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Abstract

:

Additive manufacturing techniques enable a wide range of possibilities for novel radiation detectors spanning simple to highly complex geometries, multi-material composites, and metamaterials that are either impossible or cost prohibitive to produce using conventional methods. The present work identifies a set of promising formulations of photocurable scintillator resins capable of neutron-gamma pulse shape discrimination (PSD) to support the additive manufacturing of fast neutron detectors. The development of these resins utilizes a step-by-step, trial-and-error approach to identify different monomer and cross-linker combinations that meet the requirements for 3D printing followed by a 2-level factorial parameter study to optimize the radiation detection performance, including light yield, PSD, optical clarity, and hardness. The formulations resulted in hard, clear, PSD-capable plastic scintillators that were cured solid within 10 s using 405 nm light. The best-performing scintillator produced a light yield 83% of EJ-276 and a PSD figure of merit equaling 1.28 at 450–550 keVee.
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1. Introduction


Plastic scintillators are among the most common radiation detection materials used due to their low costs, ease of fabrication, fast response time, and ability to distinguish between neutron and gamma-ray interactions [1]. Plastic scintillators are useful for detector applications relating to national security, radiation therapy, and basic science [2,3]. The application of additive manufacturing techniques to plastic scintillators offers the potential for new and exciting uses. For instance, 3D printing allows for the fabrication of complex geometries and multi-material composites that are either impossible or cost prohibitive to produce using conventional methods.



Successful 3D printing of plastic scintillators requires the development of a printing process as well as suitable feedstock material that is similar in cost to a conventional scintillator and has mechanical, chemical, and optical properties suitable for the 3D-printing process. The combination of the feedstock and printing process will need to result in printed parts having mechanical, optical, and scintillation (light yield and pulse shape discrimination, or PSD) performance near or exceeding that of conventional plastic scintillators.



There is a wide range of 3D printing methods available, including filament-based methods, such as fusion deposition modeling (also called fused filament fabrication), powder-based laser sintering, and light-based resin curing [4]. Of the common 3D printing methods, light-based methods—that is, methods based on photopolymerization of a liquid resin—such as stereolithography (SLA) and digital light processing (DLP) offer the best optical clarity [5]. A few researchers have developed formulations of scintillating resins that either have or can be used in light-based 3D printers, but the light yield of these scintillators was low (~35% of commercially available plastic scintillators) and PSD was not reported [6,7,8]. Other recent research reported a DLP 3D-printed scintillator with a light yield of up to 67% of BC-408 plastic scintillators. This formulation used bisphenol A ethoxylate dimethacrylate (BPA(EO)    1  5  DMA) as the primary solvent, 1-methyl-naphthalene as the secondary solvent, 2,5-diphenyloxazole (PPO) as the primary dye, 1,4-bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-fluorene (ADS086BE) as the wavelength shifter, and diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as the photoinitiator [9,10]. However, like the other light-based, 3D-printable formulations, PSD performance was not reported. Recent research was successful in producing a DLP 3D-printed plastic scintillator sample with a reported PSD FoM of 1.73 ± 0.02 from 300–1000 keVee using 30% PPO [11]. Another novel, light-cured, PSD plastic scintillator was recently reported in [12], but the required cure time of tens of minutes makes its use in 3D printing impractical, where cure times of tens of seconds or less are required for rapid prototyping and manufacturing.



The goal of this work was to create a mechanically hard, optically clear, 3D-printable (i.e., DLP or SLA), PSD plastic scintillator with a light yield comparable to commercially available PSD plastic scintillators, i.e., EJ-276 (8600 photons per 1 MeVee) [13]. This resulted in the development of a light-based, PSD-capable plastic scintillator formulation that cures in seconds using industry-standard 405 nm light and is suitable for the 3D printing of radiation detectors. In particular, this work reports the development of the fast-curing formulation, the material properties and radiation detection performance of the resulting light-cured scintillators, a parametrically optimized formulation, and an initial aging study.




2. Materials and Methods


2.1. Scintillator Development


The formulation of the resin was based on five basic components; a monomer, a crosslinker, a photo-initiator to induce photopolymerization, and primary and secondary fluorescent dyes to produce light from radiation excitation. Several compounds were evaluated as part of the formulation development for each component.



In developing a 3D printable scintillator resin, the monomer forms the base of the resin and is the largest component by mass. The monomer needs to have good optical clarity at the scintillation wavelength, exhibit high solubility for fluorescent dyes, and not lead to the quenching of the scintillation light. Monomers, such as vinyltoluene or styrene, which are primarily used in plastic scintillators [14,15], were found to exhibit low reactivity during photopolymerization [12,16,17]. Attempts to use these types of monomers resulted in cure times of >30 min to multiple hours, which is not acceptable for 3D-printing applications. Methacrylate and acrylate compounds exhibited much higher reactivity, on the order of 10s of seconds, which is suitable for 3D-printing applications. Attempts to find an off-the-shelf aromatic methacrylate or acrylate were unsuccessful. Compounds such as ethylene glycol phenyl ether acrylate, phenyl acrylate, or benzyl methacrylate resulted in either poor hardness, making mechanical polishing difficult, or poor light yield, as was the case for benzyl methacrylate which was <1000 photons per MeVee [18]. In lieu of a suitable aromatic methacrylate, or acrylate monomer, the compound isobornyl acrylate (IBOA) was chosen due to its optical clarity, low cost, high boiling point, and high glass transition temperature. For this work, ≥85% technical-grade IBOA from Sigma Aldrich with 200 ppm monomethyl ether hydroquinone inhibitor was used.



Crosslinkers are needed to increase hardness and decrease the gel time of the photocured resins. Multiple crosslinkers were tested during this work, such as difunctionized 1,6-hexanediol dimethacrylate (HDDMA), bisphenol-A dimethacrylate (BPADMA), divinylbenzene (DVB), and tetrafunctionized crosslinkers, such as pentaerythritol tetraacrylate (PETA). The HDDMA was ≥90% pure and contained 100 ppm hydroquinone as an inhibitor, BPADMA was >98% pure with no inhibitor, PETA contained 350 ppm monomethyl ether hydroquinone as the inhibitor, and DVB was 80% pure. The photo-initiator used to start the polymerization from incident 405 nm light was TPO from Sigma Aldrich, which was 97% pure.All compounds were used as received.



For the production of light yield in the plastic scintillators, the solvents and fluors tested were EJ-309, diisopropyl naphthalene (DIN) from Eljen Technology (Sweetwater, TX, USA) (base EJ-309 solvent with no fluors), and PPO from Sigma Aldrich, which was of scintillation grade and 99% pure.1,4-Bis(2-methylstyryl)benzene (Bis-MSB) from Sigma Aldrich (St. Louis, MO, USA), diphenyl stilbene (DPS) from Luxottica Exciton (Lockbourne, OH, USA), and Exalite 416 from Luxottica Exciton were evaluated as wavelength shifters.



The compounds for the desired formulation to be tested were weighed and placed into a 28 × 57 mm (20 mL) reaction vial. The compounds were thoroughly mixed together using an alternating combination of an ultrasonic bath and hot plate to gently warm the mixture. To reduce oxygen-induced quenching, the reaction vial was transferred to a glove box pressurized with a nitrogen atmosphere (<0.1 ppm O   2   and <1 ppm H   2  O). Dissolved oxygen was removed by sparging with nitrogen for 10 min, and the reaction vial was sealed before removal from the glove box. During this process, care was taken to minimize exposure to ambient light, as the resin polymerizes with light. Next, the resin solution was cured using a commercially available 405 nm Formlabs (Somerville, MA, USA) Form Cure (estimated to be about 25 mW/cm   2  ) and Dymax (Torrington, CT, USA) BlueWave AX-550 VisiCure (800 mW/cm   2  ).Finally, all solid scintillators were sanded and polished using 180 grit, 400 grit, 1000 grit, and 2000 grit sandpaper and a 300 nm EXTEC alumina slurry. The dimensions of the solid scintillators were ~2.5 cm diameter and   ~ 1.6   cm thick.



Each formulation was given a name in the format “AFITXXX” in order to track the various formulations, and all are listed in Appendix A.




2.2. Scintillator Characterization


For each scintillator, the hardness of the plastic scintillators was measured using a Shore A durometer. For the curing studies, the light emission spectrum of the scintillators was measured by a Horiba (Kyoto, Japan) FluoroMax Plus with an excitation wavelength of 380 nm.



The relative light yield and PSD figure of merit (FoM) were measured for each scintillator. For the scintillators that leached (see Section 3.2.2 for details), the hazy film was cleaned off using mild soap and water before the measurements. Each scintillator was wrapped with two layers of MIL-T-27730A PTFE tape and coupled to a 2” Hamamatsu (Shizuoka, Japan) R7724 PMT biased at −1050 V.The signals were recorded using CAEN (Viareggio, Italy) CoMPASS (version 1.5.3) software on a CAEN DT5730, a 500 MS/s, 14-bit waveform digitizer. Figure 1 plots examples of neutron and gamma waveforms from the AFIT101 plastic scintillator formulation as recorded by the digitizer. The pulse shape is similar to that of other organic scintillators. For each waveform, the pretrigger was set to 48 samples (96 ns), and the baseline was calculated using the first 40 samples (80 ns). The long gate was set to 400 ns, and the short gate was varied to optimize the PSD FoM for each scintillator. The short gate averaged approximately 23 samples (46 ns). Both the long and short gates began immediately after the 40-sample baseline window.



The relative light yield of the scintillators was compared to EJ-276 [13] and measured using the Compton edges from the 0.511 MeV (0.341 MeV) and 1.275 MeV (1.062 MeV)    22  Na gamma rays and the 0.662 MeV (0.478 MeV)    137  Cs gamma ray. The EJ-276 plastic scintillator was a bare 1” diameter × 1” long right circular cylinder, dated 30 October 2020 from the manufacturer, which has known aging degradation [15,19,20]. It was removed from its nitrogen-environment shipping container on 26 April 2021 for its first use in measurements.



The Compton edge location in the recorded spectrum was determined by fitting a half-Gaussian distribution to the edge as shown in Figure 2 for the    22  Na 0.511 MeV (0.341 MeV) gamma ray in EJ-276. The Compton edge, which was used for comparing the relative light yield between scintillators, was calculated as


  C E = μ + σ   2 ln 2   ,  



(1)




where  μ  and  σ  are the mean and standard deviation of the Gaussian distribution [21]. For each scintillator, including EJ-276, the average and standard deviation of each of the three Compton edges were calculated from multiple measurements of each scintillator. The relative light yield was then calculated as the ratio of the average Compton edge for each scintillator to EJ-276 for each of the three Compton edges. The reported relative light yield is an average of the three relative light yields obtained for each scintillator for the three Compton edges measured.



This approach in locating the Compton edge introduces potential bias [22] and does not take into account effects such as multiple scattering [23]. Since this potential bias was comparable in the scintillators and EJ-276 measurements (<0.5% difference), calculating relative light yield minimizes the potential impact of this bias [22].



Second, neutron and gamma-ray induced events were discriminated using the waveform charge integration PSD as shown in Figure 3a [24]. After calibrating the energy of the spectrum using the Compton edges from the 0.511 MeV, 0.662 MeV, and 1.275 MeV gamma rays, a PSD histogram was generated from the events between 450 and 550 keVee. The histogram was then fit with two Gaussians, shown in Figure 3b, and the quality of the PSD was quantified using a FoM given as [24,25]


  FoM =    μ 2  −  μ 1     FWHM 2  +  FWHM 1    ,  



(2)




where  μ  and FWHM are the mean and full-width at half-maximum for each of the Gaussian distributions, respectively.




2.3. Exploratory Formulation Studies


A step-by-step, trial-and-error approach was taken to identify promising combinations to achieve a formulation that would create a mechanically hard, optically clear plastic with high light yield and neutron/gamma-ray discrimination. While not an exhaustive search of the parameter space, the series of small studies led to a promising general formulation that was then parametrically optimized as described in Section 2.4. All samples were approximately 10 g (~2.5 cm diameter and ~1.6 cm thick), and the formulations, Table A1 and Table A2, are shown in Appendix A for the key steps and formulations described below.



The first study explored the compatibility of different wave shifters with the 405 nm cure light and primary solvents. Three samples (AFIT002-004) were created with 0.2 wt% of Bis-MSB, Exalite 416, and DPS, respectively. The other chemicals in the scintillators were kept constant for all three. The DPS did not dissolve into the solution. The scintillator with Bis-MSB was solid throughout but softer in the center, while the Exalite 416 formulation was consistently hard throughout. It was determined that the Bis-MSB had a higher absorption at 405 nm, shown in Figure 4, preventing the light from penetrating the entire depth of the resin and obtaining a complete cure. Therefore, Exalite 416 was selected as the wave shifter for all future formulations.



In the next step, the ratio of plastic-forming to light-yielding compounds was switched to 60/40 to increase the light yield of the scintillator. Reduced crosslinker concentration had previously been observed to result in soft, gummy-like cures, while high crosslinker concentrations led to cloudy scintillators. Therefore, the solid BPADMA was replaced with liquid HDDMA to explore formulations that lead to a harder, clearer plastic since the liquid HDDMA better dissolved and did not precipitate out of the solution. Three formulations with different IBOA/HDDMA ratios (70/30, 60/40, and 50/50) were explored. The formulations with the 60/40 and 50/50 IBOA/HDDMA ratios (AFIT013 and 014) yielded cloudy scintillators. The formulation with the 70/30 IBOA/HDDMA ratio (AFIT009) was clear but too soft, similar to hard rubber. PETA and DVB crosslinkers were also tried but did not provide better results than HDDMA or BPADMA. Additionally, all attempts to use DVB or any vinyl monomer significantly increased the required cure time.



Therefore, an IBOA/HDDMA ratio of 70/30 was used for future formulations, and variations were made to improve the hardness and radiation detection performance. First, the amount of light-yielding compounds was reduced to improve the hardness of the plastic. Two formulations (AFIT016 and 017) were developed with 30 wt% (70 wt% IBOA and HDDMA) and 20 wt% (80 wt% IBOA and HDDMA) light-yielding compounds. The Exalite 416 and TPO were held the same at 0.2 wt% and 0.1 wt%, respectively. Second, the amount of Exalite 416 was doubled from 0.2 wt% (AFIT016) to 0.4 wt% (AFIT022). Third, an approximately 50/50 ratio of HDDMA and BPADMA (AFIT023) was tested as the crosslinker. Each of these was sequentially cured for 4–5 min in a Formlabs Form Cure, followed by 1 min in the Dymax BlueWave AX-550 VisiCure, and then sanded and polished.



An increase in the plastic-forming compounds to 70–80 wt% and the addition of the BPADMA crosslinker (AFIT023) resulted in scintillators that were harder than the baseline 60/40 (plastic-forming/light-yielding compounds) ratio (e.g., AFIT013). The radiation detection performance of these scintillators demonstrated reasonable light yield (58–65% of EJ-276) and PSD (FoM between 0.74 and 1.07). It was observed that increasing the light-yielding compounds above a combined total of 30 wt% did not provide more light yield, attributable to the scintillator’s reduced clarity, but it did improve the PSD performance. However, a reduction to 20 wt% of light-yielding compounds did result in a ~5% reduction in light yield and a ~16% reduction in PSD performance. Doubling the amount of Exalite 416 only slightly increased the light yield. Finally, the addition of BPADMA with HDDMA resulted in similar light yield and PSD performance. While it was observed that the scintillator with an 80/20 ratio of plastic-forming to light-yielding compounds was the clearest and hardest, it had a relatively low light yield and PSD FoM. Thus, a 70/30 ratio of plastic-forming to light-yielding compounds was carried forward.




2.4. Two-Level Factorial Parameter Study


The initial formulation development was successful in creating an optically clear and mechanically hard plastic with reasonable light yield and PSD. A two-level factorial parameter study of the fluors (DIN and PPO) and crosslinkers (HDDMA and BPADMA) was developed to analyze the effects of increasing the BPADMA crosslinker and PPO to find the locally optimal formulation to prevent leaching and allow the highest light yield output. One level inversely varied the amount of PPO and DIN, which replaced the EJ-309 from the initial formulation development, while maintaining the combined PPO and DIN contribution at 30 wt% of the mass of the scintillator. The other level inversely varied the amount of HDDMA and BPADMA from 0 to 21 wt%, maintaining the combined mass of IBOA and crosslinker at 70 wt% and the IBOA to crosslinker ratio of 70/30. The remaining chemicals were the same for each of the scintillators: IBOA was 49 wt%, Exalite 416 was 0.2 wt%, and TPO was 0.1 wt%. This resulted in thirteen scintillators—formulations shown in Table A3 of Appendix A—developed with the same procedures described in Section 2.1. These scintillators were cured for 5 min in a Formlabs Form Cure (solid in 10–20 s) followed by 4 min in the Dymax BlueWave AX-550 VisiCure to burn up the remaining TPO in the scintillators and sanded and polished.





3. Results and Discussion


3.1. Curing


The obtained light yield was dependent on the curing parameters, as residual TPO can remain after the initial curing in TPO-based light-cured materials. To understand the effects of light yield as a function of the total curing dose and ensure the curing process resulted in a scintillator with the maximum light yield, a formulation representative of the final samples was placed in a glass cuvette and cured in the Formlabs Form Cure for 5 min and Dymax BlueWave AX-550 VisiCure for 4 min (total times). At periodic intervals during the curing process, the cuvette was removed from the Form Cure or BlueWave and placed in a Horiba FluoroMax Plus to measure the emission spectrum of the scintillator while being excited at 350 and 380 nm, asynchronously. An excitation of 380 nm is sufficient for addressing the competition between TPO and secondary fluor absorption. Figure 5a plots the emission spectrum of the plastic scintillator at the different integrated curing times from the excitation wavelength of 380 nm. Figure 5b plots the intensity of the peak emission as a function of time during the curing process for 380 nm excitation light.



The light emission from the scintillator first decreased during the first minute of curing in the Form Cure, then increased during the remaining duration of the curing process in the Form Cure and BlueWave. After the 4-min curing in the BlueWave, the maximum photoluminescence yield was obtained, and the peak emission increased by 55% and 79% for the 350 and 380 nm, respectively, compared to a 5-min cure in the Form Cure alone. The increase in the photoluminescence yield was attributed to increased TPO burn-up, as the samples were solid after ~10–20 s.




3.2. Observational Characterization


The observational characterization of the scintillators developed as part of the parameter study included measuring the hardness of the scintillators and visual observations of purpling, leaching, surface cracking, and reduced clarity. The hardness, surface cracking, and leaching results are shown in Figure 6, along with the two-factor formulation matrix utilized for this parameter study. There is a degree of polymerization reaction in UV curing that does not completely cure, which can cause lower hardness and degradation by oxidation (presence of unreacted double bonds). A clear trend is seen with higher PPO concentrations leading to increased leaching and reduced surface cracking.



3.2.1. Purpling


It was observed that some of the scintillators became purple upon exposure to the cure light. The purple color intensity and duration increased with the amount of PPO, as shown in Figure 7 of AFIT025 and AFIT026, which contained 20 wt% and 25 wt% PPO, respectively. This purple color did dissipate with time, with the decay time varying from being on the order of minutes to a few weeks. The decay time for the purpling to dissipate increased for increasing PPO concentration and increasing BPADMA concentration, as illustrated in Figure 7, where the purple color in AFIT113 (21 wt% BPADMA) can still be seen after 3 weeks.



The direct cause of the purpling effect was not determined, but it appears to be related to an interaction between PPO and TPO. Methods to accelerate the dissipation were explored, the most promising being a heat treatment. To test this treatment, three scintillators were made with the same formulation as AFIT101. One was placed in a 4    ∘  C refrigerator, one was left on the counter at room temperature, and another was placed in a 60    ∘  C oven. After a couple of hours, the scintillator from the refrigerator and room temperature maintained similar levels of purpling. However, the purple color in the scintillator from the oven had significantly faded, indicating that a post-cure heat treatment can be used to accelerate the dissipation of the purpling effect and obtain steady-state performance.



The scintillator light yield was reduced while purpling was observed in the scintillator, even for the slight purpling shown in Figure 8. When there was still purpling observed in AFIT230A (30 wt% PPO, 0 wt% DIN), Figure 8a, the relative light yield was 67%. After the purpling faded away, Figure 8b, the relative light yield increased to 71%. The difference increased as the amount of purpling present increased.



The light emission of AFIT131 was measured after the plastic was completely cured to better characterize the post-cure light emission. Measurements of the emission spectrum of the scintillator were taken for up to 7 h post-cure, while being excited at 350 and 380 nm, asynchronously, using a Horiba FluoroMax Plus. Figure 9a plots the emission spectrum of the plastic scintillator as a function of time after the curing process from an excitation wavelength of 380 nm. The light emission was fairly constant for the first 90 min post cure and then increased, as plotted in Figure 9b. This increase in the peak emission did not stop at 7 h post-cure. This is attributed to the dissipation of the purpling in the scintillator, and the timescales correlate well to significant observational reductions in scintillator purpling.




3.2.2. Leaching


In addition to the purpling, the scintillators with higher PPO amounts (above 10 wt%) leached and created a hazy, white film on the surface of the scintillators proportional to the PPO concentration. Figure 10 shows AFIT026 (25 wt% PPO) and AFIT114 (20 wt% PPO) with the hazy film from the leaching and the clear scintillators after being washed using mild soap and water. After washing, the scintillators continued to leach and again developed the hazy film on the surface within tens of minutes to hours (≥20 wt% PPO) or days (15 wt% PPO). Additionally, the BPADMA, such as in AFIT114, did not prevent the leaching as compared to AFIT026, which contained HDDMA.




3.2.3. Surface Cracking and Reduced Clarity


The softer scintillators exhibited surface cracking, as shown in Figure 11a,b of AFIT016 and AFIT104, which continued to degrade the integrity of the plastic over time. The scintillators with more than 10 wt% PPO did not crack on the surface, and the increase in BPADMA prevented surface cracking at a 10 wt% PPO concentration as observed in AFIT111. Unfortunately, the increase in BPADMA did not prevent leaching, and it did reduce the optical clarity of the scintillator, as shown in the difference between AFIT101 (0 wt% BPADMA), Figure 11c, and AFIT113 (21 wt% BPADMA), Figure 11d, after both were washed.





3.3. Radiation Detection Performance


Figure 12a,b show the light yield relative to EJ-276, PSD FoM, and the associated trends for several candidate formulations. The relative light yield was compared to the average of eight measurements of EJ-276 from 30 June to 1 September. These scintillators obtained a relative light yield of up to 78% of EJ-276 and a PSD FoM of 1.31 (74% of EJ-276) in the 450–550 keVee bin. The smaller size of these scintillators, compared to the size of the EJ-276, may have caused an overestimation of the relative light output due to the lesser self-absorption of these smaller scintillators. This overestimation is no more than 10%, using an analogous comparison of BGOs of different sizes [26], and the offset (<0.5% difference) would be similar across all formulations tested as discussed in Section 2.2. A minimum FoM value of 1.27 was used as a reference parameter to define efficient neutron/gamma PSD [14]. Although organic crystals and liquids generally have better PSD performance than plastics, for the purpose of this work, we compare to the state-of-the-art plastic EJ-276. The measured EJ-276 PSD FoM was 1.78.



The increase in PPO increased the light yield and PSD FoM for a set combination of crosslinkers, though it did increase the oxidation sensitivity. Unfortunately, the increase in BPADMA, while generally resulting in harder scintillators, did not prevent the leaching and reduced the clarity of the scintillators, thereby decreasing the light yield and PSD FoM. Overall, AFIT101 was found to be the best formulation for simplicity (fewer compounds used), radiation detection performance, and overall hardness and integrity over time.




3.4. Aging


AFIT101 leached quickly and significantly, raising questions about the stability of the scintillator’s performance over time. Figure 13 shows the relative light yield of AFIT101 and AFIT102 from 30 June to 15 November. Over 4.5 months, AFIT101 and AFIT102’s relative light yield decreased by 4.3% and 7.8%, respectively. The light yield in EJ-276 has also been shown to decrease over time. Compared to EJ-309, the relative light yield of EJ-276 decreased from 79% to 62% over 13 months [15,19,20], a 21.5% decrease. Over the 4.5 months observed in this study, a decrease of 5.5% was observed in the EJ-276 light yield.



The uncertainty reported in Figure 13 for AFIT101 on 12 July includes the variance from five measurements of the AFIT 101 light yield, the variance from eight measurements of EJ-276, and the associated fit methodology uncertainty. As the systematic uncertainty observed associated with the measurement and mounting each scintillator was comparable, all of the other reported uncertainties were based on the fit uncertainty for one measurement of the scintillator and the systematic uncertainty from eight measurements of EJ-276.




3.5. Leaching and Ethanol Treatment


While the initial results with the formulations presented in this work do not seem to indicate a significant performance degradation over time, a potential advantage over EJ-276, the leaching of some formulations poses a challenge for printing and application use. The leaching is primarily from the PPO near the surface that crystallizes, creating the hazy film. In the Lawrence Livermore National Laboratory’s development of PSD plastic scintillators, leaching was also observed on the surface of the scintillators [15]. To prevent the leaching, Zaitseva et al. developed a method to treat the scintillators with ethanol post cure. While the specifics of this treatment were not described in [15], a study was performed on the effects of an ethanol treatment on the light-cured scintillators in an attempt to reduce the leaching of PPO over time.



Four formulations were produced for the study that contained 49 wt% IBOA, 0.2 wt% Exalite 416, 0.1 wt% TPO, and 0–10%DIN, 20-30%PPO, 14–21%HDDMA, and 0–7% BPADMA as listed in Table A4. Each ~20 g formulation was prepared as described in Section 2.1 before being split equally into two separate glass containers inside the glove box. Each scintillator was cured for 5 min in the Formlabs Form Cure and 4 min in the Dymax BlueWave AX-550 VisiCure, sanded and polished. One of the scintillators from each pair was placed in a 200-proof ethanol bath for 1 h, and the other was left at room temperature in a standard atmosphere. Each treated sample showed no evidence of leaching, while the untreated sample leached as expected. The untreated sample was washed with mild soap and water (as described previously), and both samples were characterized.



The scintillators were weighed before and after the ethanol treatment to measure the amount of material that was removed by treatment before mounting them to PMTs as described in Section 2.2. The ethanol treatment resulted in relative light yield and PSD performance statistically consistent with the untreated scintillators as shown in Table 1.



The ethanol treatment did not remove a significant amount of material (0.2–0.37% by mass); this is an expected result, as the overall composition is similar and the removed material likely was poorly incorporated into the matrix. Importantly, no visual observation of subsequent leaching has been observed in any ethanol-treated scintillator to date (>5 months), while the non-treated samples continue to leach.





4. Conclusions


This research developed fast-, light-cured plastic scintillator formulations that can be used for light-based 3D printing using industry-standard 405 nm light. The most promising formulations for creating a clear and hard plastic contained a combined total of EJ-309/DIN and PPO of 30 wt% and a combined total of IBOA and crosslinker of 70 wt% with a IBOA/crosslinker ratio of 70/30. The plastic scintillators were generally solidified within 10–20 s in the 405 nm light from a Formlabs Form Cure. The scintillator with 25–30 wt% of PPO provided the highest radiation detection performance with the light yield up to 83% of that of EJ-276 and up to a PSD FoM of 1.31. We interpret this result to show that it is possible to produce a fast, 405 nm light-cured formulation through this novel approach that compares favorably with EJ-276. The leaching and a hazy film that developed on these high PPO scintillator formulations were eliminated by placing the scintillators in an ethanol bath for 1 h. The overall best-performing scintillator was AFIT225B, which contained 5 wt% DIN, 25 wt% PPO, 21 wt% HDDMA, 0.2 wt% Exalite 416, and 0.1 wt% TPO, did not leach due to the ethanol treatment, and produced a relative light yield of 83% of EJ-276 and PSD FoM of 1.28. Other noted issues, such as surface cracking, haziness, and purpling, were addressed through improved formulations and post-cure heat treatments.



Future work includes further analysis of the effects of light yield due to curing time and TPO burn-up, a continuation of the formulation development to prevent leaching and/or increase radiation detection performance, and the production of a scintillator using a light-based 3D printer.
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Abbreviations


The following abbreviations are used in this manuscript:



	Bis-MSB
	1,4-bis(2-methylstyryl)benzene



	BPADMA
	bisphenol A dimethacrylate



	DIN
	diisopropyl naphthalene



	DLP
	digital light processing



	DPS
	diphenyl stilbene



	DVB
	divinylbenzene (DVB)



	FoM
	figure of merit



	HDDMA
	difunctionized 1,6-hexanediol dimethacrylate



	IBOA
	isobornyl acrylate



	PETA
	pentaerythritol tetraacrylate



	PPO
	2,5-diphenyloxazole



	PSD
	pulse shape discrimination



	SLA
	stereolithography



	TPO
	diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
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Table A1. BPADMA-based scintillator formulations used for the first round of exploratory formulation studies to select the wavelength shifter.
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Component Fraction in Scintillator [wt%]




	
Scintillator

	
PPO

	
Bis-MSB

	
Exalite

	
DPS

	
IBOA

	
BPADMA

	
TPO






	
AFIT002

	
15

	
0.2

	
-

	
-

	
59.5

	
25.5

	
0.1




	
AFIT003

	
15

	
-

	
0.2

	
-

	
59.5

	
25.5

	
0.1




	
AFIT004

	
15

	
-

	
-

	
0.2

	
59.5

	
25.5

	
0.1
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Table A2. Exalite and HDDMA-based scintillator formulations used for the second round of exploratory formulation studies to refine the plastic-forming and light-yielding fractions.
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Component Fraction in Scintillator [wt%]




	
Scintillator

	
EJ-309

	
PPO

	
Exalite

	
IBOA

	
HDDMA

	
BPADMA

	
TPO






	
AFIT009

	
30

	
10

	
0.2

	
42

	
18

	
-

	
0.1




	
AFIT013

	
30

	
10

	
0.2

	
36

	
24

	
-

	
0.1




	
AFIT014

	
30

	
10

	
0.2

	
30

	
30

	
-

	
0.1




	
AFIT016

	
20

	
10

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT017

	
10

	
10

	
0.2

	
56

	
24

	
-

	
0.1




	
AFIT022

	
20

	
10

	
0.4

	
49

	
21

	
-

	
0.1




	
AFIT023

	
20

	
10

	
0.2

	
49

	
11

	
10

	
0.1




	
AFIT025

	
10

	
20

	
0.4

	
49

	
21

	
-

	
0.1




	
AFIT026

	
5

	
25

	
0.4

	
49

	
21

	
-

	
0.1
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Table A3. Scintillator formulations used for the 2-level factorial study to optimize overall performance.
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Component Fraction in Scintillator [wt%]




	
Scintillator

	
DIN

	
PPO

	
Exalite

	
IBOA

	
HDDMA

	
BPADMA

	
TPO






	
AFIT101

	
-

	
30

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT102

	
10

	
20

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT103

	
20

	
10

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT104

	
30

	
-

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT105

	
-

	
30

	
0.2

	
49

	
14

	
7

	
0.1




	
AFIT106

	
10

	
20

	
0.2

	
49

	
14

	
7

	
0.1




	
AFIT107

	
20

	
10

	
0.2

	
49

	
14

	
7

	
0.1




	
AFIT109

	
-

	
30

	
0.2

	
49

	
7

	
14

	
0.1




	
AFIT110

	
10

	
20

	
0.2

	
49

	
7

	
14

	
0.1




	
AFIT111

	
20

	
10

	
0.2

	
49

	
7

	
14

	
0.1




	
AFIT113

	
-

	
30

	
0.2

	
49

	
-

	
21

	
0.1




	
AFIT114

	
10

	
20

	
0.2

	
49

	
-

	
21

	
0.1




	
AFIT130

	
15

	
15

	
0.2

	
49

	
10.5

	
10.5

	
0.1




	
AFIT230

	
-

	
30

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT225

	
5

	
25

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT220

	
10

	
20

	
0.2

	
49

	
21

	
-

	
0.1




	
AFIT221

	
10

	
20

	
0.2

	
49

	
14

	
7

	
0.1
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Table A4. Scintillator formulations used for the ethanol treatment study.
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Component Fraction in Scintillator [wt%]




	
Scintillator

	
DIN

	
PPO

	
Exalite

	
IBOA

	
HDDMA

	
BPADMA

	
TPO






	
AFIT230

	
0

	
30

	
0.2

	
49

	
21

	
0

	
0.1




	
AFIT225

	
5

	
25

	
0.2

	
49

	
21

	
0

	
0.1




	
AFIT220

	
10

	
20

	
0.2

	
49

	
21

	
0

	
0.1




	
AFIT221

	
10

	
20

	
0.2

	
49

	
14

	
7

	
0.1
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Figure 1. Example recorded waveforms for a neutron (orange) and gamma-ray (blue) event in AFIT101 using a Caen DT5730 digitizer. Each waveform is the average from all the pulses between 0.9 and 1.1 MeVee and a PSD of 0.10–0.14 for gamma rays and 0.19–0.23 for neutrons. 
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Figure 2. An example    22  Na pulse integral spectrum from EJ-276 illustrating the half-Gaussian fit to the 0.511 MeV gamma-ray Compton edge (0.341 MeV). 
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Figure 3. 2D PSD/energy histogram from exposing (a) AFIT101 and (c) EJ-276 to an AmBe source. A cut was made over the 450 and 550 keVee range, represented by the red lines, to generate a 1D AmBe PSD histogram, where a double Gaussian fit was used to calculate the PSD FoM according to Equation (2) for (b) AFIT101 and (d) EJ-276. The colorbar represents the number of counts. 
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Figure 4. The light absorption of the secondary dyes, Exalite 416 (purple) and Bis-MSB (red), and of the photoinitiator, TPO (black), compared to the measured emission spectrum of the 405 nm cure light (blue). The concentration of the Exalite 416 (0.2 wt%; 0.0022 mol/L), Bis-MSB (0.2 wt%; 0.0051 mol/L), and TPO (0.1 wt%; 0.0023 mol/L) were the same concentrations used in the scintillators, and the solvent was spectroscopic-grade ethanol. 
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Figure 5. Photoluminescence (a) emission spectra and (b) maximum peak intensity of a representative sample excited with 380 nm light as a function of integrated curing times in the Formlabs Form Cure followed by the Dymax BlueWave AX-550 VisiCure. There was a slight shift from 425 to 421 nm in the peak emission wavelength over the duration of the curing process. Note, the time since cure in (b) includes the time to cure and measure the sample between each step. 






Figure 5. Photoluminescence (a) emission spectra and (b) maximum peak intensity of a representative sample excited with 380 nm light as a function of integrated curing times in the Formlabs Form Cure followed by the Dymax BlueWave AX-550 VisiCure. There was a slight shift from 425 to 421 nm in the peak emission wavelength over the duration of the curing process. Note, the time since cure in (b) includes the time to cure and measure the sample between each step.



[image: Jne 04 00019 g005]







[image: Jne 04 00019 g006 550] 





Figure 6. Shore A hardness (indicated by the value within each box), surface cracking, and leaching from the scintillators in the parameter study. A clear trend is seen with higher PPO concentrations leading to increased leaching and reduced surface cracking. 
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Figure 7. The intensity of the purple color observed increased with increased PPO concentration as illustrated by (a) AFIT025 (20 wt% PPO) and (b) AFIT026 (25 wt% PPO). The duration of the purpling, which varied based on the PPO and BPADMA concentration, faded away over time as illustrated in (c) AFIT113 (30 wt% PPO and 21 wt% BPADMA) shortly after being cured and (d) 3 weeks after being cured. 
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Figure 8. Purpling observed in AFIT230A (a) 6 days after being produced but not at (b) 12 days. 
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Figure 9. (a) Light emission spectra and (b) peak light emission from AFIT131 using a Horiba FluoroMax Plus with an excitation wavelength of 380 nm. There was no shift in the peak emission wavelength over the duration of the measurements. 
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Figure 10. Hazy film from PPO leaching on (a) AFIT026 and (c) AFIT114 before and (b,d) after being washed using mild soap and water. The BPADMA in AFIT114 did not prevent the leaching as compared to AFIT026, which contained HDDMA. 






Figure 10. Hazy film from PPO leaching on (a) AFIT026 and (c) AFIT114 before and (b,d) after being washed using mild soap and water. The BPADMA in AFIT114 did not prevent the leaching as compared to AFIT026, which contained HDDMA.



[image: Jne 04 00019 g010]







[image: Jne 04 00019 g011 550] 





Figure 11. Surface cracking was observed in softer scintillators such as (a) AFIT016 and (b) AFIT104. While BPADMA did increase hardness and prevent cracking, it led to reduced clarity as illustrated by (c) AFIT101 (0 wt% BPADMA) compared to (d) AFIT113 (21 wt% BPADMA). 
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Figure 12. Radiation detection performance of the scintillators used for the parameter study. Formulation matrix of the scintillators in the parameter study with the associated (a) relative light yield compared to EJ-276 and (b) PSD FoM. The measured EJ-276 PSD FoM was 1.78. 
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Figure 13. Relative light yield of AFIT101 and AFIT102 compared to EJ-276 from 30 August to 15 November. The error bars represent the standard deviation of the measurements. 
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Table 1. Radiation detection performance of ethanol-treated and untreated scintillators.
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Rel. Light Yield [%]

	
PSD FoM




	
Scintillator

	
Treated

	
Untreated

	
Treated

	
Untreated






	
AFIT230

	
74.8 ± 1.8

	
72.3 ± 1.6

	
1.26

	
1.25




	
AFIT225

	
83.0 ± 2.1

	
82.2 ± 2.3

	
1.28

	
1.28




	
AFIT220

	
77.5 ± 1.8

	
77.8 ± 2.3

	
1.13

	
1.15




	
AFIT221

	
75.7 ± 1.7

	
74.3 ± 1.7

	
1.14

	
1.12
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