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Abstract

:

In proton therapy, the dose from secondary neutrons to the patient can contribute to side effects and the creation of secondary cancer. A simple and fast detection system to distinguish between dose from protons and neutrons both in pretreatment verification as well as potentially in vivo monitoring is needed to minimize dose from secondary neutrons. Two 3 mm long, 1 mm diameter organic scintillators were tested for candidacy to be used in a proton–neutron discrimination detector. The SCSF-3HF (1500) scintillating fibre (Kuraray Co. Chiyoda-ku, Tokyo, Japan) and EJ-260 plastic scintillator (Eljen Technology, Sweetwater, TX, USA) were irradiated at the TRIUMF Neutron Facility and the Proton Therapy Research Centre. In the proton beam, we compared the raw Bragg peak and spread-out Bragg peak response to the industry standard Markus chamber detector. Both scintillator sensors exhibited quenching at high LET in the Bragg peak, presenting a peak-to-entrance ratio of 2.59 for the EJ-260 and 2.63 for the SCSF-3HF fibre, compared to 3.70 for the Markus chamber. The SCSF-3HF sensor demonstrated 1.3 times the sensitivity to protons and 3 times the sensitivity to neutrons as compared to the EJ-260 sensor. Combined with our equations relating neutron and proton contributions to dose during proton irradiations, and the application of Birks’ quenching correction, these fibres provide valid candidates for inexpensive and replicable proton-neutron discrimination detectors.






Keywords:


proton therapy dosimetry; optical fibers; scintillators; biological dosimeter












1. Introduction


Optical-fibre-based scintillation sensors are becoming increasingly studied in the field of radiotherapy, both for external beam dosimetry applications [1,2,3] and in vivo low- and high-dose brachytherapy applications [4,5,6,7]. Often, scintillation dosimeters for radiotherapy are made up of plastic or silica optical fibres as transport fibres with organic or inorganic scintillator tips for radiation sensing [8]. When kinetic energy from ionizing radiation is absorbed by the scintillator material, the scintillator atoms or molecules are excited and, as a product of the scintillator returning to a neutral (unexcited) state, light is emitted. Optical fibres are used to relay the scintillation light to photodetectors where the light is analyzed for yield and/or energy; that information is related back to the amount of dose received by the scintillator. Technology has advanced in recent years to enable simultaneous sampling of multiple points inside and outside of an irradiated volume, and the commercially available Hyperscint™ scintillator system is capable of three points of information generated from three separate scintillator volumes on a single probe [9]. Difficulties in optical-fibre-scintillator-based radiation sensing are largely due to two phenomena: Čerenkov emissions and scintillator quenching. Čerenkov emissions are cones of light produced by, and traveling in front of, secondary electrons traveling faster than the phase speed of light in a medium [10]. This occurs in both silica and polymer materials for all radiotherapeutic energy photons [11] and protons of high enough energy. Quenching behaviour—an underresponse in light signal as compared to absorbed energy—is seen in most scintillators in high linear energy transfer (LET) environments such as those approaching, and in, the Bragg peak region of a proton’s dose deposition [12,13].



Scintillator quenching at high LET has been extensively studied and, in the case of organic sensors, is generally described by Birks’ empirical formula [14,15], where the luminescence yield per unit length in an organic scintillator dY/dx can be calculated given ionization density BdE/dx (where B is constant), quenching parameter k, scintillation efficiency s, energy emitted as light Y, and particle energy dissipated in the scintillator E.


    d Y   d x   =   s ⋅   d E   d x     1 + k B ⋅   d E   d x      



(1)







In its first-order approximation, the quenching correction factor (QCF) is the denominator of Equation (1):


  Q C F = 1 + k B ⋅   d E   d x    



(2)







Together with a Bragg peak (BP) depth dose curve measured with a calibration detector, a BP measured with a scintillating fibre can be used to obtain the QCF factor as a function of LET (  d E / d x  ) for the scintillator. Multiplying the scintillator data by the QCF corrects for high LET quenching, as described by Wang et al. [16] and others [17,18,19].



In radiotherapy cancer treatments, the most common radiation is photons; however, proton therapy is growing in accessibility, abundance, and innovation worldwide [20]. Owing to the sharp drop-off in dose at the distal end of the Bragg peak, proton therapy allows for smaller irradiation margins and increased normal tissue sparing compared to many traditional photon treatments; however, during proton radiotherapy, there is a secondary dose deposited to both cancerous and healthy tissue. This dose is caused by secondary neutrons that are created when protons experience nuclear interactions with beamline elements and the tissue itself. Active scanning techniques with pencil beams reduce the neutrons produced as the protons are not traversing as many beam line elements, especially scatterers, on their way to the patient [21], but there is still concern over the potential of the secondary neutrons increasing the risk of cancer later in life [22]. With a relative biological effectiveness considered to be higher than protons [23], secondary neutron contributions during proton therapy are a continual source of interest. For this reason, we previously investigated a number of inorganic scintillators for proton and neutron sensitivities in the expectation that a combination of sensors with varying responses to protons and neutrons could be used to estimate the contributions of each to the total dose in a patient during proton radiotherapy [24]. The desired criteria for these sensors included complementary response to proton and neutron radiation, linear response with dose, small size (mm), and sufficiently high (minimum 2:1) signal-to-noise ratio. Here, we are expanding our scope to plastic scintillators to determine if a lower light-yield, organic polymer would be a suitable contribution to a proton–neutron discriminator array. The scintillators selected for this purpose were the Kuraray double-clad 1 mm diameter SCSF-3HF (1500) and the Eljen Technology EJ-260 plastic scintillator. Both scintillating materials have been and continue to be studied for radiation detection, dosimetry, and monitoring applications [25,26,27,28,29,30]. In addition, a number of scintillator fibre sensors, both organic and inorganic, have been investigated for their dosimetric potential in proton and neutron radiation [31,32,33,34,35,36,37,38,39,40]; however, thus far, the proposed specific use of these materials has not yet been explored.




2. Materials and Methods


2.1. Scintillating Fibre Sensors


Sensors were fabricated using three material components each: a scintillator, a transport fibre, and an adhesive (Figure 1): a 3 ± 0.1 mm length of 1 mm diameter Kuraray SCSF-3HF (1500) (“3HF (1500)” signifies the concentration of 3HF in ppm), scintillating fibre was cut and polished to a >4 µm finish using a FiberFin diamond polisher with a purpose-made collet. EJ-500 optical cement (Eljen Technology Sweetwater, TX, USA) was used to join the SCSF- 3HF scintillator to the transport fibre. A 3 ± 0.5 mm length cylinder of 1 ± 0.1 mm diameter Eljen Technology EJ-260 (with composition H: C: electrons of 5.21: 4.70: 3.35) was turned on a lathe, then its whole surface was polished using lapping paper. It was then coupled to the transport fibre using Norland optical adhesive 61. Optical fibres and scintillators were coupled using a coupling jig designed and fabricated at BC Cancer. The jig clamped the jacketed transport fibre into a groove with a 5 mm unjacketed end protruding into a central channel. The scintillator and fibre were joined with adhesive over the channel and remained in place until cured. The transport fibres were made of 15 m lengths of Eska Premier 1 mm diameter Simplex optical fibre (Mitsubishi Chemical Corporation Tokyo, Japan). The jacketed fibres were 2.2 mm in diameter and light-tight for relaying only scintillation light to the photodetector in the control area. After fabrication, the exposed scintillator ends were covered with opaque black tape to prevent ambient light contamination, and the distal ends of the transport fibres were terminated with SMA-905 connectors.




2.2. Photodetector


The sensors were characterized using a single-channel multipixel photon counter (MPPC) model C11208-350 (Hamamatsu, Hamamatsu City, Shizuoka, Japan). The MPPC module consists of a 3 mm × 3 mm array made up of 3584 photosensitive pixels. The MPPC has two parameters which can be selected by the user: detection threshold, or p.e. (photon equivalence), and integration time in ms. Photon equivalence can be selected from 0.5 up to 7.5, and gate (integration) time can be selected from 1 to 100 ms. For maximum signal acquisition, the module was operated at 100 ms gate time and 0.5 p.e.; results of tests were recorded as CSV files for analysis.



The module has both analog and digital output. Before the acquisition of data, where digital output was used, the response of the MPPC while sensors were being irradiated was tested with analog output read by an oscilloscope to ensure there was no saturating of the electronics.




2.3. Proton Irradiations


Proton irradiations were carried out at the Proton Therapy Research Centre (PTRC) at the TRIUMF facility. The proton beam was extracted from the main cyclotron at 74 MeV and directed to the PTRC where it was used in clinical choroidal melanoma treatments [41]. For our measurements, the proton beam traverses a series of degraders and detectors (Figure 2) before reaching a water phantom where it is interrogated by our sensors.



Protons at the PTRC are delivered in monitor counts (MC), which corresponds to the amount of charge received by a parallel plate ionization chamber upstream of the irradiation volume. Under reference conditions, 10,000 MC corresponds to 1.40 Gray (Gy) of dose. Reference conditions for this beamline require the sensor to be placed in the centre of a 23 mm long spread-out Bragg peak (SOBP): this condition is obtained by placing a stepped acrylic wheel, called a modulator wheel, upstream of the sensing volume to spread the sharp raw Bragg peak (RBP) into a wider plateau [42]. Dose, dose rate, and sensitivity measurements were taken at reference conditions. Since the dose conversion from MC to Gy can only be applied at reference conditions, the MC is used as the unit of irradiation throughout our study.



The delivered MC is always slightly higher than the prescribed MC due to the speed of the beam shutter stopping beam delivery once the prescribed MC is reached. The exact difference varies due to small fluctuations in beam current and shutter speed: for this reason, each trial does not receive exactly the same dose even if the same dose was prescribed. The data taken are normalized to take this variation into account.



For all measurements, a 3D scanning stage was used to hold each fibre (with the scintillator at its tip) in place in the water phantom, as well as (for depth dose measurements) to move the fibre axially from position to position. The beam was collimated to 25 mm diameter by a brass collimator fitted to the nozzle end.




2.4. Proton Depth Dose Profiles


To characterize the RBP and SOBP depth dose depositions with each sensor, depth dose scans were taken in the water box at 0.4 mm increments over 42 mm starting from position 0 right behind the solid water entrance window of the water phantom. At each position, 5000 MC were administered at around 6 nA of extracted beam current.



RBP and SOBP measurements were compared to Markus chamber data—the recognized gold standard for this type of measurement—under the same conditions.



The depth profiles for the two scintillators were background-subtracted by averaging the last 5 data points (after the peak), then subtracting that quantity from all points. The data were then normalized by setting the average of the first 5 data points at the entrance to be equal to 1. The data points were interpolated in Python using the B-spline method from scipy.interpolate.make_interp_spline to generate smooth curves. The results from the two scintillators were compared to the Markus chamber depth dose profile under the same irradiation conditions.




2.5. Proton Dose, Dose Rate, and Sensitivity Response


For dose and dose rate response, the scintillators’ outputs were measured at the centre of the plateau region of the 23 mm SOBP (reference conditions): a depth of 24.2 mm, as can be seen in Figure 5.



Dose response was determined by irradiating the scintillators with a 74 MeV proton beam at a beam current of 6 nA for three different doses: 1.4 Gy (10,000 MC), 14 Gy (100,000 MC), and 70 Gy (500,000 MC). Each dose was delivered three times.



The dose rate response was determined by irradiating the scintillators with a 74 MeV beam for a set dose of 7 Gy (50,000 MC) for three irradiations, each at three different beam currents: 2 nA, 6 nA, and 10 nA. The results at 2 nA were used as the determining measurements for proton sensitivity.



For all dose, dose rate, and sensitivity irradiations, small fluctuations in beam current for each irradiation were accounted for by plotting the average scintillator-fibre counts (FC) per second against the dose rate in MC per second. To determine each data point, an average background prior to each irradiation was calculated and subtracted from the cumulative light yield. The three irradiations for each point were averaged, and the standard deviation found and plotted as error bars.




2.6. Neutron Dose Response


To determine the scintillators’ response to neutrons, data were taken at the TRIUMF Neutron Facility (TNF). The TNF is the result of TRIUMF’s 450 MeV proton beam line being stopped in a large water moderator on an aluminum plate absorber. Neutrons from 0–400 MeV are created by spallation reaction and released in all directions when the proton beam strikes the plate. The neutrons which are moving in the direction of the TNF are channeled into a 15 cm wide by 5 cm high field to be used in experiments and testing [43]. The flux of neutrons with energy greater than 0.1 MeV at TNF was (8.5 ± 0.2) × 106 neutrons/(cm2 s); this corresponds to a dose rate of 3.18 × 10−4 Gy/s with an expected uncertainty of 20% [43]. When the proton beam is on, TNF is active and can be accessed manually by lowering an aluminum plate down a 5 m shaft. Sensor tips were placed in the centre of the neutron field area of the plate and the plate was lowered into the neutron beam path in front of a neutron detector for a duration of 10 s. Over this period, a neutron monitor count (NMC) of around 15,000 (the exact number being recorded for each trial) was accumulated in the neutron detector in the field. Three trials for each sensor were taken, and the scintillator sensitivity was calculated by subtracting background noise from the total signal, then summing the remainder and dividing by the average of the NMC recorded prior to and following each irradiation; the three trials were then averaged.




2.7. Quenching Correction Factors


The signal output for both scintillator sensors was plotted against LET and fit to Birks’ equation in its first-order approximation (setting C = 0) as performed by Hoehr et al. [18], and Birks’ constant    k B    was obtained from the fit. A Stopping and Range of Ions in Matter (also known as the SRIM software package) simulation [44] of the LET in water based on our 74 MeV proton beam was used to create an LET vs. position spline. The QCFs for the two scintillators were obtained in the same manner as by Wang et al. [16]. The positions of the two scintillators and Markus chamber were shifted to align the peaks, then the interpolated RBP depth dose spline measured by the Markus chamber was divided by each scintillator’s interpolated RBP spline to obtain the QCF. A linear fit was applied to the resulting QCF with the intercept set to zero, from which the line of best fit and R2 value were generated.




2.8. Spectrometer Methods


To acquire a wavelength spectrum of the irradiated sensor, the SCSF-3HF scintillator was positioned at the centre of the 23 mm SOBP in the water box, and the EJ-260 was positioned in the Bragg peak in air with the distal end of each sensor coupled to an SM442-URN010-USB spectrometer (Spectral Products Putnam, CT, USA) via SMA-905. The spectrometer was operated with an acquisition time of 4 s and two acquisitions were obtained as background, then the proton beam was run for 50,000 monitor counts at 10 nA for both scintillators. Two backgrounds were obtained after the beam was shuttered, and the backgrounds before and after the spectral acquisition were averaged and subtracted from the total.





3. Results and Discussion


3.1. Proton Dose Response


To determine dose response, the accumulated, background-subtracted scintillator-fibre counts (FC) for each trial were plotted against the administered monitor counts in Figure 3a. A linear fit was applied in Microsoft Excel, and R2 values calculated. The resulting curves were linear with intercepts set to zero and slopes of 14.759 FC/MC (1054 FC/cGy) for EJ-260 and 15.259 FC/MC (1090 FC/cGy) for SCSF-3HF: both have R2 values of 1. The standard deviation is represented with error bars (too small to see for some data points); thus, both sensors satisfy the requirement to be linear for dose response in typical beam currents for proton therapy.




3.2. Proton Dose Rate Response


To determine the dose rate response for the two scintillators, the background-subtracted count rates (FC/s) were plotted against the dose rate as expressed in MC/s for irradiations at set currents of 2, 6, and 10 nA (see Figure 3b). Linear fits were applied with the intercepts set to zero. Resulting R2 values were 0.9997 for EJ-260 and 0.998 for SCSF-3HF.




3.3. Raw Bragg Peak Depth Dose


The RBPs are plotted in Figure 4. The BP heights of the two scintillators are lower than that measured by the Markus chamber. Normalized peak-to-entrance ratios were 2.59 for the EJ-260 scintillator and 2.63 for the SCSF-3HF scintillator, compared to 3.70 for the Markus chamber. Under a theoretically perfect scintillator signal response, the peak-to-entrance ratio is expected to approach that of the Markus chamber, but both sensors present a lower peak height, likely due to quenching in the high-LET area of the BP. The peak width at 80% height was 2.4 mm for EJ-260, 2.3 mm for SCSF-3HF, and 1.5 mm for the Markus chamber; therefore, the requirement of energy independence is not met by these sensors, and corrective measures must be taken in the form of Birks’ quenching correction.




3.4. Spread-Out Bragg Peak Depth Dose


The SOBP obtained using the 23 mm calibration modulator wheel was characterized using the scintillator sensors and a Markus chamber, as shown in Figure 5. After the characteristic initial signal upswing from 0–13 mm depth, neither of the scintillator SOBPs exhibit a flat plateau followed by a sharp distal fall off, as shown by the Markus chamber. Instead, for both scintillators, the signal has a smooth and continuous downward trend. This is qualitatively consistent with signal quenching as observed in the raw Bragg peak measurements. The SOBP beginning position already shows a lower signal intensity than that of the Markus chamber for both sensors; this indicates that signal quenching is potentially present throughout the SOPB measurement, despite the lower effective LET in the beginning region.



The ratio of normalized EJ-260 and SCSF-3HF signal counts to the normalized Markus chamber signal intensity were found at three positions: the initial flat area before the peak, the SOBP centre, and a sampled data point in the area just prior to the final RBP drop-off (see Table 1). It is clear that the scintillator-to-Markus chamber ratios drop consistently as the distal Bragg peak is approached, a finding consistent with the highest effective LET being at the distal fall-off.
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Figure 5. SOBP comparison between EJ-260, SCSF-3HF, and Markus chamber dosimeters. The Markus chamber and SCSF-3HF data were shifted to align the peak positions with EJ-260 due to different sizes of the detectors. This shift is not an unexpected consequence of different initial measurement positions of the active area in the water phantom. 
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3.5. Quenching Correction


The signal outputs of the RBP measurements were plotted against the simulated LET and normalized to 1 at 15 MeV/cm: both scintillators exhibit very similar quenching curves (see Figure 6a). Birks’ constant   k B   is calculated to be   0.0367   for EJ-260 and   0.0355   for SCSF-3HF. The QCF was obtained for the two fibres and plotted against LET in Figure 6b for depths of 2 mm to 40 mm. A linear fit was applied, and the equations of best fit found.   Q C  F  E J 260   = 0.864 + 0.0095 ⋅ L E T   and     Q C  F  S C S F − 3 H F   = 0.871 + 0.0091 ⋅ L E T  . Using the Python scipy.stats.linregress function, the EJ-260 fit was found to have an R2 value of 0.971, and SCSF-3HF an R2 value of 0.988. These results are comparable to results found by Wang et al. and Hoehr et al. [16,17].



.




3.6. Proton and Neutron Sensitivity Results


Each scintillator’s sensitivity to protons in the SOBP centre—that is, a beam of mostly protons which also contains neutrons as a result of proton interactions with proton beam shaping and monitoring elements and the water in the water box [26]—was compared to the sensitivity to neutrons (only) at TNF. The results are shown in Figure 7. The SCSF-3HF sensor is 3.04 times more sensitive to the TNF neutron beam than the EJ-260, based on the average of three trials for each as shown in Table 2. The SCSF-3HF is only 1.30 times more sensitive than EJ-260 to protons. This difference in sensitivity ratios between the SCSF-3HF and EJ-260 scintillators presents the possibility for proton–neutron discrimination using the two scintillators in a single discriminator detector. This possibility was demonstrated for inorganic sensors in our proposed discriminator detector paper [45], which also takes into account the mixed proton/neutron field used in proton measurements.




3.7. Scintillator Spectra


The spectrometer data obtained for the two scintillators are plotted in Figure 8. The SCSF-3HF spectrum shows a significant peak centred at 528 nm, and the EJ-260 has two peaks, with the main peak centred at 490 nm. The different peak positions could further enable discrimination between proton and neutron dose: if using a long-pass filter at 525 nm, the SCSF-3HF, with a higher neutron-to-proton sensitivity than EJ-260, would make up the majority of the signal, while the signal under 525 nm would be mainly the EJ-260, with a lower neutron-to-proton sensitivity. This can allow us to ascertain the proton-to-neutron ratio with just one photocounter in a two-step process where the measurement is performed first without the filter and then with the filter inserted.





4. Conclusions


The studies carried out on two different 3 mm organic scintillators, SCSF-3HF and EJ-260, showed that they exhibited linear response to both dose and dose rate, and acceptable sensitivity in both proton (mixed) and neutron radiation. Both sensors were found to quench at high LET, as is also observed in many other organic and inorganic scintillators, but they are also candidates for quenching corrections, as described by Birks. The two sensors performed very similarly under proton irradiation in terms of high LET quenching, Bragg-peak shape, and proton sensitivity. However, the SCSF-3HF sensor was significantly more sensitive to neutrons than the EJ-260, that is, a reduction in the secondary neutron field at the measurement position in the proton beam is expected to decrease the output ratio of SCSF-3HF, as compared to EJ-260. In the ongoing search for quick and reliable particle detection, and in this case, particularly, to discriminate between particles in the neutron-contaminated proton beams used in proton therapy, the sensitivity variation observed here between the two sensors appears very promising. Along with the ability to correct for quenching at high LET, high signal-to-noise ratios, and their small, millimeter size, these sensors are made of organic materials, making them nearly water-equivalent and minimizing proton and neutron beam perturbation. Together, this makes this pair of fibres a viable candidate for a single proton–neutron discriminator sensor.
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Figure 1. Assembly of an SCSF-3HF fibre-scintillator detector while in the coupling jig. 
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Figure 2. PTRC extracted 74 MeV beamline showing structures traversed by the beam before ending in the water box. The modulator wheel is absent for RBP measurements and present for the SOBP. 






Figure 2. PTRC extracted 74 MeV beamline showing structures traversed by the beam before ending in the water box. The modulator wheel is absent for RBP measurements and present for the SOBP.
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Figure 3. Dose and dose rate responses: (a) dose response comparison between the EJ-260 and SCSF-3HF fibres at three dose levels: 10,000 MC (1.4 Gy), 100,000 MC (14 Gy), and 500,000 MC (70 Gy). Error bars, some too small to be seen against the data point, indicate standard deviation in the mean of three averaged irradiations at each dose; (b) dose rate response comparison between EJ-260 and SCSF-3HF at three different beam currents: 2, 6, and 10 nA for an exposure of 50,000 MC (7 Gy) each. 
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Figure 4. RBP comparison between EJ-260, SCSF-3HF, and Markus chamber dosimeters. 
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Figure 6. (a) Scintillator sensor output vs. LET with Birks’ first-order fit. (b) QCF vs. LET with linear fits. Curves are normalized to 1 at   15   MeV / cm  . 
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Figure 7. Proton (purple) and neutron (orange) sensitivity comparison between the EJ-260 and SCSF-3HF sensors. Error bars indicate standard deviation of the three trials for each experiment. 
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Figure 8. Spectra for the two scintillators normalized with their maxima at 1. 
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Table 1. Normalized detector output at three positions along the SOBP.






Table 1. Normalized detector output at three positions along the SOBP.





	Position
	Markus Chamber
	EJ-260
	SCSF-3HF





	SOBP beginning (12.7 mm)
	1.205
	1.162
	1.170



	SOBP centre (24.2 mm)
	1.189
	1.097
	1.104



	SOBP drop-off (34.2 mm)
	1.119
	0.891
	0.895
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Table 2. MPPC signal with standard deviation comparing EJ-260 and SCSF-3HF in protons and neutrons. The highest signal (SCSF-3HF) was set to 1, and EJ-260 was scaled accordingly. Uncertainty is the standard deviation in the three trials for each fibre.






Table 2. MPPC signal with standard deviation comparing EJ-260 and SCSF-3HF in protons and neutrons. The highest signal (SCSF-3HF) was set to 1, and EJ-260 was scaled accordingly. Uncertainty is the standard deviation in the three trials for each fibre.





	Scintillator
	Sensitivity to Protons (FC/cGy)
	Sensitivity to Neutrons (FC/cGy)





	EJ-260
	   0.770 ± 0.002   
	   0.329 ± 0.006   



	SCSF-3HF
	   1.000 ± 0.008   
	   1.00 ± 0.06   
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