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Abstract

:

An organic scintillator-based radiation portal monitor (RPM) prototype system with imaging capabilities has been developed based on the neutron–gamma emission tomography technique. The technique enables rapid detection and precise location of small amounts of special nuclear materials, such as plutonium, using time and energy correlations between fast neutrons and gamma rays from spontaneous fission with low false-alarm rates. These capabilities, in addition to state-of-the-art detection of various gamma-emitting sources, enables the novel imaging RPM concept to efficiently address global security threats from terrorism and the proliferation of nuclear weapons. The detector approach is simple and versatile and can easily be adapted for different applications in nuclear security, public safety, nuclear emergency response, and radiological surveying. In this work, basic performance parameters of the imaging RPM prototype system developed at KTH have been evaluated.
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1. Introduction


The trafficking of special nuclear materials (SNM), such as weapons-grade plutonium (WGP) and highly enriched uranium (HEU), or other radioactive materials that could be used as radiological dispersion devices or contribute to the proliferation of nuclear weapons, remains one of the main global security challenges. The IAEA Incident Trafficking Database (ITDB) 2020 Fact Sheet reported 290 incidents between 1993 and 2019 that involved confirmed or probable acts of trafficking or malicious use [1]. It is quite possible that the number of detected incidents represents a relatively small fraction of such events. Therefore, improvements in the sensitive detection and rapid location of illicit radiation sources during screening of individuals, vehicles, or cargo at security check points at borders or at secure facilities is of fundamental importance for public safety.



We have previously reported on a new technique, neutron-gamma emission tomography (NGET) [2,3], for efficient 3D location of SNM within the field of view of a radiation portal monitor (RPM) system based on organic scintillators. The NGET technique is versatile and can easily be adapted to different detection geometries in different applications in nuclear security, public safety, nuclear emergency response, radiological surveying, etc. It uses correlations in time, space, and energy between fast neutrons and gamma rays from spontaneous or induced fission, providing a novel radiation imaging modality as well as enhanced detection sensitivity for SNM with low false alarm rates. While our previous efforts were focused on demonstrating the proof-of-principle of the NGET technique, in this study, we evaluate the detection and localization capabilities of an imaging RPM in more realistic conditions, in particular with respect to shielding materials.



Our results are presented in the following order. In Section 2 the detection system (Section 2.1) and the application of the NGET method (Section 2.2) are described. The RPM performance is reported in Section 3. Section 4 presents the results of NGET localization of SNM. The results and future research directions indicated by this work are discussed in Section 5.




2. Materials and Methods


2.1. Detection System


Radiation portal monitors are installed at nuclear facilities, air and seaports, border crossings, cargo terminals, etc. to screen persons, vehicles, and other objects in order to detect and prevent the trafficking of radioactive materials. Basic systems are sensitive only to gamma-emitting radioactive sources, while the detection of plutonium and other types of SNM also warrants detection of neutrons. Currently, the most commonly used neutron detectors in nuclear safeguards and security systems, such as RPMs, are    3  He thermal neutron gaseous proportional counters [4,5]. Nevertheless, there is a rising interest in replacing    3  He detectors with other technologies driven by the global shortage of    3  He [6]. Besides replacing    3  He with other high-neutron-absorption cross-section materials for thermal neutrons like boron and lithium, there is also an increasing focus on fast-neutron detection using organic scintillators, high-pressure    4  He systems [7], etc. Organic scintillators have been found to be competitive alternatives in terms of intrinsic detection efficiency compared with with the “gold standard”    3  He-based systems [8]. Furthermore, while thermal or epithermal neutrons typically have scattered multiple times in surrounding materials on their way from the source, fast neutrons preserve some direct information about the initial emission process and its location. Thanks to their generally excellent timing properties this leads to key advantages for organic scintillator-based detection systems for background suppression and selectivity by using fast time correlations between the detected particles.



The phase I RPM prototype system developed at KTH consists of eight organic scintillator detector cells, placed in two vertical pillars (see Figure 1). The current mechanical support structure is adapted to the ANSI N42.35-2016 industry standard [9] and is suitable for different package (or conveyor) and pedestrian RPMs, but it can easily be modified to different scenarios and applications. The mechanical structure can support up to 50 detector cells, 20 horizontally oriented in each pillar and 10 detector cells at the top of the structure. Organic scintillators were chosen as detection medium because they are sensitive to both gamma rays and fast neutrons with high efficiency and are available with pulse-shape discrimination (PSD) capabilities for distinguishing between the two types of particles. In addition, organic scintillators typically have excellent timing properties, of the order of 1 ns or better (FWHM), depending on the particle energies, detector geometry, and the properties of the sensors used for reading out the scintillation light.



In the current configuration of the KTH Phase I RPM prototype system, detector cells of cylindrical shape with 127 mm diameter by 127 mm length were mounted in a zig-zag pattern in the mechanical support structure. This configuration is rather compact and was adapted for use in radioactive waste scanning applications. It therefore conforms most closely to the package/conveyor RPM category specified in the ANSI N42.35-2016 standard document. Each detector cell contains approximately 1.6 L of EJ-309 liquid organic scintillator [10] and it is optically coupled to a Hamamatsu R1250 photomultiplier tube (PMT). The PMTs are powered by two four-channel CAEN DT5533 high-voltage power supplies and their anode pulses were collected and digitized using an eight-channel CAEN DT5730 digitizer board. The digitizer board has a 2-Vpp dynamic range, 14-bit resolution, 500 MHz sampling rate, and features firmware programmable PSD capabilities for distinguishing between gamma rays and neutrons using field programmable gate arrays (FPGA). The PSD algorithm for distinguishing gamma-ray interactions from those of fast neutrons in the scintillators is based on the standard charge comparison method, illustrated in Figure 2. Energy information for each trace is extracted using a moving window de-convolution algorithm and the timing of the detector signals is extracted using a digital constant fraction discrimination (CFD) algorithm. The triggerless data acquisition system provides information on individual gamma-ray and neutron energies, timing, and the detector that registered the interaction. Standard RPM observables such as single-gamma and neutron detection rates as well as coincidence rates for gamma–gamma, neutron–neutron, and gamma–neutron events can be derived in real time from the data stream. Typical coincidence time windows are 0–100 ns for gamma–gamma and neutron–neutron events, and 10–100 ns for gamma–neutron events, and can easily be adjusted in the software.




2.2. NGET Method


While the main focus of previous studies of systems for SNM detection has been on neutrons, which are a characteristic signature of such materials, there are several advantages connected with the additional detection of gamma rays associated with spontaneous or induced fission. Special and beneficial features of prompt fission gamma rays are their higher multiplicity and short flight time from source to detector. In the fission process, most of the gamma rays are emitted in prompt cascades depopulating short-lived (typically picoseconds–nanoseconds) excited states in the fission products. Therefore, gamma-fast neutron correlations deserve further investigation as an additional SNM detection method, complementing the standard single-gamma and neutron counting, with a potential to significantly reduce RPM false alarm rates (FAR) [11].



Gamma-fast neutron coincidences provide not only an additional, more selective, detection mode but also excellent 3D localization capabilities for SNM using the novel neutron–gamma emission tomography (NGET) [2] technique. Location of SNM using NGET can be obtained by analyzing fast neutron–gamma coincidences event-by-event or cumulative distributions of, primarily, particle arrival time differences using machine learning or statistical methods. Here, results using a Bayesian method applied event-by-event are presented. For each event, the algorithm calculates the probability distribution for the possible points of origin in space from the measured energy deposited by the neutron and the gamma–neutron time difference. Differently from neutron scatter cameras, which can also provide images of SNM, only the detection of one neutron interaction is required while the probability for detection of coincident gamma rays is enhanced due to the much higher prompt fission gamma-ray multiplicity [12]. Since fast neutrons mainly interact via elastic scattering on protons in the organic scintillator, the measured recoil energy samples the incoming neutron kinetic energy and also sets a lower limit of the kinetic energy carried by the incident neutron. Since neutrons emitted from spontaneous fission of SNM have well known energy distributions, often approximated by a Watt spectrum [13], the measured energy deposited by a neutron can be transformed into a probability distribution for the kinetic energy of the incident neutron. Together with the measured time-of-flight (TOF) between the photon and the neutron from the same fission event, the derived neutron energy probability distribution can be transformed into a probability density function for the location of the emission point. For the image reconstruction, a deconvolution algorithm based on Bayes’s theorem [14] was applied to the event-by-event data. The performance of the NGET method applied to the KTH Phase I RPM prototype was tested for a    252  Cf source in different shielding conditions.





3. RPM Detection Performance Results


3.1. Background Evaluation


According to the ANSI N42.35-2016 reference and standard test conditions, the gamma radiation background should be between 5–10  μ R/h and less or equal to 200 background neutrons/s/m   2  . Typical RPM systems with    3  He counters or similar thermal neutron detectors are sensitive to the full cosmic-ray neutron spectrum, including the down-scattered neutrons. Organic-scintillator based detection systems are, on the other hand, mainly sensitive to fast neutrons and, as a result, the neutron background rates are significantly reduced. The main contribution to the neutron background count rate for organic-scintillator detectors operated with neutron/gamma PSD is caused by particle misidentification where the detector signals are affected by electronic noise or pile-up. This effect is proportional to the average singles gamma rate in the scintillators with a factor typically around one to a few per thousand [15] depending on the PSD cuts applied. The background count rates measured by the KTH RPM prototype system during tests in the Detector laboratory of the KTH Nuclear Physics Division are given in Table 1. The average radiation background dose rate in this environment is around 0.2  μ Sv/h. The energy thresholds for gamma rays and neutrons were set to 20 keV and around 500 keV, respectively. It is noteworthy that the system was not shielded against background radiation in the presently reported configuration. Standard commercial RPM systems usually have several mm of lead shielding installed on the outer sides, reducing background count rates.




3.2. False Alarm Rate Tests


A “false alarm” is defined when an alarm is triggered due to a measurement of counts in any of the measured parameters (neutrons, gamma-rays, gamma–neutron coincidences, neutron–neutron coincidences, etc.) above a preselected or automatically determined alarm level during the relevant measurement period, while no radiation source other than room background is present. The ANSI N42.35-2016 evaluation standard for RPMs does not take into account detection systems which are able to measure fast particle coincidences, as in the present case. The false alarm test requirements, for both single gamma-rays and neutrons, are less than one alarm per 1000 occupancies for systems with occupancy sensor or one alarm in two hours’ measurement time in systems without occupancy sensor [9]. The KTH RPM prototype system can be operated in both modes, i.e., with or without occupancy sensor. The adopted alarm trigger thresholds were set to ≳4 σ  above mean background count rates and are given in Table 2. These thresholds were decided to be optimal for an interrogation time of one second in the background conditions measured with the KTH RPM prototype system. The detection probability for one gamma-fast neutron coincidence event in a one-second interrogation time due to room background radiation was determined to be 0.003. The system was let to measure background radiation continuously for a total measurement time of 61.4 h, corresponding to a total of 221,000 individual one-second measurements. In only one case during this period were two gamma–neutron coincidence events observed within one second of each other. Consequently, the false alarm rate for fast gamma–neutron coincidence events was determined to be of the order of 4 × 10    − 6      s  − 1   .




3.3. Radiation Source Tests


The RPM prototype system was tested for its response to the passage of standard radioactive sources    252  Cf,    133  Ba, and    137  Cs. The sigma multiplier factor N [16] and the false-negative probability,   p N  , (i.e., the probability that the passage of the source was not detected) were determined for a one-second interrogation time period. This means that the source moves through the RPM at a speed of 1.2 m/s, covering the distance from −0.6 m to +0.6 m with respect to the plane through the center of the RPM assembly, as prescribed by the ANSI N42.35-2016 standard [9]. The ANSI N42.35-2016 standard document describes a series of measurements using eight different standard radiation sources, each with its specified activity. We here present the results obtained with two different gamma-ray sources (   133  Ba and    137  Cs) and one neutron source (   252  Cf). These results are deemed to be representative of the overall performance, especially since the detection threshold of the KTH Imaging RPM prototype system for gamma rays (20 keV) is significantly below the threshold of 40 keV required by the ANSI N42.35-2016 standard.



The passing of each source through the RPM was simulated by means of a series of static measurements covering a range of distances along a line parallel with the x-axis through the center of the RPM, see Figure 1 and Table 3 and Table 4. The sigma multiplier factor is defined by the condition that the sum of the mean number of background counts <  C B  > and the product of its standard deviation   σ B  , and the sigma multiplier factor N, equals the mean counts measured with the source present during a given interrogation time:


  <  C B  > + N ×  σ B  ≡ <  C  S + B   >  



(1)







The individual detectors were gain matched using standard calibration sources, using the internal conversion K X-ray photopeak and Compton edge for    137  Cs (32 keV and 478 keV, respectively), and the 59.5 keV photopeak of    241  Am.



3.3.1.     252  C f  


Table 3 summarizes the results of the measured response to the passage of a   1.25  μ  Ci    252  Cf source. This relatively weak source had a neutron emission rate of approximately 5400 n/s, which corresponds to 27% of the activity of the    252  Cf source prescribed for RPM tests of neutron sensitive RPMs by the ANSI N42.35-2016 standard [9]. The    252  Cf material was embedded in a ceramic cylinder with dimensions 4.6 mm (diameter) by 6 mm and encapsulated in a double-welded stainless-steel cylinder with outer dimensions 7.8 mm (diam.) by 10.0 mm. The highest sigma multiplier factor, and hence the lowest FAR was obtained for gamma–neutron coincidence detection whereas the highest statistics and lowest false-negative probability is achieved for single-neutron counting, by far exceeding the requirement of a maximum average false negative probability of    p N  = 1.7  % specified by the ANSI N42.35-2016 industry standard. Consequently, the best overall performance of the RPM in terms of combined sensitivity and FAR was obtained from joint single-neutron and gamma–neutron coincidence counting. The last row in the table gives the ANSI N42.35-2016 specified neutron source emission rate and scaled sigma multiplier factors and false negative probabilities that would result from measurements on a source with such an emission rate.




3.3.2.    133  Ba and    137  Cs


Table 4 shows results of the measured response to the passage of    133  Ba and    137  Cs gamma-ray sources through the RPM, with activity of 44 kBq and 184 kBq, respectively. These activities correspond to 8.5% and 31% of the ANSI standard activities for these source categories. The radioactive source    133  Ba is often used as a “gamma-ray emitting surrogate” for weapons grade plutonium (WGPu). The activity of the    133  Ba source used in these measurements only produced an increase of approximately 10% in the single-gamma ray count rate over the normal gamma background rate. With an activity of 120 kBq, it corresponds to approximately 1 g of WGPu. The results showed a high sensitivity for the detection of these weak sources, with a performance largely surpassing the ANSI N42.35-2016 industry standard with its maximum limit on the average false negative probability of    p N  = 1.7  %. Table 4 also shows the ANSI N42.35-2016 specified gamma source activities and sigma multiplier factors and false-negative probabilities scaled for these activities.






4. 3D Localization of SNM


As discussed above, the capability to measure fast time correlations between gamma rays and neutrons affords the KTH RPM prototype with an increased sensitivity for detection of small quantities of SNM while maintaining the FAR at a minimum. However, an even more radical consequence of this detection mode is that it enables a simultaneous rapid imaging of SNM in the field of view [2].



The capabilities to locate a    252  Cf source using the NGET technique have been studied for a bare source and in different shielding conditions. The    252  Cf source, see Section 3.3.1, was oriented with its long axis along z as defined in Figure 1. Shielding was applied by placing the source at the center of plastic and lead cylinders in order to investigate the influence of the shielding on the spatial resolution. The plastic cylinder was manufactured from ultra-high molecular weight polyethylene (PE1000) with 40 mm radial thickness and 83 mm height while the lead cylinder had a 16 mm radial thickness and 105 mm height. Figure 3 shows the results of event-by-event NGET image reconstruction for the bare and shielded   1.25  μ  Ci    252  Cf source described in Section 3.3.1. The panels show probability density distributions based on Bayesian inference projected on the   y − z   plane. The data was acquired for three different positions of the source; (x, y, z) = (0, −30, 22) cm, (0, 0, 52) cm, and (0, 30, 82) cm, each during a 10 s measurement time. Figure 4 illustrates the resulting 3D-representation of the source inside the plastic cylinder with 2D-projections on the   x − y  ,   x − z   and   y − z   planes.



In order to evaluate the spatial resolution of the system the NGET algorithm was applied in 1800 different 10 s measurements. The   1.25  μ  Ci    252  Cf source was placed in the central position (x, y, z) = (0, 0, 52) cm, without shielding and with PE1000 and lead shielding, respectively. Table 5 specifies spatial resolution (  σ  x y z   ) obtained from Figure 5. Figure 5 shows projections on the x, y, and z axes of the three-dimensional spatial distributions of the most probable source position obtained in each 10 s measurement.




5. Discussion


Rapid and efficient detection of nuclear and other radioactive materials using radiation portal monitors constitutes one of the critical links in the global efforts against nuclear terrorism and the proliferation of nuclear weapons. Additionally, the possibility of rapid, precise, and automatic location of SNM detected at security checkpoints would tremendously speed up the response time and reduce or remove the need for on-site personnel trained in radiation detection. It would also enable potentially critical time savings for nuclear emergency responders and facilitate the work of safeguards inspectors. It has been demonstrated that by adding the capabilities to measure detailed correlations in time and space between gamma rays and fast neutrons from nuclear fission in an RPM system based on an array of organic scintillators, an increased sensitivity and selectivity for the notoriously elusive SNM, such as plutonium, can be achieved while maintaining FAR at a very low level. Using the NGET imaging modality, such a detection system is then also capable of rapidly and precisely locating SNM within the field of view. Based on these principles, an imaging RPM prototype system suitable for pedestrian and package (or conveyor) screening has been designed and tested at KTH Royal Institute of Technology. The novel imaging method has superior performance in terms of spatial resolution and detection efficiency [2] compared with neutron scatter imaging (see, e.g., Ref. [17]). The spatial resolution from around 2 up to a few cm obtained in this work is remarkable considering the several times larger dimensions of the detector cells used in the current version of the Phase I KTH RPM prototype system. The results also indicate a robustness of the NGET imaging technique against the presence of moderate amounts of shielding materials of different types. Future developments of the imaging RPM concept will include comprehensive studies of the localization capabilities for sources placed inside a variety of shielding materials and matrices, as well as further optimization of the image reconstruction of multiple and spatially distributed sources.
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Figure 1. Schematic illustration of the RPM prototype system. In the current configuration, the detector assemblies cover approximately a 100 cm vertical range while the horizontal distance between their front faces is 100 cm as specified in the ANSI N42.35-2016 RPM industry standard. 
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Figure 2. Pulse-shape discrimination plot for one of the eight detector cells in the RPM. The PSD parameter (vertical axis) is the ratio of signal tail charge integral and total charge integral, while the full integrals of the PMT signals are plotted on the horizontal axis. The signals saturate at around 7 MeVee. The number of counts are indicated by the color scale shown on the right side of the plot. Gamma rays and neutrons were selected by choosing events within the regions indicated by the red and black lines, respectively. 
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Figure 3. Source localization results based on Bayesian inference applied to event-by-event data. Each panel corresponds to a 10 s measurement of the   1.25  μ  Ci    252  Cf source. The source was placed at (x, y, z) = (0, 0, 52) cm. The image panels show projected probability density distributions in the   y − z   plane for the bare source (left), inside the PE1000 shielding (middle), and inside the lead shielding (right). The estimated probability of finding the source per cm   2   pixel is indicated by the color scale on the right. See text for details. 
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Figure 4. 3D representation of the localization of the   1.25  μ  Ci    252  Cf source shielded with the lead cylinder, with projections in the xy, xz, and yz planes. The source was placed at a position (x, y, z) = (30, −30, 52) cm. The measurement time used for producing the image was 10 s. 
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Figure 5. Spatial resolution obtained from event-by-event NGET image reconstruction of the    252  Cf source. The results were obtained for 1800 different 10 s measurements. The three panels show projections of the three-dimensional spatial distributions on the x, y, and z axes of the most probable source position determined in each measurement. Results are given for the bare source (black line) and inside PE1000 and lead shielding (blue and red line, respectively). The    252  Cf source was kept fixed in the position (x, y, z) = (0, 0, 52) cm during the measurements. 
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Table 1. Measured background count rates without detector shielding. The energy thresholds for gamma rays and neutrons were 20 keV and around 500 keV, respectively.
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	Counts/s





	Single  γ -rays
	5189.0  ±  0.2



	Single neutrons
	1.000  ±  0.002



	 γ –neutron coinc.
	0.0030  ±  0.0002



	 γ – γ  coinc.
	63.00  ±  0.02



	Neutron-neutron coinc.
	0.0021  ±  0.0001
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Table 2. Adopted alarm trigger thresholds, ≳4 σ  above mean background count rates.
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	Detection Mode
	Threshold (Counts/s)
	Threshold (   σ B   )





	Single  γ -rays
	5477
	4



	Single neutrons
	5
	4



	 γ -neutron coinc.
	1
	18



	 γ - γ  coinc.
	95
	4



	Neutron-neutron coinc.
	1
	21
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Table 3. Alarm test results for the lab     252  C f   neutron source and ANSI N42.35-2016 specified neutron source activity.
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	     252  Cf   

Source Type
	Neutrons/s
	Single Neutrons

   N /  p N    
	  γ  -Neutron

Coinc.

   N /  p N    
	Neutron-

Neutron

Coinc.

   N /  p N    





	lab source
	5400
	30/  9 ×  10  − 9    
	38/0.13
	4/0.84



	ANSI N42.35-2016
	20,000
	112/  3 ×  10  − 41    
	140/  3 ×  10  − 4    
	14/0.53
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Table 4. Alarm test results for the gamma sources    133  Ba and    137  Cs as well as corresponding values calculated for ANSI N42.35-2016 specified gamma source activities.






Table 4. Alarm test results for the gamma sources    133  Ba and    137  Cs as well as corresponding values calculated for ANSI N42.35-2016 specified gamma source activities.





	Source Type
	Activity (kBq)
	Sigma Multiplier

Factor

N
	Probability of

False Negative

   p N   





	   133  Ba lab source
	44
	8
	3   ×   10  − 4    



	   133  Ba ANSI N42.35-2016
	518
	865
	0



	   137  Cs lab source
	184
	28
	0



	   137  Cs ANSI N42.35-2016
	592
	249
	0
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Table 5. Spatial resolution (  σ  x y z   ) obtained from 1800 10-second measurements of the   1.25  μ  Ci    252  Cf source.
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	    σ x    
	    σ y    
	    σ z    





	bare    252  Cf
	2.09 ± 0.04
	2.16 ± 0.04
	2.89 ± 0.05



	   252  Cf + PE1000
	3.20 ± 0.07
	2.65 ± 0.05
	3.97 ± 0.08



	   252  Cf + lead
	4.8 ± 0.2
	4.76 ± 0.09
	6.2 ± 0.2
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