208Pb rod, appeared clearly in the reconstructed image. Because the atomic attenuation that was caused by the iron rod or the hollow aluminum rod was much smaller compared with that caused by the lead rod, the former two rods disappeared in the reconstructed image. Similarly, in the case of the layer at z = 3 mm, only the lead isotope rod (208Pb) was visible in the on-resonance reconstructed image (Figure 9c) and pure NRF image (Figure 9d), whereas the iron and aluminum rods vanished almost completely.



Figure 10a shows a cross-sectional slice image of the CT target at z = 17 mm. This figure shows that two enriched lead isotope rods (206Pb and 208Pb) were inserted into two holes of the aluminum holder, whereas the third hole seems empty. The CT reconstructed image of the off-resonance attenuation, measured by the LaBr3(Ce) detector, is shown in Figure 10b. The two high-attenuation areas, induced by the atomic process corresponding to the positions of the lead isotope rods (208Pb and 206Pb), were clearly visible, whereas the low intensity at the third hole position indicated an empty area. Figure 10c indicates the distribution of εoff. Although the 208Pb was clearly visible, the 206Pb rod appeared blurred. Figure 10d shows the distribution of the NRF attenuation caused by 208Pb, namely pure NRF. Although the 208Pb rod was clearly visible in the reconstructed image, the 206Pb rod and empty area almost vanished.



As in the previous study [2], these results show that the NRF-CT method can clearly distinguish the two enriched lead isotope rods (208Pb and 206Pb) within the same sample with isotope-selective capability. A 3D-CT image can essentially be constructed from 2D-CT images measured at different axial positions. In this study, three measured 2D NRF-CT images were used to construct one 3D NRF-CT image. We used the MicroAVS data visualization tool [29] to visualize the 3D NRF-CT images with a 4 mm pixel size in the horizontal plane.



Figure 11a–i shows consecutive shots of the three-dimensional reconstructed image of the off-resonance attenuation (i.e., atomic attenuation used in normal gamma ray CT), which were captured from the visualized 3D movie (see video S1 in the supplementary information). These figures clearly show five high-attenuation areas caused by the atomic process, corresponding to the positions of the five lead isotope rods (208Pb and 206Pb) within the CT target. In contrast, the atomic attenuation induced by the iron rod, aluminum rods, or the empty area were almost negligible, and thus it was difficult to identify their locations.



Figure 12a–i shows consecutive shots of the visualized reconstructed image of the NRF attenuation caused only by the lead isotope rods (208Pb, pure NRF) in three dimensions. These figures clearly show the locations of the three enriched lead isotope rods (208Pb) in the three z layers. In contrast, 206Pb, the iron and aluminum rods, and the empty areas were invisible (see video S2 in the supplementary information).



In the current study, we demonstrated isotope-selective CT imaging based on NRF in three-dimensional measurements. A measurement time of approximately 48 h was required for obtaining a single 3D NRF-CT image of the examined sample with a 4 mm pixel resolution in the horizontal plane for three vertical positions. Although the resolution of the 3D NRF-CT image in the current study (4 mm pixel size) was lower than the resolution of the 2D NRF-CT which we obtained in the previous study (2 mm pixel size) [2], the improvements in the experimental set-up were positively reflected in the image acquisition time, whereas the current 3D NRF-CT image with three layers in the z direction required a shorter acquisition time compared with the 2D NRF-CT image [2]. One of the objectives of this study was to look at the possibility of applying the NRF-CT technique in three dimensions using the current experimental setup of the UVSOR-III synchrotron radiation facility. Consequently, the lack of the obtained image resolution was not proven to be an impediment so far.



We agree that the 3D NRF-CT imaging method is still time-consuming. However, some solutions have been proposed to enhance the obtained image quality and reduce the measurement time. Increasing the number of HPGe detectors to measure the NRF gamma rays from the witness target is one of the possible solutions. Another solution is to increase the gamma ray beam intensity. The Extreme Light Infrastructure Nuclear Physics (ELI-NP) project is currently being constructed as a new LCS gamma ray facility in Romania, where the expected flux density of the LCS gamma ray beam (5000 photons·s−1·eV−1) [30] will be 500 times higher than the present one. The development of a new laser-based inverse Compton scattering gamma beam system at the ELI-NP project, which features extremely high intensities at very narrow bandwidths, opens new and important opportunities in nuclear science research and for 3D NRF-CT applications. In addition, there are several proposals to improve the image quality with fused visualization methods [31,32,33,34,35] which combines two different images, such as a three-dimensional ultrasonic image and an X-ray CT image, into a single image.



Presenting the NRF-CT technique in three dimensions for the first time leads to the widespread usage of that technique in the nuclear safeguards. Furthermore, it helps to propose the quantification of hidden isotopes within the SNMs, especially by improving the obtained image quality.




4. Conclusions


We experimentally obtained a three-dimensional, isotope-selective CT image of an enriched lead isotope (208Pb) distribution, concealed inside a cylindrical aluminum holder together with another enriched lead isotope (206Pb), iron and aluminum rods, and vacant areas. We used an LCS gamma ray beam with a maximum energy of 5.528 MeV, a 2 mm beam size, and a total flux density of 10 photons·s−1·eV−1 to excite the Jπ =1− state at 5.512 MeV in 208Pb. For each row of the rods, we obtained two-dimensional CT images based on atomic attenuation, NRF attenuation, and the sum of them with a 4 mm pixel size. In the atomic attenuation images, the enriched lead isotope rods (208Pb and 206Pb) were observed. In the NRF attenuation images, only the 208Pb rods were visible. The corresponding 3D NRF-CT image showed the isotope distribution of 208Pb with 4 and 8 mm pixel sizes in the horizontal and vertical planes, respectively. The total required time to obtain a 3D isotope-selective image was 48 h. Further improvements in the image quality as well as a reduction in the acquisition time will be feasible by increasing the number of detectors to measure NRF gamma rays, increasing the gamma ray beam intensity and developing advanced data processing techniques, which will be a significant advancement in nuclear engineering for using the 3D NRF-CT technique in real applications.








Supplementary Materials


The following sub-elementary materials are available online at https://www.mdpi.com/article/10.3390/app11083415/s1. Video S1: The three-dimensional movie of the off-resonant attenuation (Gamma-CT image). Video S2: The three-dimensional movie of the nuclear resonant attenuation (Pure NRF image).





Author Contributions


Conceptualization, H.O.; Data curation, K.A. and H.Z.; Formal analysis, K.A.; Funding acquisition, H.O., T.H. and T.S.; Investigation, K.A., H.O. and H.Z.; Methodology, All authors; Project administration, H.O.; Resources, H.O., T.H., T.S., M.K.; Software, K.A., H.Z.; Supervision, H.O.; Validation, All authors; Visualization, K.A., H.Z., H.O.; Writing—original draft, K.A.; Writing—review & editing, All authors. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Japan Society for the Promotion of Science (JSPS) KAKENHI under grants 18H01916, 18H03715, and 17K05482.




Acknowledgments


This work was performed at the beamline BL1U of the UVSOR-III Synchrotron Radiation Facility with the approval of the Institute for Molecular Science (IMS), National Institute of Natural Science (NINS), Okazaki 444-8585, Japan. (Proposal No. 19-503 and 20-703).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Bertozzi, W.; LeDoux, R.J. Nuclear resonance fluorescence imaging in non-intrusive cargo inspection. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms. 2005, 241, 820–825. [Google Scholar] [CrossRef]

	



Ali, K.; Ohgaki, H.; Zen, H.; Kii, T.; Hayakawa, T.; Shizuma, T.; Toyokawa, H.; Taira, Y.; Iancu, V.; Turturica, G.; et al. Selective isotope CT imaging based on nuclear resonance fluorescence transmission method. IEEE Trans. Nucl. Sci. 2020, 67, 1976–1984. [Google Scholar] [CrossRef]

	



Warren, G.A.; Caggiano, J.A.; Bertozzi, W.; Korbly, S.E.; LeDoux, R.J.; Park, W.H. On the search for nuclear resonance fluorescence signatures of 235U and 238U Above 3 MeV. IEEE Trans. Nucl. Sci. 2010, 57, 317–322. [Google Scholar] [CrossRef]

	



Pruet, J.; McNabb, D.P.; Hagmann, C.A.; Hartemann, F.V.; Barty, C.P.J. Detecting clandestine material with nuclear resonance fluorescence. J. Appl. Phys. 2006, 99, 123102. [Google Scholar] [CrossRef]

	



Hajima, R.; Hayakawa, T.; Kikuzawa, N.; Minehara, E. Proposal of nondestructive radionuclide assay using a high-flux gamma-ray source and nuclear resonance fluorescence. J. Nucl. Sci. Technol. 2008, 45, 441–451. [Google Scholar] [CrossRef]

	



Kikuzawa, N.; Hajima, R.; Nishimori, N.; Minehara, E.; Hayakawa, T.; Shizuma, T.; Toyokawa, H.; Ohgaki, H. Nondestructive detection of heavily shielded materials by using nuclear resonance fluorescence with a laser-compton scattering γ-ray source. Appl. Phys. Express 2009, 2, 036502. [Google Scholar] [CrossRef]

	



Shizuma, T.; Hayakawa, T.; Hajima, R.; Kikuzawa, N.; Ohgaki, H.; Toyokawa, H. Nondestructive identification of isotopes using nuclear resonance fluorescence. Rev. Sci. Instrum. 2012, 83, 1. [Google Scholar] [CrossRef] [PubMed]

	



Ur, C.A.; Zilges, A.; Pietralla, N.; Beller, J.; Boisdeffre, B.; Cernaianu, M.O.; Derya, V.; Löher, B.; Matei, C.; Pascovici, G.; et al. Nuclear resonance fluorescence experiments at ELI-NP. Rom. Rep. Phys. 2016, 68, 483–538. Available online: http://www.rrp.infim.ro/2016_68_S/S483.pdf (accessed on 1 April 2021).

	



Hayakawa, T.; Kikuzawa, N.; Hajima, R.; Shizuma, T.; Nishimori, N.; Fujiwara, M.; Seya, M. Nondestructive assay of plutonium and minor actinide in spent fuel using nuclear resonance fluorescence with laser Compton scattering. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2010, 621, 695–700. [Google Scholar] [CrossRef]

	



Metzger, F.R. Nuclear resonance fluorescence in As-75. Prog. Nucl. Phys. 1959, 7, 54. [Google Scholar]

	



Kneissl, U.; Pitz, H.; Zilges, A. Investigation of nuclear structure by resonance fluorescence scattering. Prog. Part. Nucl. Phys. 1996, 37, 349–433. [Google Scholar] [CrossRef]

	



Quiter, B.J.; Ludewigt, B.A.; Mozin, V.V.; Tobin, S.J. Nondestructive Spent Fuel Assay Using Nuclear Resonance Fluorescence. In Proceedings of the Institute of Nuclear Materials Management 50th Annual Meeting, Tucson, AZ, USA, 12–16 July 2009; Available online: https://escholarship.org/uc/item/1vz0m37s (accessed on 1 April 2021).

	



Barty, C.P.; Albert, F.; Anderson, S.; Armstrong, P.; Bayramian, A.; Beer, G.; Cross, R.; Ebbers, C.A.; Deis, G.; Gibson, D.J.; et al. Overview of MEGa-ray-based Nuclear Materials Management Activities at the Lawrence Livermore National Laboratory. In Proceedings of the Institute of Nuclear Materials Management 52nd Annual Meeting, Palm Desert, CA, USA, 17–21 July 2011; Available online: https://www.osti.gov/biblio/1121414 (accessed on 1 April 2021).

	



Milburn, R.H. Electron scattering by an intense polarized photon field. Phys. Rev. Lett. 1963, 10, 75. [Google Scholar] [CrossRef]

	



Zen, H.; Ohgaki, H.; Taira, Y.; Hayakawa, T.; Shizuma, T.; Daito, I.; Yamazaki, J.-I.; Kii, T.; Toyokawa, H.; Katoh, M. Demonstration of tomographic imaging of isotope distribution by nuclear resonance fluorescence. AIP Adv. 2019, 9, 035101. [Google Scholar] [CrossRef]

	



Fredrick, L.R. The evolution of computed tomography (CT) as an explosives detection modality. In Proceedings of the First International Symposium on Explosive Detection Technology, Federal Aviation Administration, Technical Center. Atlantic City, NJ, USA, 13–15 November 1991; Available online: https://apps.dtic.mil/dtic/tr/fulltext/u2/a261253.pdf (accessed on 1 April 2021).

	



Martz, H.E.; Schneberk, D.J.; Roberson, G.P.; Azevedo, S.G.; Lynch, S.K. Computerized Tomography of High Explosives. In Nondestructive Characterization of Materials; Springer: Boston, MA, USA, 1991; pp. 187–195. [Google Scholar] [CrossRef]

	



Singh, S.; Singh, M. Explosives detection systems (EDS) for aviation security. Signal Process. 2003, 83, 31–55. [Google Scholar] [CrossRef]

	



Mouton, A.; Breckon, T.P. A review of automated image understanding within 3D baggage computed tomography security screening. J. X-ray Sci. Technol. 2015, 23, 531–555. [Google Scholar] [CrossRef] [PubMed]

	



Bertozzi, W.; Ledoux, R.J. Methods and Systemic for Computer Tomography of Nuclear Isotopes Using Nuclear Resonance Fluorescence. U.S. Patent 8 180 019 B2, 15 May 2012. Available online: https://patentimages.storage.googleapis.com/a8/27/66/6d9ba9ef8b80e4/US8180019.pdf (accessed on 1 April 2021).

	



Daito, I.; Ohgaki, H.; Suliman, G.; Iancu, V.; Ur, C.; Iovea, M. Simulation study on computer tomography imaging of nuclear distribution by quasi monoenergetic gamma rays with nuclear resonance fluorescence: Case study for ELI-NP application. Energy Procedia 2016, 89, 389–394. [Google Scholar] [CrossRef]

	



Adachi, M.; Zen, H.; Konomi, T.; Yamazaki, J.; Hayashi, K.; Katoh, M. Design and construction of UVSOR-III. J. Physics Conf. Ser. 2013, 425, 4. [Google Scholar] [CrossRef]

	



Zen, H.; Taira, Y.; Konomi, T.; Hayakawa, T.; Shizuma, T.; Yamazaki, J.; Kii, T.; Toyokawa, H.; Katoh, M.; Ohgaki, H. Generation of high energy gamma-ray by laser Compton scattering of 1.94-μm fiber laser in UVSOR-III electron storage ring. Energy Procedia 2016, 89, 335–345. [Google Scholar] [CrossRef]

	



Enders, J.; Von Brentano, P.; Eberth, J.; Fitzler, A.; Fransen, C.; Herzberg, R.-D.; Kaiser, H.; Käubler, L.; Von Neumann-Cosel, P.; Pietralla, N.; et al. Nuclear resonance fluorescence experiments on 204, 206, 207, 208Pb up to 6.75 MeV. Nucl. Phys. A 2003, 724, 243–273. [Google Scholar] [CrossRef]

	



Hirayama, H.; Namito, Y.; Bielajew, A.F.; Wilderman, S.J.; Nelson, W.R. The EGS5 Code System, SLAC-R-730 (2005) and KEK Report Number: 2005-8. Available online: http://rcwww.kek.jp/research/egs/egs5_manual/slac730-090303.pdf (accessed on 1 April 2021).

	



Gordon, R.; Bender, R.; Herman, G.T. Algebraic Reconstruction Techniques (ART) for three-dimensional electron microscopy and X-ray photography. J. Theor. Biol. 1970, 29, 471–481. [Google Scholar] [CrossRef]

	



Sato, T.; Norton, S.J.; Linzer, M.; Ikeda, O.; Hirama, M. Tomographic image reconstruction from limited projections using iterative revisions in image and transform spaces. Appl. Opt. 1981, 20, 395–399. [Google Scholar] [CrossRef]

	



Nuyts, J.; De Man, B.; Fessler, J.A.; Zbijewski, W.; Beekman, F.J. Modelling the physics in the iterative reconstruction for transmission computed tomography. Phys. Med. Biol. 2013, 58, R63–R96. [Google Scholar] [CrossRef]

	



AVS. General Purpose Visualization Software. AVS/Express, Copyright © 2021 CYBERNET SYSTEMS CO., Ltd. Available online: https://www.cybernet.co.jp/avs/sitemap.html (accessed on 1 April 2021).

	



The ELI-Nuclear Physics Working Groups. The White Book of ELI Nuclear Physics. Bucharest-Magurele-Romania. THOSS Media GmbH. Berlin, Germany. Available online: http://www.eli-np.ro/documents/ELI-NP-WhiteBook.pdf (accessed on 1 April 2021).

	



Ziock, K. Principles and applications of gamma-ray imaging for arms control. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2018, 878, 191–199. [Google Scholar] [CrossRef]

	



Diaz, J.; Kim, T.; Petrov, V.; Manera, A. X-ray and gamma-ray tomographic imaging of fuel relocation inside sodium fast reactor test assemblies during severe accidents. J. Nucl. Mater. 2020, 543, 152567. [Google Scholar] [CrossRef]

	



Wahl, C.G.; Kaye, W.R.; Wang, W.; Zhang, F.; Jaworski, J.M.; King, A.; Boucher, Y.A.; He, Z. The Polaris-H imaging spectrometer. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2015, 784, 377–381. [Google Scholar] [CrossRef]

	



Duc, T.P.; Nakamura, R. Fused visualization of 3D Ultrasound and CT image on navigation system for Water-filled Laparo-endoscopic Surgery. Trans. Jpn. Soc. Med. Biol. Eng. 2014, 52, 303–304. [Google Scholar] [CrossRef]

	



Xie, S.; Yang, T. Artifact Removal in Sparse-Angle CT Based on Feature Fusion Residual Network. IEEE Trans. Radiat. Plasma Med. Sci. 2021, 5, 261–271. [Google Scholar] [CrossRef]








[image: Applsci 11 03415 g001 550] 





Figure 1. Schematic diagram of the experimental setup at the BL1U beamline in the ultraviolet synchrotron orbital radiation-III (UVSOR-III) synchrotron radiation facility. A lead collimator is positioned at the laser Compton scattering (LCS) gamma ray beam path. A plastic scintillator is used to measure the flux of the incident LCS gamma ray beam. The LCS gamma ray beam path is intercepted by a computed tomography (CT) target, which is positioned on a three-dimensional moving stage. Two high-purity germanium (HPGe) detectors, shielded by lead blocks, are used to measure the nuclear resonance fluorescence (NRF) gamma rays scattered from a witness target (208Pb). To prevent pile-up events, a bismuth absorber is used in front of an LaBr3(Ce) scintillation detector, which measures the transmitted gamma rays. 
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Figure 2. (a) Picture of the CT target. (b) Geometry of the CT target holder, having a diameter of 25 mm and a height of 20 mm. The target holder has three holes with equal diameters of 6.1 mm and a pitch angle of 120°. The numbering of the holes is shown on the target holder. (c) Arrangement of the rods, including the enriched lead isotope rods (206Pb and 208Pb), iron, aluminum, and a vacant area. 
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Figure 3. Data acquisition geometry of the CT target in three dimensions. In the horizontal direction (x), the CT target position was scanned from −12 mm to +12 mm in steps of 4 mm within the movement range. In the rotational direction (θ), the CT target was rotated around the axis of rotation, with angle steps of 30° in the range from 30° to 180°. The three layers in the vertical direction (z) were scanned at 3, 11, and 17 mm from the CT target bottom. 
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Figure 4. Part of the typical spectrum from the plastic scintillator (0:3000 channel). A few events were found in the channels ranging from 3001 to 8192. 
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Figure 5. Typical LCS gamma ray spectrum obtained from the LaBr3(Ce) detector. The shaded area is the region of interest (ROI). 
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Figure 6. Typical summed spectrum of the two HPGe detectors with 2 keV rebinning. 
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Figure 7. Gaussian fitted NRF peak of 208Pb at 5512 keV. 
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Figure 8. (a) CT target cross-sectional slice image at z = 3 mm, as well as reconstructed CT images of the (b) atomic attenuation, (c) on-resonance attenuation, and (d) pure NRF case. 
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Figure 9. (a) CT target cross-sectional slice image at z = 11 mm, with reconstructed CT images of the (b) atomic attenuation, (c) on-resonance attenuation, and (d) pure NRF case. 






Figure 9. (a) CT target cross-sectional slice image at z = 11 mm, with reconstructed CT images of the (b) atomic attenuation, (c) on-resonance attenuation, and (d) pure NRF case.



[image: Applsci 11 03415 g009]







[image: Applsci 11 03415 g010 550] 





Figure 10. (a) CT target cross-sectional slice image at z = 17 mm, with reconstructed CT images of the (b) atomic attenuation, (c) on-resonance attenuation, and (d) pure NRF case. 
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Figure 11. (a–i) Consecutive shots of the reconstructed image of the off-resonant attenuation (gamma-CT image) captured from the visualized three-dimensional movie. 
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Figure 12. (a–i) Consecutive shots of the reconstructed image of the nuclear resonant attenuation (pure NRF) captured from the visualized three-dimensional movie. 
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