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Abstract

Plastic scintillation detectors (PSDs) work well for radiation dosimetry. However, they show some 

temperature dependence, and a priori knowledge of the temperature surrounding the PSD is 

required to correct for this dependence. We present a novel approach to correct PSD response 

values for temperature changes instantaneously and without the need for prior knowledge of the 

temperature value. In addition to rendering the detector temperature-independent, this approach 

allows for actual temperature measurement using solely the PSD apparatus. With a temperature-

controlled water tank, the temperature was varied from room temperature to more than 40°C and 

the PSD was used to measure the dose delivered from a cobalt-60 photon beam unit to within an 

average of 0.72% from the expected value. The temperature was measured during each acquisition 

with the PSD and a thermocouple and values were within 1°C of each other. The depth-dose curve 

of a 6-MV photon beam was also measured under warm non-stable conditions and this curve 

agreed to within an average of −0.98% from the curve obtained at room temperature. The 

feasibility of rendering PSDs temperature-independent was demonstrated with our approach, 

which also enabled simultaneous measurement of both dose and temperature. This novel approach 

improves both the robustness and versatility of PSDs.

1. Introduction

In the past two decades, plastic scintillation detectors (PSDs) have been shown to be a 

valuable option for radiation dosimetry before and during radiation treatment delivery 

(Beddar et al., 1992b, Beddar et al., 1992c, Beddar et al., 2004, Archambault et al., 2010, 

Suchowerska et al., 2011, Beaulieu et al., 2013). Small size, fast response, water 

equivalence, linear response to dose, and independence to dose rate and energy are among 

the advantageous characteristics of PSDs that distinguish them from other detectors. One 

challenge for PSDs is the presence of radiation-induced stem effect light, often referred to as 

Cerenkov light (typically the majority component of the stem effect), but many highly 

effective approaches to account for the stem effect have been validated over the years 
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(Beddar et al., 1992a, De Boer et al., 1993, Clift et al., 2000, Fontbonne et al., 2002, Beddar 

et al., 2004, Archambault et al., 2005, Frelin et al., 2005, Archambault et al., 2006, Lambert 

et al., 2008, Archambault et al., 2010, Therriault-Proulx et al., 2011, Guillot et al., 2011). 

Work has also been done on improving the light collection efficiency (Beddar et al., 2003). 

Various groups have also reported that some PSDs exhibit temperature dependence (Beddar, 

2012, Buranurak et al., 2013, Wootton and Beddar, 2013, Carrasco et al., 2015). Variations 

of 0.1% to 0.5%/°C were reported depending on the type of scintillator used. This becomes 

particularly important when the PSD is calibrated at a temperature far from intended use 

conditions, as could be the case for a detector used in vivo (Wootton et al., 2014). One 

solution to this problem is to calibrate the PSD at the intended use temperature. Another 

solution is to apply a linear correction factor to the PSD’s response value that is based on the 

intended use of the PSD (Buranurak et al., 2013). However, to be highly accurate, both 

solutions require the temperature to be known and stable. An ideal detector would account 

for instantaneous variations in temperature.

Here, we describe and demonstrate the feasibility of an approach to correct PSD response 

values for real-time temperature changes instantaneously and without prior knowledge of the 

temperature value. The proposed approach takes advantage of the fact that both the intensity 

and the shape of the scintillator emission spectrum are affected by temperature changes. The 

feasibility of using this approach to perform accurate dosimetry in external beam radiation 

therapy under fluctuating temperature conditions is shown. The approach also allows direct 

measurement of temperature with a PSD. Although this approach is limited to temperature 

adjustment in this paper, the approach could also potentially be used for any condition 

leading to similar changes in the emission spectrum of PSDs. The approach described in this 

paper should therefore lead to an improvement in the versatility and robustness of PSDs as 

radiation dose measurement probes.

2. Materials and methods

2.1. Mathematical formalism

2.1.1. Measuring the dose—A widely used method to correct for the stem effect is to 

obtain measurements simultaneously in two spectral windows (Fontbonne et al., 2002, 

Archambault et al., 2006, Guillot et al., 2011). As reported by Guillot et al. (2011), the 

radiation dose can be calculated from the following equation:

(1)

where M1,i and M2,i represent measurements in different spectral bands for a given 

irradiation condition (i). The calibration constants (a and b) are obtained under known 

calibration conditions. This method is referred as the multispectral approach throughout this 

text.

Another approach, reported by Archambault et al. (2012) and Therriault-Proulx et al. (2012), 

allowed for the development of multi-point PSDs (Archambault et al., 2012, Therriault-

Proulx et al., 2012). In this hyperspectral approach, acquisition of the entire light spectrum 

allows calculation of the contribution (x) of each light-emitting component of the array of 
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spectra R to a measured spectrum (m). Basically, each measured spectrum is linearly fitted 

by the different spectra constituting R. The following equations detail this approach for the 

case of a single-point PSD:

(2)

(3)

(4)

(5)

(6)

where m is the measured spectrum, R is an array containing the scintillation and stem effect 

spectra from the different light-emitting components, and x is a vector containing the 

weights of the different components under a given measurement condition. The dose is 

obtained from a ratio of the scintillation contribution under a measurement and the 

calibration condition multiplied by the calibration dose (DCalib; see equation 6).

However, these approaches are based on the assumption that the scintillation intensity varies 

linearly with dose and dose only. These approaches also assume that the shapes of the 

spectra stay the same. As mentioned above, it has been shown that this is not always the case 

and that some influencing factors (e.g., temperature) can lead to changes in both intensity 

and shape of the scintillation spectrum. This therefore complicates the use of the 

multispectral and hyperspectral approaches in the forms described above. To overcome this 

problem, we propose to model the change in spectral shape and amplitude by separating the 

scintillation spectrum into two sub-components: one that depends on the influencing factor 

and one that is independent of it (i.e., the reference spectrum). For a given influencing 

condition, the scintillation spectrum would then be expressed as:

(7)

The dose using the hyperspectral approach is still determined using equations 5 and 6, but 

the scintillation spectrum is now split into two spectra in R and two contribution factors in x, 

as represented in the following equations:

(8)
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(9)

As was shown previously, the stem effect is actually a combination of the Cerenkov effect 

and fluorescence, and the contribution of each can change independently (Therriault-Proulx 

et al., 2013). Therefore, we accounted for these two components separately. Equations 8 and 

9 therefore become:

(10)

(11)

In the approach described here, the influencing factor being the change in temperature, the 

spectrum ΔScint(λ) was obtained by subtracting the spectra obtained under similar 

irradiation conditions, but at different temperatures. Therefore, any change in temperature 

from the condition under which Scint(λ) was obtained is reflected in the value of xΔScint. The 

value of xScint is now independent from the change in temperature and depends only on 

dose. The dose can therefore be obtained using equation 6.

2.1.2. Measuring the temperature—In addition to determining the dose value, our 

approach was also used to determine the temperature value. An approach similar to that 

shown in equation 6 was used, but this time using the xΔScint factor. However, the 

proportionality of the ΔScint(λ) spectrum to dose must be accounted for when calculating 

the value of the temperature. The values for xΔScint therefore have to be normalized by the 

dose values, or more simply xScint.

Therefore, the change in temperature is obtained by:

(12)

where ΔTCalib=TCalib2−TCalib1.

The temperature under a given condition is therefore obtained from:

(13)
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2.2. Materials

2.2.1. PSD—A PSD was constructed in our laboratory. The PSD consisted of a 3-mm long, 

green-emitting scintillating fiber (BCF-60; Saint-Gobain Crystals, Hiram, OH, USA), which 

was chosen for its high temperature dependence compared with other studied scintillating 

fibers. The scintillating fiber was 1 mm in diameter and coupled with index-matching epoxy 

to a plastic optical fiber (Eska GH-4001; Mitsubishi Rayon Co., Ltd, Tokyo, Japan). An 

opaque polyethylene jacket was used to prevent the admission of external light. Black epoxy 

was used to fill the jacket distal to the scintillating fiber, thus forming an opaque cap within 

the jacket, also for the purpose of light tightness. The optical fiber was 18 m long to allow 

the photodetection equipment to remain outside of the radiation vaults. An SMA connector 

was attached to the proximal end of the optical fiber to interface the detector with a 

spectrograph (Shamrock; Andor Technology, Belfast, UK) that dispersed the light over a 

wide-chip charge-coupled device camera (iDus; Andor Technology). The spectra were 

acquired using Solis Software (Andor Technology) and processed using a MatLab script 

developed in-house.

2.2.2. Temperature-controlled phantom—A 30 cm × 30 cm × 30 cm acrylic tank 

filled with water was used. The water in the tank was maintained at a user-specified 

temperature with a heating system constructed in our laboratory, shown in Figure 1. This 

system consisted of an intake hose powered by a DC pump, a high-density heating element 

and K-type thermocouple connected to a proportional-integral-derivative (PID) controller, 

and an output hose. Both hoses were made of flexible plastic so they could easily be placed 

in the tank. Between the pump and output hose, water traveled through PVC pipes. PVC 

caps were used to position the high-density heating element and thermocouple within the 

PVC pipes and ensure that they were in contact with the water. The PID controller 

determined whether the high-density heating element was on or off through a solid-state 

relay. This system allowed the water to be heated and maintained at specific temperatures. 

The heating element was placed upstream of the thermocouple so that it would read the 

temperature of water coming from the tank. This setup offers no mechanism for cooling 

other than natural convection from the ambient air; therefore, the experiments were 

performed starting at the lowest temperature of interest and gradually working upwards.

2.3. Experimental protocol

2.3.1. Calibration—For accurate dosimetry using the hyperspectral approach described 

previously, it is important to accurately determine the shape of the spectrum of each 

component accounted for in the composition of the total light output spectrum (i.e., each 

spectrum constituting R). For our approach, the scintillation, Cerenkov, and fluorescence 

spectra, as well as the temperature-induced difference in the scintillation spectrum were 

obtained separately. We varied the emission from one of the spectral components while 

fixing the others to obtain what is referred to here as the pure spectra. Multiple 

measurements of each spectrum (resulting in a stack of spectra) were obtained to decrease 

the associated uncertainty. A sliding median was computed over the acquired wavelengths 

and the signal was then binned as a function of wavelength in groups of 5. This was done for 

each individual acquired spectrum, and a median was then calculated over the stack of 

spectra (i.e., taking the median intensity value over the stack at each wavelength separately).
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The pure scintillation spectrum was obtained using a kV irradiator operated at 125 kVp. This 

energy was below the threshold for Cerenkov production and the fluorescence was 

minimized by collimating the photon beam on the scintillating element using lead to shield 

the optical fiber. The acquisition was performed at room temperature. The same radiation 

modality was used to acquire the pure fluorescence spectrum. In this case, the optical fiber 

was coiled in the radiation field while the scintillating element was kept outside of the field 

and shielded by a lead block to avoid the production of any scintillation light.

The pure Cerenkov spectrum was obtained by subjecting the PSD to the same conditions 

(same dose, same temperature) in two separate sets of measurements using the cobalt-60 

irradiator, but with an extra 40 cm of optical fiber coiled in the field for the second set of 

measurements, as recommended in a previous study by Guillot et al. (2011). A specially 

designed solid water slab (Standard Imaging, Madison, WI, USA) was used to ensure that 

the scintillator position was identical for each measurement.

The pure temperature difference spectrum was obtained by immersing the PSD in a beaker 

filled with water at around 10°C and irradiating it with a cobalt-60 external photon beam. 

The beaker was insulated with low-density polystyrene to minimize temperature variation. 

The water was then heated to a warmer temperature (50°C) using a hot plate. A magnetic 

stirrer was used to ensure homogeneous water temperature. The PSD was then once again 

irradiated using the cobalt-60 unit and the resulting spectrum was obtained from the 

difference between the spectra obtained at 50°C and 10°C.

With the shape of the different spectra composing R now well defined, the remaining step 

for the calibration was to determine the factor relating the amplitude of the spectra to the 

associated physical value for both dose and temperature. Using the temperature-controlled 

phantom, we obtained measurements for a defined expected dose (DCalib) at a given 

temperature (TCalib1 = 20.75°C) under the photon beam from the cobalt-60 unit. The water 

was then heated to a different temperature (TCalib2 = 38.9°C) and the same dose delivery 

was repeated. The factors xScint,Calib1, xScint,Calib2, xΔScint,Calib1, and xΔScint,Calib1 were 

obtained from these 2 measurements and therefore allowed us to determine the dose under 

any given condition using equation 6 and the temperature using equation 13.

2.3.2. In-phantom measurements—Using the cobalt-60 unit (Theratron), we performed 

sets of five 10-second irradiations at temperatures differing by increments of about 2°C, 

ranging from 20.75°C to 40.6°C. Temperature in the water tank was measured using a 

thermistor.

The dose for each irradiation was calculated using the multispectral approach and the 

hyperspectral approach with and without the temperature correction. Values were compared 

with the expected values and the measurement error under each condition was calculated:

(14)
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The output factors from irradiation of 5 × 5 cm2, 10 × 10 cm2, and 15 × 15 cm2 field sizes 

were also measured at 0.5-cm and 10-cm depths of maximum dose.

The temperature self-correction approach was also validated using a 6-MV photon beam 

from a TrueBeam linear accelerator (Varian TrueBeam, Palo Alto, CA, USA). With the PSD 

inside a motorized water tank, a depth-dose curve was obtained from 1.5 cm to 12 cm at 

room temperature and under varying temperature conditions. The temperature variation was 

achieved by heating the water tank to 40°C and then letting it cool down naturally while 

performing the different measurements. Ten-second acquisitions were performed while 

irradiating at 600 MU/minute with the linear accelerator. Measured doses were compared 

with the expected values as measured during the annual calibration of the machine.

Finally, because the proposed approach dispersed the optical signal and more spectra were 

used to fit the measurements, we wanted to verify that the precision of the PSD and its 

ability to perform real-time dosimetry were not compromised. The self-correcting 

hyperspectral approach was therefore compared with the multispectral approach for different 

acquisition times. With the PSD at depth of maximum dose and at approximately 40°C, the 

precision of the dose measurement was evaluated for acquisition times ranging from 0.021 

seconds to 5 seconds. The measured doses were normalized to the value obtained for the 

average of 5-second acquisitions.

3. Results

The spectra of the different light-emitting components were normalized to the area under the 

curve and are shown in Figure 2. As explained above, the light emitted by the scintillator 

was separated into a temperature-independent scintillation component and a component 

representing the change in spectrum with temperature. The temperature-dependent spectrum 

was negative because the light emission was shown to decrease with increasing 

temperatures.

The error on measured dose over a wide range of temperatures was compared among the 

multispectral, hyperspectral, and hyperspectral self-correcting approaches. Figure 3 shows 

the measurement error for each approach as a function of temperature when the PSD was 

calibrated at room temperature. The performance of the multispectral and hyperspectral 

approaches was similar, with error increasing by about 0.75%/°C in the negative direction. 

The novel approach (i.e., the hyperspectral self-correcting approach) minimized the 

temperature dependence of the PSD, with an average error of 0.72% and standard deviation 

of 0.63% over the entire temperature range, and a maximum deviation of (1.6±0.9)%. The 

output factors for different field sizes and depths measured under warm conditions are 

presented in Table 1. These factors agree well with the actual output factors.

The measurement of dose as a function of depth for the 6-MV photon beam from a 

TrueBeam linear accelerator is shown in Figure 4. Measurements at room temperature were 

in good agreement with the expected values, with an average error of 0.06% and standard 

deviation 0.17%. The depth dose curve obtained under warm conditions showed an average 

error of −0.92% and standard deviation of 0.50%. The bottom panel of Figure 4 shows the 
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relative difference between the two sets of measured doses, and the average difference was 

−0.98% (standard deviation = 0.42%).

Table 2 shows the average measured error and standard deviation (std) as a function of the 

integration time. The measurements were in good agreement with the expected values for all 

integration times, but the standard deviation was higher for faster acquisitions.

Finally, as shown in Figure 5, the temperature-dependent contribution factor (xTemp) varied 

linearly with the temperature when normalized by the dose-only dependent factor (xscint). 

Related temperature differences between the measured data and the fit were all within 1°C, 

with an average value of 0.0°C (std= 0.3°C).

4. Discussion

4.1. Proof of feasibility

Here, we have demonstrated the feasibility of a spectral-based correction mechanism to 

adjust for temperature variations when using a PSD. As shown in Figure 3, under variable 

temperature conditions, this approach outperformed the multispectral and naïve 

hyperspectral approaches, which were similar to one another. This is relevant when a PSD is 

calibrated at room temperature and used at any other unknown or fluctuating temperature. 

When a PSD is used at a known and stable temperature, the three approaches would show 

similar performances. Because the multispectral and hyperspectral approaches show a linear 

relationship with temperature, a correction factor could be calculated from measurements at 

a minimum of two different temperatures as part of the calibration process, as recommended 

by Buranurak et al. (2013). The technical difficulty of obtaining such measurements is 

similar to that of the self-correcting approach. However, the correction factor method 

additionally requires the temperature at the point of measurement to be known accurately 

and could not account for unexpected temperature fluctuations.

The proposed approach was also shown to be accurate when measuring the output factors 

for different field sizes under cobalt-60 irradiation at temperatures significantly above room 

temperature (see Table 1). In Figure 4, the capability of the novel approach to provide 

accurate dose measurements at varying temperatures warmer than room temperature was 

demonstrated for 6-MV photon beam radiation. The relative differences between the values 

obtained at warm temperatures and those obtained at room temperature were in agreement 

with the PSD’s error under cobalt-60 irradiation (see Figure 3). It is also interesting to note 

that as the temperature was cooling down (and therefore getting closer to the calibration 

temperature), the relative difference between the two conditions decreased. The relative 

difference was less than 2% for all measurement conditions, demonstrating the added 

versatility and robustness of the PSD with the self-correcting approach.

The results presented in Table 2 suggest that a PSD system could be effectively used with 

the temperature-independent hyperspectral approach for real-time dosimetry. These results 

addressed the concern that dispersing the optical signal to obtain spectral information and 

using more spectra to fit a measurement could result in light losses severe enough to require 

longer acquisitions to achieve an acceptable signal-to-noise ratio. As shown in Table 2, the 
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hyperspectral and multispectral approaches performed similarly in this respect down to a 

0.5-second acquisition time. The multispectral approach proved slightly more accurate and 

precise for a 0.1-second acquisition time (average error and standard deviation of 0.41% and 

1.60% for the hyperspectral approach compared with −0.20% and 0.58% for the 

multispectral approach). However, optimizing the selection of the weighting factors and 

binning intervals could improve the temporal performance of the hyperspectral approach in 

a manner similar to that previously demonstrated for the multispectral approach (Guillot et 

al., 2011).

4.2. In vivo dosimetry applications

The effect of temperature on real-time in vivo dosimetry is a known problem. Whether 

MOSFETs, diodes, or scintillation detectors are used, the temperature change between the 

calibration and use conditions must be accounted for (Soubra et al., 1994, Saini and Zhu, 

2002, Cheung et al., 2004, Mijnheer et al., 2013, Tanderup et al., 2013). Knowing the 

temperature in real-time to adjust the temperature correction factor accordingly would 

require the addition of a temperature probe in the vicinity of the detector, which would make 

the detector more challenging to develop or more cumbersome to use. This is why a general 

estimate of the temperature is used, but this is subject to uncertainty and fluctuations, as 

outlined above.

To illustrate this challenge, we consider in vivo measurements obtained within the body. A 

detector might be inserted within a catheter already placed as part of the treatment (in 

brachytherapy for example), but it is unlikely that a temperature probe can be placed in the 

same catheter. Another catheter could be used, but this would preclude the possibility of 

measuring temperature fluctuations in the immediate vicinity of the detector and would give 

only a general idea of the local temperature. As a second illustration, we consider skin dose 

measurements, which are currently the most widely practiced form of in vivo dosimetry 

(Fiorino et al., 2000, Bloemen-van Gurp et al., 2003, Appleyard et al., 2005). Determining 

the absolute temperature and fluctuations is problematic. Because the detector is placed at 

the skin surface, it is at a temperature somewhere between that of the skin and the ambient 

air. Placing a temperature probe next to the detector does not guarantee that the probe and 

the detector would be at the same temperature because they are composed of different 

materials. Furthermore, there may be a temperature gradient between the two positions. 

Also, because the detector is subject to convection from the ambient air and conduction from 

the skin surface, the temperature may vary at the point of measurement during the treatment 

delivery. The proposed approach accounts for all of these variables without the need for 

further consideration by automatically correcting for signal fluctuations due to temperature. 

The proposed approach also allows a simpler system to be used because a temperature probe 

is not needed, and therefore limits the introduction of materials that are not water equivalent 

and potentially perturbing the dose delivery.

4.3. Simultaneous measurement of dose and temperature

In addition to making PSDs temperature-independent, the proposed approach enables PSDs 

to measure temperature during irradiation. All measured temperatures shown in Figure 5 

were within 1°C of the water temperature value measured with the thermistor. The 

Therriault-Proulx et al. Page 9

Phys Med Biol. Author manuscript; available in PMC 2016 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



possibility of simultaneously measuring dose and temperature is advantageous in ways that 

extend beyond the scope of this paper and could possibly lead to new avenues of research. 

One potential application would be to use the detector for in vivo dose and temperature 

measurement during regional hyperthermia radiation therapy. This is a procedure during 

which part of the body is heated to enhance the effectiveness of radiation therapy, because 

cancer cells are relatively less tolerant to heat than healthy cells (Field and Bleehen, 1979, 

Overgaard, 1980, Kim et al., 1982, Overgaard, 1989, Overgaard et al., 1995, Vernon et al., 

1996, Matsuda et al., 1997, Falk and Issels, 2001, Chicheł et al., 2007). This has been an 

ongoing field of research for the past couple of decades and could benefit from new 

measurement tools.

4.4. Generalization of the approach

Finally, it is important to emphasize that even though our approach accounts only for 

temperature dependence, the approach could be generalized to other influencing factors 

affecting the scintillation emission spectrum in a similar manner. This would further 

improve the versatility and robustness of scintillation detectors because they would then be 

independent of those factors and simultaneously capable of measuring the physical value of 

the factor, all with a detector made solely of water-equivalent materials.

4.5. Conclusion

We have demonstrated the feasibility of a spectral approach to render a PSD temperature-

independent while maintaining the ability of the PSD to perform real-time measurements. 

Additionally, the proposed approach enables PSDs to serve simultaneously as dose detectors 

and temperature probes. There are many possible applications for such a detector, including 

internal and external in vivo dosimetry as well as a temperature measurement tool during 

hyperthermal radiation therapy.
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Figure 1. 
Setup for controlling the temperature in the water tank. A: Input and output hoses. B: Pump. 

C: PVC pipes. D: Thermocouple. E: Proportional-integral-derivative temperature controller. 

F: Solid-state relay. G: Electrical heating element.
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Figure 2. 
Emission spectra of the different light-emitting components. The total scintillation was 

separated in a temperature-independent spectrum (shown in black) at an arbitrary fixed 

temperature, and the change in spectrum due to temperature is shown in red.
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Figure 3. 
Average error on measured dose (±standard deviation) as a function of temperature for the 

different dosimetry approaches.
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Figure 4. 
Depth-dose curve from a 6-MV linear accelerator photon beam measured at room 

temperature and under warm conditions as recorded by the plastic scintillation detector, 

compared with the expected values (top panel). Dose values (mean ± standard uncertainty) 

were normalized to the value measured at room temperature at depth of maximum dose. The 

relative differences between doses measured under warm conditions and room temperature 

are presented in the bottom panel.
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Figure 5. 
Variation in temperature measured using the plastic scintillation detector compared with the 

expected values (top panel). Average and standard deviation of the calculated values are 

shown. Calibration of the plastic scintillation detector for temperature measurement was 

performed using the contribution factors measured at 20.75°C and 38.9°C. The differences 

between measured and expected values (ΔT) are shown in the bottom panel.
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Table 2

Average error and standard deviation(std) of the detector for different acquisition times. Values were 

normalized to the values obtained for 5-second acquisitions.

Acquisition time, seconds No. of measurements
Average error (± std)

Hyperspectral Multispectral

0.021 59 0.85 ± 5.23 −0.19 ± 5.64

0.1 29 0.41 ± 1.60 −0.20 ± 0.58

0.5 9 −0.38 ± 0.66 −0.39 ± 0.53

1 9 −0.38 ± 0.70 −0.38 ± 0.54

3 9 −0.13 ± 0.38 −0.18 ± 0.53

5 9 0.00 ± 0.24 0.00 ± 0.54
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