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A B S T R A C T

In this work, pellets of CaSiO3 have been produced for investigation as gamma radiation, proton, and carbon ions
detector. They were then irradiated to gamma radiation using 137Cs and 60Co sources. Furthermore, pellets of
CaSiO3 were exposed to 160 MeV proton and 290 MeV/n carbon ion beam from an upper synchrotron.
Thermoluminescence (TL) responses of these pellets presented the same prominent peak at about 170 °C, and
two possible high-temperature peaks at 270 and 320 °C when irradiated to gamma, proton, and carbon ion beam.
Dose-response curve, minimum detectable dose (MDD), energy dependence, and dependence on the dose rate
when irradiated with gamma radiation were evaluated in this material. Linear dose-response curves for proton
and carbon ion irradiation have been compared to that of the gamma dose-response. In this way, the dose read
out in Harshaw TL reader presented a good agreement with doses found using ion chamber in the case of proton
beams and slightly less in the case of carbon beam due to the LET dependency. Furthermore, relative efficiencies
of CaSiO3 for beam irradiation of proton and carbon ion display no dependence in the analyzed particle doses
range.

1. Introduction

Radiation therapy technologies have advanced rapidly, providing
increasingly sophisticated methods to deliver the dose of radiation to
the tumor (Jaffray et al., 2010; Spitz et al., 2019; Fujisawa et al., 2013;
Mein et al., 2017; Tsujii et al., 2007). Ion beam radiotherapy, such as
proton and heavier ions beam has been the subject of considerable
debate since the middle of the last century. Nonetheless, it is since the
early 1990s that particle therapy began to be used officially in cancer
diagnosis and therapy (Tsujii et al., 2007; Mohamad et al., 2018;
Takada, 2010; Tsujii, 2014; Barth et al., 2003; Haberer, 2002). In a
radiotherapy procedure, when ion beam is involved a dose prescription
is required, and an absorbed dose is still required as an operative
quantity to control beam delivery with the purpose to characterize the
beam dosimetrically and to verify dose delivery (Wambersie et al.,
2011; Karger et al., 2010). For that reason, luminescence materials as a
good alternative of passive detectors for radiation dose measurement

have been studied for decades (Kry et al., 2020; Nascimento et al.,
2015; Nakajima et al., 1978; Akselrod et al., 1990; Lakshmanan, 2001;
Obryk et al., 2011; Cameron et al., 1968; Yerpude et al., 2016; Kore
et al., 2014). The advantages of these types of detectors are the detector
volume reduction, high-resolution measurements, and higher signal
due to the higher ionization density (Karger et al., 2010). Dosimetric
materials must satisfy certain important characteristics to be considered
as a suitable TL dosimeter. Among the main requirements imposed on
these materials are, to have a linearity response with the irradiation
dose, high sensitivity for different radiation types, no dose rate de-
pendence, a low energy dependence, low fading, and low Z effective to
approximate that of human tissue (7.35–7.65) (Cameron et al., 1968).
In general, luminescence dosimetry refers to the emission of photons
from the dosimeter previously irradiated by different excitation
methods, such as thermoluminescence (TL), optically stimulated lumi-
nescence (OSL), radiophotoluminescence (RPL), radioluminescence
(RL) and scintillation. This review will focus on the passive use of
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thermoluminescence dosimeters (TLD). Although some studies are de-
scribing the effect of the accelerated ion beam on phosphor material as
TL dosimeters, literature is still very limited. Among luminescent de-
tectors used in particle beam dosimetry, there is the LiCaAlF6:Ce
phosphor studied by Yerpude et al. (2016). This material was exposed
to gamma radiation and carbon ion beam and their TL responses were
compared displaying a change in the relative intensity/trapping para-
meters of the TL glow peaks. Kore et al. (2014) have produced by acid
distillation method the Dy3+-doped CaMg3(SO4)4. This material doped
with 0.2 mol% of Dy3+ was found to be 3.5 times more sensitive than a
standard CaSO4:Dy3+ phosphor with a stable dosimetric TL peak for
C5+ ion irradiation. Nascimento et al. (2015) have studied the cap-
ability of RL dosimeter based on carbon-doped aluminum oxide
(Al2O3:C) for absorbed dose-rate measurements during carbon radio-
therapy. In recent years, there has been an increasing amount of lit-
erature about dosimeter materials based in silicate minerals either
natural or synthetic compounds, such as beryl, tourmaline, quartz, ja-
deite, colourless topaz and natural wollastonite (CaSiO3) (Watanabe
et al., 2015; Souza et al., 2002, 2007a; 2007b; Gonzales-Lorenzo et al.,
2018, 2020a; 2020b; Portakal et al., 2020). These materials have shown
a high sensitivity to X-ray and gamma radiation. Concerning TL prop-
erties, these minerals show a dosimetric TL peak, low fading, and good
reproducibility (Gonzales-Lorenzo et al., 2018, 2020b; Souza et al.,
2002, 2007a, 2007b).

Gonzales-Lorenzo et al. (2020a, 2020b) have produced synthetic
polycrystals of β-CaSiO3 (pseudowollastonite) and their TL properties
reported. This material shows O− ion and F+ defect centers in the
lattice structure which behave like recombination centers in the TL
process. These centers are responsible for the high-temperature TL
peaks in β-CaSiO3 (Gonzales-Lorenzo et al., 2020b). The high-tem-
perature TL peak at about 250 °C shows good stability and a dosimetric
behavior when irradiated at low gamma radiation dose, of the order of
mGy to Gy, and when irradiated with high neutron fluence, of the order
of 1013-1016 n/cm2. Besides in this material the high-temperature TL
peaks display a low fading of about 7% in the first 48 h, after that time,
there is no decay. This behavior makes the study of the CaSiO3 of great
interest, since higher temperature peaks are normally more stable at
room temperature than lower temperature ones, and because it is
possible the monitoring of the deposited gamma radiation through the
intensity of the dosimetric and stable TL peak. On account of that, in
this work pellets of calcium silicate were produced as gamma and ion
beam dosimeters in an attempt to obtain useful data regarding the TL
response of gamma, proton, and carbon ion beam-irradiated sensitive
phosphors. Moreover, a study of the dose rate and energy dependence
of the CaSiO3 pellets by thermoluminescence response was performed.

2. Materials and methods

2.1. Synthesis

For the production of calcium silicate polycrystalline, CaSiO3, the
devitrification method was used (Magallanes-Perdomo et al., 2009).
The synthesis process starts with weighing quantities of reagent grade
CaO (Anidrol-PA ACS, 99.9%) and SiO2. In this work, we used 12.0 g
(44.4 wt%) CaO and 15.0 g (55.6 wt%) of SiO2 (Kotsis and Balogh,
1989). These reagents then placed in an oven heated to 1500 °C to melt
the above mixture, for 2 h. The melt is then cooled slowly using a
temperature controller so that the room temperature is reached after
about 24 h. After these procedures, a polycrystalline material is ob-
tained.

This polycrystalline sample of CaSiO3 was crushed and sieved to
retain grains smaller than 80 μm in diameter. XRD data of this powder
sample at room temperature were obtained on Rigaku Miniflex 300
diffractometer with Cu Kα1 (0.15406 nm) radiation between 10 and
60 at a 0.02° (in 2θ) scanning step and a 1 s step time.

2.2. Production of calcium silicate pellets

To improve the handling and the mass standardization of CaSiO3

samples, powder of this polycrystal will be used to pellet production.
The procedure for pellet production is given by the following stages: (a)
Milling process: polycrystalline sample of CaSiO3 was crushed and sieved
to retain grains smaller than 80 μm in diameter. This powder is placed
in a sealed container together with two milling alumina spheres. Then,
the container is left in a mill for 24 h to homogenize and reduce the
particle size of the sample (smaller than 80 μm). (b) Powder compaction:
at this stage, a steel device with three 6 mm diameter channels was used
as can be seen from Fig. 1(a). Later, 50 mg of the powder, obtained in
the previous stage, is placed inside the hole. Previously, steel pins are
also placed on the bottom and on top of the powder to keep it fixed
inside the steel device. The device with samples inside is carried to the
press and subjected to a pressure of 11 ton/cm2 using a hydraulic press.
Later, pellets of 6 mm in diameter and 1 mm thick but not resistant
enough to handling are obtained. (c) Thermal sintering: using the
thermal sintering technique the pellets obtained previously is carried at
about 1200 °C for 30 min (best condition of time and temperature to
obtain suitable hardness pellets) and then cooled slowly until it reaches
room temperature. After that, a handling-resistant pellet is obtained as
shown in Fig. 1(b). Preparation and sintering of the powder were per-
formed at the Ionic Crystals, Thin Films and Dating Laboratory (LA-
CIFID, for its acronym in Portuguese) of the University of São Paulo,
whilst the pellets compression was carried out at the Radiations Me-
trology Department of the Nuclear and Energy Research Institute (IPEN,
for its acronym in Portuguese).

2.3. Photon irradiation

Pellets of CaSiO3 were irradiated with different X-ray energies at the
Dosimetry Laboratory of the University of São Paulo to know the energy
dependence of this material. For this purpose, the irradiation with 22,
40, 80, and 150 keV effective energies from an X-ray tube Philips MG
450 were carried out. Furthermore, to know the dose-response behavior
and dose rate dependence, pellets of CaSiO3 were also irradiated with

Fig. 1. (a) Steel device and steel pins for pellets production, and (b) pellets of
CaSiO3 of 6 mm in diameter and 1 mm thick.
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gamma radiation from 137Cs and 60Co sources from IPEN. A panoramic
type 137Cs source of gamma rays with a dose rate of 33.03 mGy/h at
30 cm from the source and a panoramic type 60Co source with a dose
rate of 7.88 Gy/h at 40 cm from the source. The gamma irradiation was
performed at room temperature and under conditions of electronic
equilibrium using a PMMA plate of 3 mm thick acrylic layers placed on
each side of the CaSiO3 pellet, covering it completely.

2.4. Particle beam irradiation

Pellets of CaSiO3 produced previously were irradiated with proton
and carbon ion beams from an upper synchrotron of Heavy Ion Medical
Accelerator (HIMAC) at the National Institute of Radiological Sciences
(NIRS) in Chiba, Japan. The beam intensity was monitored and con-
trolled with a beam monitor (parallel plate ionization chamber) in-
stalled in front of samples (Kanai et al., 1999). The monitor count is
characterized by the absorbed dose at the sample measured with a
Markus ionization chamber (Kanai et al., 2004).

The experimental procedure is given by the following stages: (a)
first, 3 pellets in a plastic bag were attached in the irradiation position,
that is, on the center of the PMMA plate as shown in Fig. 2. (b) Pellets
were irradiated at 160 MeV proton beam and 290 MeV/n carbon ion
beam. The beam has spread over a uniform area of 10 cm (with an
uncertainty of about 5%) in diameter at the irradiation position as can
been seen from Fig. 2. (c) The given dose was monitored with an io-
nization chamber installed in the beam line. Doses at which pellets were
exposed varies from 1 mGy to 10 Gy.

2.5. TL measurements

Harshaw TL reader model 4500 in a nitrogen atmosphere was used
for the TL measurements; the heating rate was kept at 4 °C/s.
Luminescence in this equipment was detected by a Hamamatsu R647
photomultiplier tube through a Schott KG1 filter (transmission band
330–690 nm). Five TL reading measurements were carried out to obtain
an average TL glow curve. All TL readings were carried out at least 48 h
after the irradiation took place, time enough to reach the stability of the
TL peaks in CaSiO3 polycrystals.

3. Results and discussion

3.1. X-ray diffraction studies

The diffractogram of the CaSiO3 synthetic material is shown in
Fig. 3. All the diffraction peaks in the spectrum are coincident of the
pseudowollastonite (β-CaSiO3) crystal pattern and of the cristobalite-
low (polymorphic of quartz - SiO2). Both phases are identified with 01-
074-0874 and 01-071-0785 PDF-2 files of the X'Pert HighScore Plus
software (Speakman, 2012) for pseudowollastonite and cristobalite-
low, respectively. This software was used for the refinement and to
determine the percentage of each crystalline phase in the sample. The

results have shown that 96% of the sample is belonging to pseudo-
wollastonite and 4% to cristobalite-low. In this way, the β-CaSiO3 type
polycrystalline structure dominates this sample.

3.2. Thermoluminescence studies

TL glow curves of CaSiO3 pellets irradiated with gamma dose from
1 mGy to 100 mGy using a 137Cs source are shown in Fig. 4(a). These
curves show one prominent well-defined peak at about 169 °C, and two
possible peaks at about 270 and 320 °C.

The prominent peak at about 169 °C shown in Fig. 4(a) is unstable at
room temperature, that is, this peak could show a high fading
(McKeever, 1985). According to McKeever (1985), a TL peak above
200 °C is recommended for dosimetry purposes. For that reason, pre-
vious thermal annealing of 215 °C for 10 s was carried out before the TL
measurement to fade the TL peak at 169 °C. Fig. 4(b) shows these TL
glow curves of CaSiO3 pellets irradiated with gamma dose from 1 mGy
to 100 mGy (137Cs source) after the previous thermal annealing men-
tioned above. Therefore, it is possible to observe in Fig. 4(b) the two
high-temperature peaks at about 270 and 320 °C.

Fig. 5 shows the maximum TL response of the peak at about 270 °C
of CaSiO3 in pellets as a function of gamma irradiation dose, for doses
ranging from 1 mGy to 5 Gy using 137Cs (from 1 to 100 mGy) and 60Co
(from 0.5 to 5 Gy) sources. An appropriate correction has been done
due to small differences in TL intensities using both sources with dif-
ferent dose rates (see Fig. 7). Each point is the average of five pellets
measured. Analyzing the dose-response curves with log axes in the
same scale, as shown in Fig. 5. It is observed that the TL response of
peak at 270 °C has a linear behavior from 1 mGy to 5 Gy, with a cali-
bration equation, equals to ITL = 0.375·Dose. As a result, the minimum
detectable dose (MDD) was also calculated. The MDD value is obtained
intercepting the linear fit behavior of TL peak with three times the
standard deviation of zero dose TL reading (3σTL) (Gugliotti et al.,
2018). Accordingly, an MDD of about 75 μGy was obtained as can be
observed from Fig. 5. It is important to be mention that fading studies of
all TL peaks of this polycrystalline CaSiO3 have been reported in pre-
vious work (Gonzales-Lorenzo et al., 2020b).

Fig. 2. Irradiation design of calcium silicate pellets with proton and carbon ion
beam at NIRS.

Fig. 3. XRD pattern of CaSiO3 produced in this work, compared with XRD
patterns from PDF-2 files: 01-074-0874 (pseudowollastonite) and 01-071-0785
(cristobalite low) - X'Pert HighScore program (Speakman, 2012).
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3.3. Energy dependence of CaSiO3 pellets

The relative TL intensity (TL peak at 270 °C) normalized to that TL
response with 60Co gamma radiation as a function of the photon energy
is shown in Fig. 6. In all cases, the proton dose was estimated to be
about 10 mGy to avoid supralinearity effects. It can be observed that
between 22 and 150 keV effective energy the relative TL intensity de-
creases until reaching the value of 1, after that, this intensity seems to
remain constant with the increase in energy as can be seen from Fig. 6.

This behavior is due to the different interaction of photons with the
sample. Three main types of these interactions are known to be im-
portant in imparting energy to the sample during irradiation according
to the photon energy. These are the Compton and photoelectric effect,
and pair production. For low Z-effective materials such as carbon,
water, or human tissue the region of Compton-effect dominance is very
broad, from about 20 keV to 30 MeV (Attix, 2004). For CaSiO3 pellets,

between 20 and 150 keV, photoelectric interactions are possibly
dominant, after that the Compton interaction will be prevalent.

Additionally, the concept de effective atomic number Zeff has been
introduced to characterize the energy response of different materials.
Eq. (1) shows the calculation of the effective atomic number, where ai is
the fractional electron content of element i with atomic number Zi. The
value of m varies from 3 to 4 with a reasonable value of m = 3.5 (Kase
et al., 1987; Bos, 2001). In this manner, the effective atomic number of
the CaSiO3 using a value of m = 3.5 is about Zeff = 15.72. This result is
similar to the effective atomic number for CaSO4, Zeff = 15.62 (Bos,
2001). The high Zeff found for CaSiO3 contributes to more energy being
deposited in this material due to a higher probability for photoelectric
effect and higher mass-energy absorption coefficient compared to a

Fig. 4. (a) TL glow curves of pellets of CaSiO3 irradiated with gamma dose from
1 mGy to 100 mGy using a 137Cs source, and (b) glow curves after previous
thermal annealing of about 215 °C for 10 s. A heating rate of 4 °C/s was used in
each measurement.

Fig. 5. TL intensity behavior of the 270 °C peak as a function of gamma ra-
diation doses from 1 to 100 mGy (137Cs) and from 0.5 to 5 Gy (60Co), and the
minimum detectable dose of synthetic CaSiO3 pellets.

Fig. 6. Relative TL intensity response as a function of photon energy for pellets
of CaSiO3. TL response is normalized to the response of 60Co gamma radiation.
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tissue-equivalent material. The luminescent response for high Zeff ma-
terials usually needs to be corrected due to the high dependence on
beam energy. This can be performed using either two materials of dif-
ferent Zeff or using special filters that absorb low energy photons, thus
modifying the energy response of the material used (Yukihara and
McKeever, 2011).

∑=Z   a Zeff
i

i i
m

m
(1)

3.4. Dose rate dependence studies

In this subsection, a dose rate dependence study of CaSiO3 pellets
was carried out. From Fig. 7 we can see the normalized TL response
(peak at 270 °C) as a function of the dose rate, normalized to the re-
sponse at the dose rate of 33.03 mGy/h. Three rate doses of 33.03 mGy/
h (from 137Cs source), 6.82 Gy/h, and 555 Gy/h (the last two from
different 60Co sources) were used in this experiment. In conventional
radiotherapy, photon or electron beam from a linear accelerator, dose
rates used clinically 0.1–0.2 Gy/s are usual. However, recent studies
where ultra-high dose rate irradiation is involving (more than 100 Gy/
s); termed FLASH radiotherapy (FLASH-RT) has appeared as an in-
novative modality able to improve therapeutic responses and limiting
normal tissue injury (Spitz et al., 2019). In this way, luminescence
dosimeters that are not influenced or have a negligible influence by the
dose rate in addition to having a low energy-beam dependence are
required for use in FLASH-RT. In this case, between 33.03 mGy/h and
555 Gy/h dose rates, normalized TL intensity increase by about 16.6%,
as can be observed in Fig. 7. As a consequence, a suitable correction
should be performed when CaSiO3 pellets are irradiated at different
dose rates. However, a study of this effect for dose rates higher than
555 Gy/h (~1.54 Gy/s) is necessary, especially on the order of hun-
dreds of Gy/s.

3.5. Proton and carbon ion irradiation studies

TL glow curves of CaSiO3 pellets irradiated with proton beam with
doses from 10 mGy to 1 Gy are shown in Fig. 8(a). Moreover, TL glow

curves of CaSiO3 pellets irradiated with a carbon beam with doses from
10 mGy to 1 Gy are shown in Fig. 8(b). Both emission curves show one
well-defined peak at about 165–170 °C, a peak at about 270 °C which is
overshadowed by the intensity of the low-temperature peak, and a high-
temperature peak at 320 °C. These TL glow curves are similar to those
of the gamma irradiation case as shown in Fig. 4.

Fig. 9(a) shows the maximum TL response of the peak at about
270 °C as a function of proton radiation dose from 5 mGy to 1 Gy found
using an ion chamber. This result has been compared with the dose-
response curve for the case of gamma irradiation from 1 mGy to 5 Gy
(see Fig. 6). Analyzing the dose-response curves with log axes in the
same scale in Fig. 9(a), it can be observed that TL response of peak at
270 °C has a linear behavior from 5 mGy to 1 Gy with a calibration

Fig. 7. Dose rate dependence response of synthetic CaSiO3 pellets using a 137Cs
source. The response is normalized to the reading at a dose rate of 33.03 mGy/
h. Three detectors were used at each dose rate setting.

Fig. 8. TL glow curves of CaSiO3 pellets (a) irradiated at 160 MeV proton beam
with dose from 10 mGy to 1 Gy and (b) irradiated at 290 MeV/n carbon ion
beam from 10 mGy to 1 Gy. A heating rate of 4 °C/s was used in each mea-
surement.
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equation equals to ITL = 0.344·Dose. The slope of the dose-response
curve for proton irradiation is slightly less than the dose-response curve
for gamma irradiation. Furthermore, Fig. 9(b) shows the maximum TL
response of the peak at about 270 °C of CaSiO3 in pellets as a function of
carbon ion radiation dose from 10 mGy to 10 Gy found using an ion
chamber. This result has been also compared with the dose-response
curve for the case of gamma irradiation. Analyzing the dose-response
curves with log axes in the same scale in Fig. 9(b), it can be observed
that the TL response of peak at 270 °C peak has a linear behavior from
10 mGy to 10 Gy with a calibration equation equals to
ITL = 0.229·Dose. The slope of the dose-response curve for carbon ir-
radiation is less than the dose-response curve for gamma irradiation.

The differences in the slope shown in Fig. 9 are produced because the
deposition dose during proton and carbon ion irradiation depends on
the linear energy transference (LET) (Avila et al., 1999; Bilski et al.,
1997; Geiß et al., 1998). An analytical study of accelerated particle
interaction of proton and carbon ion beam on CaSiO3 material will be
the subject of future work.

Besides, when TLD detectors are exposed to other radiation types
than gamma the relative TL efficiency term ηkγ is usually used to know
the ionization density dependence and supralinear effects on the ma-
terial (Sądel et al., 2013; Bilski, 2006). Relative TL efficiency ηkγ is
defined as follows (Spurný, 2004; Bilski, 2011):

=η   I /D
I /Dγ γ

kγ
k k

(2)

where Ik and Iγ are TL intensities after radiation k and after reference
gamma radiation. Dk and Dγ are the corresponding values of absorbed
dose. I /Dk k is the efficiency associated with the radiation type k. Fig. 10
shows the relative efficiency of CaSiO3 pellets as a function of the ion
doses up to 1 Gy. As can be observed in this figure the relative efficiency
for proton beam appears to exceed unity (i.e. the efficiency is higher
than that for gamma-rays) from 5 to 10 mGy dose range. However, from
100 mGy to 1 Gy the proton efficiency is inferior to unity (i.e. the ef-
ficiency is lower than that for gamma-rays) reaching a value of about
0.90. To understand this behavior or to be certain if this effect is real,
further studies are necessary, such as repeated proton exposure with
careful monitoring of gamma and ion dose calibration. On the other
hand, for the carbon ion beam case, the relative efficiency seems to
follow a unique value at around 0.51. Consequently, relative effi-
ciencies displayed in Fig. 10, for proton (160 MeV) from 100 mGy to
1 Gy and for carbon ion beam (290 MeV/n) from 10 mGy to 1 Gy are
independent of the particle dose in the mentioned range. The relative
efficiency values of about 0.90 for proton and 0.51 for carbon ion de-
pend on the ionizing density (Sądel et al., 2013). That is, for a weakly
ionizing radiation type (energy of few hundreds of keV), the relative
efficiency is roughly constant (with a value equal to or close to unity) as
a function of the LET. For a strongly ionizing radiation type, the relative
efficiency usually decreases with increasing LET, up to values below 0.4
for LET values of the order of several hundreds of keV/μm (Bilski, 2006;

Fig. 9. Dose-response curve (a) for proton beam irradiation on CaSiO3 pellets
from 5 mGy to 1 Gy (pink triangles), and (b) for carbon beam irradiation from
10 mGy to 10 Gy (red triangles). Both curves are compared to that of the
gamma radiation case (black circle). The dotted line indicates linearity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 10. Relative TL efficiency of CaSiO3 detectors versus particle dose for
proton and carbon beams. The data points represent the average of three TL
detectors and the error bars are the experimental standard deviation of the data.
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Sawakuchi et al., 2010).

4. Conclusions

Pellets of CaSiO3 after gamma, proton, and carbon beam irradiation
display the same shape of the TL glow curve with a prominent peak at
about 169 °C. After the previous annealing of 215 °C during 10 s of
irradiated CaSiO3 pellets, TL glow curves of this material show two
high-temperature and stable peaks at about 270 and 320 °C. Dose-re-
sponse curve of CaSiO3 pellets after gamma irradiation shows a linear
behavior from 1 mGy to 5 Gy with a calibration equation:
ITL = 0.375·Dose. As a result, MDD for the CaSiO3 detector was found to
be 75 μGy.

From the energy dependence of the CaSiO3 pellets we can observe
that between 22 and 150 keV the relative TL intensity decrease, after
that, it seems to remain constant with increasing photon energy. This is
possibly due to the high dominant photoelectric effect between 22 and
150 keV followed by a prevailing Compton effect for energies greater
than 150 keV.

The calculated effective atomic number found for CaSiO3 was
Zeff = 15.72. Consequently, this material has a high energy beam de-
pendence due to a higher probability for photoelectric effect and a
higher mass-energy absorption coefficient compared to a tissue-
equivalent material. On account of that, different methods to correct
the energy response must be carried out.

Dose rate dependence of CaSiO3 pellets has shown that, between
33.03 mGy/h and 555 Gy/h dose rates, normalized TL intensity in-
crease by about 16.6%. Accordingly, a suitable correction must be
performed when CaSiO3 pellets are irradiated at different dose rates.
Supplementary study of the TL dependence for a higher dose rate than
555 Gy/h (~1.54 Gy/s) will be the subject of future works.

For proton irradiation, the dose-response curve has a linear beha-
vior from 5 mGy to 1 Gy with a calibration equation equals to
ITL = 0.344·Dose. Moreover, for ion carbon irradiation the dose-re-
sponse curve has a linear behavior from 10 mGy to 10 Gy with a cali-
bration equation equals to ITL = 0.229·Dose. The slope of the dose-
response curve for particle irradiation is slightly less than that of the
dose-response curve for gamma irradiation due to the deposition dose
during proton and carbon ion irradiation depends on the linear energy
transference (LET). An analytical study of accelerated particle interac-
tion on CaSiO3 pellets will be proposed as part of future work.

Relative efficiencies of CaSiO3 pellets for protons (160 MeV) and
carbon ion (290 MeV/n) are independent of the particle dose in the
range from 100 mGy to 1 Gy for proton and from 10 mGy to 1Gy for
carbon ion, respectively. These constant relative efficiency values are
about 0.90 for proton and 0.51 for carbon ion.
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