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ARTICLE INFO ABSTRACT

Keywords: We present new capabilities of the Gate6.2 code that enable the precision simulation of CsI(T1)
CsI(TD) and CsI(Tl-Eu) detectors within a comprehensive Monte Carlo code for the first time. Firsty,
Eu dopant single crystals were grown by the vertical Bridgman method. A comparison study of the scin-
GATE code

tillation properties of crystals including energy resolutionand photoluminescence was carried
out. Then, the energy response of scintillators was simulated from pulse height spectrum using
different gamma sources in the energy range between 32-662 keV. The energy resolutions of CsI
(T1) and CsI(T1-Eu) at 662 keV were calculated 10.5% and 9.63%, respectively, which were in
good agreement with experimental results (10.41% and 9.40%, respectively). The results in-
dicated that GATE code could be an appropriate tool for studying the scintillator’s behavior for
gamma spectroscopy.

Energy based of light response
Energy resolution

1. Introduction

Today, the use of scintillators has found many significant applications in radiation detection such as industrial controlling,
dosimetry, nuclear medicine, medical diagnosis imaging and, so on [1-4]. One of procedures in fabricating a gamma scintillation
detector is the crystal growth of scintillator materials with different dopants, which leads different scintillation characteristics.
Studying the scintillator behavior with growing different size of crystals as well as with selecting various dopants with different
concentrations, and predicting the response function of detector is not always possible only through experimental methods in all
situations, so simulation approach based on Monte Carlo techniques can be an appropriate option [5-11]. To perform these studies, a
Monte Carlo simulation code should have the ability of producing and transporting the optical photons in a scintillator. Geant4-Gate
code is a strong Monte Carlo tool for simulating physical phenomena, which can transport particles in different wavelength ranges, so
it can be used for studying the scintillation behavior. The GATE 6.2 software code (Geant4 Application for Emission Tomography) is
able to simulate the whole radiation interaction with the scintillator matter including the energy absorption, production, and
transport of optical photons [12,13].

CsI(TD) crystal is one of the most useful scintillator detector due to its density and atomic number as well as the physical char-
acteristics [14]. Light yield, decay time or energy resolution can be improved using added dopants like In, Bi, Yb, Sm, and Eu to its
structure [15-19]. In previous works and publications, the scintillation behavior has been investigated only by experimental ap-
proaches.

The aim of this paper is to investigate the effect of dopant specially in CsI(T1) and CsI(T1-Eu) crystals (studying the Eu as codopant)
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on the luminescence and gamma spectra. So, single crystals were grown by the vertical Bridgman method. Also, this work presents
the use and validation of GATE for simulating response of CsI(T1) and CsI(Tl-Eu) detectors. The scintillation behavior of samples in
front of different gamma sources has been investigated. The effects of Eu and Tl dopants on the CsI scintillation characteristics have
been investigated using GATE 6.2. The simulation results have been compared with related experimental data.

2. Materials and methods

As mentioned, GATE tool has been used for studying the scintillation characteristics of CsI(T1) as described in next section. For
evaluating simulation data, some scintillator crystals have been grown.

The measured gamma spectra have been assessed using photoluminescence and gamma spectroscopy, and scintillation para-
meters such as energy resolution at different energies of radioactive sources have been measured as described later.

3. GATE simulation

GATE is an advanced open-source code, which employs Geant4 libraries. Geant4 utilizes two models of UNIFIED and GLISUR for
the reproducing the scintillation process. In Gate, only UNIFIED model is used in this research, which describes the photon physics
upon incidence on surfaces. In a scintillator crystal, optical photons are produced and transported up to the photocathode. It is
necessary to determine and to define the scintillation properties including light yield, quenching time, and emission wavelength in
the optical simulation. Also, optical features of all materials and surfaces such as refractive index and polished surfaces should be
defined. To investigate the reflection type, the Teflon tape as a diffuse reflection candidate was studied. The relative reflectivity of
Teflon tape is about 0.98 [20,21]. The refractive index of the materials was considered as wavelength dependent spectra [22,23]. As
mentioned before, all simulations have been performed through Gate 6.2 [13]. Here, the important parameter is the light emission
spectrum from the scintillator. The emission spectrum of the scintillator sample has been defined as a function of energy in the range
of 350-650 nm. So, variations in spectra can be related to the emission spectra of the samples and types of dopants.

The essential properties of the CsI detector have been simulated according to Table 1. The average light yield for this detector has
been calculated more than 50,000 optical photons in the given wavelength range for absorption of a 1-MeV photon [14,24,25]. In
order to considering the effect of energy resolution due to the statistical fluctuation in simulations (in detector and electronic
components, noise, drift and so on) according to the experimental conditions, “RESOLUTIONSCALE” has been considered. This
parameter is used in GATE code to confirm the simulated resolution and the real one according to the real characteristics of detector.

Since in the experiments, the scintillator samples have been measured with polished surface, thus the effect of reflective surface
type has been considered in simulations.

The scintillator coverage in each arrangement has been represented with Teflon. The distance between the isotropic gamma point
source and the crystal has been considered 0.5 cm according to the experimental conditions (Fig. 1).

4. CsI crystal growth with various dopants

Simulation results should be validated via experimental results, thus single CsI crystals with T1 and Eu dopants were grown using
the Bridgman method. Equal masses of CsI powder were placed in a quartz vessel with the dopants in Table. 2. Fig. 2 shows the
designed furnace for crystal growing using Bridgman method.

Materials (from Merck and Aldrich) were weighted and poured inside the quartz vessel (a cylinder with a conical tip and slope of
45°). Since Csl crystals should be grown in a vacuum (10~ * mbar), the mixture was placed into a quartz capsule. The vessel was
inserted in the hottest area of the furnace for two hours until all the material melted down. Next, the vessel was shifted to the areas
with lower temperatures. To achieve a uniform distribution of the dopants, the thermal operation was completed in the furnace after
the full crystal growth during 24 h at 500 °C. Transparent crystals without any fractures were cut and polished in dimension of
5 x 5 x 3mm?. Then the growth crystals were evaluated by the photoluminescence and gamma spectroscopy.

Table 1

Basic properties of CsI(T1) and CsI(TI-Eu) detectors [14,24-26].
Quantity CsI(TD) CsI(TI-Eu)
Mass density (g/cm3) 4.51 4.51
dimension 5x 5 X 3mm? 5% 5% 3mm?
Light/MeV (photons) 50,000 50,000
Refractive index 1.79 1.79
Peak emission wavelength (nm) 550 450,580
Light decay (ns) 1000 1000
RESOLUTIONSCALE 1 1
PMT emission wavelength (nm) 420 420
Reflector Teflon Teflon
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Fig. 1. Detector and PMT configuration in the GATE simulation. (a) air, (b) XP2020 PMT with a diameter of 2inch, (¢) CsI(TI-Eu) crystal with
dimension of 5 x 5 X 3mm?® along z-axis, (d) isotropic point source with distance of 0.5 cm from the detector.

Table 2
Molar mass (%) of dopants in the samples.
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Fig. 2. Schematic view of the furnace used for Bridgman method: 1. Crystal, 2. Melt, 3. Quartz, 4. Pulling 1 mm/h, 5. Hot Zone, 6. Crucible, 7. Cold
Zone.

5. Photoluminescence measurement and gamma spectroscopy

The photoluminescence was measured using a LS55-Perkin Elmer system in the wavelength range of 200-800 nm at room
temperature. Scintillation properties were assessed with a 1*’Cs source and the energy resolution of the sample was measured. A
photomultiplier tube (PMT) of XP2020 model (Photonics) [25] was used with an opening of 2 inches.

6. Results and discussion
Fig. 3 shows the grown samples excited by a 308-nm wavelength (the maximum excitation wavelength for the crystals). The

trends of crystal emission spectra in the range of 350-650 nm are similar and only the intensities (the areas under their peaks) are
different. The intensity of the emission spectrum of CsI(T]-Eu) is lower than that of the CsI(T1), which is due to the Eu dopant’s ions.
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Fig. 3. The emission spectra of crystal samples with single 308-nm wavelength excitation.

Because of forming the Eu sublevel, the emission peak related to the Tl sublevel in the range of 450-500 nm is lower. The light peak of
Tl is found at 510 nm, which is in agreement with the results reported in the literatures [26,27].

The Tl content in the CsI(Tl-Eu) sample was equal to the weight ratio of the CsI(T1), therefore, the CsI(Tl-Eu) emission spectrum
shifts to the longer wavelengths relative to the CsI(T]) sample. The emission spectra at Eu sublevels overlaps with Tl sublevels, thus
the increased probability in energy transition in the crystal lattice causes the increased number of photons, and consequently en-
hanced energy resolution relative to the CsI(T1) crystal.

Fig. 4 shows the CsI(T1) and CsI(TI-Eu) single crystal pulse height spectra from 400 to 900 keV. By coupling them with a Photonics
XP2020 PMT, the energy resolution of the 662 keV for the single crystal can be obtained. Based on the experimental results, the
energy resolution of CsI(Tl) is 10.41% at 662 keV, which is not as good as that of the standard CsI(T1), but according to the Tl
concentration, it is consistent with a value of 10.6% reported in Ref [26]. As we know, the energy resolution is affected by several
factors, such as crystal inhomogeneity, non-proportionality, and the photons, transfer conditions of in the crystal up to the PMT
[1-4,27]. The energy resolution of CsI(TI-Eu) is 9.4% at 662 keV, which is as good as that of the CsI(T]) in the work, while it is
consistent with a value of 9.5% reported in Ref [26]. In the following sections, pulse height spectrum for CsI(Tl-Eu) and CsI(T1) will
be investigated accordingly by GATE code.

Using GATE code, an isotropic '*”Cs (energy of 662 keV) gamma point source was placed in front of crystal samples. Fig. 5 and
Table 3 show a comparison of the simulated pulse height spectra between CsI(T]) and CsI(T1-Eu).

The energy resolution of CsI(T1) and CsI(Tl-Eu) samples are in good agreement with the experimental results obtained for the
662 keV full energy peak. The energy resolution was simulated from pulse height spectrum measurement using different radioactive
sources in the energy range between 32keV and 662 keV, as listed in Table 4.

The energy spectra of CsI(Tl) and CsI(T1-Eu) detectors for the chosen isotopes were generated assuming the energy resolution
model discussed by Eq. (1). The total energy deposited in the scintillator was also simulated. The best combination for good energy
resolution was found for the CsI(T1-Eu) detector. Fig. 6, Table 5 shows the energy resolution for different gamma ray energies for CsI
(TI) and CsI(TI-Eu) detectors.

We have used an energy resolution function based on Eq. (1):
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Fig. 4. The pulse height spectra of the samples using '*”Cs at 662 keV for counting time of 150 s: The energy resolution of 10.41% for CsI(T1) and
9.4% for CsI(TI-Eu).
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Fig. 5. Simulated pulse height spectrum at 662 keV for counting time of 150 s: Energy resolution of 10.5% for CsI(T1), and 9.63% for CsI(Tl-Eu).

Table 3
Comparison of the simulated (Sim.) and experimental (Exp.) energy resolution.
Sample Energy resolution in 662 keV (Exp.) Energy resolution in 662 keV (Sim.) Relative error according to experiment (%)
CsI(TD) 10.41 10.5 0.8
CsI(T1l-Eu) 9.40 9.63 2.44
Table 4
The radioactive sources and gamma energies for simulation.
Source Energy of gamma ray (keV) Half-life Intensity (%)
137Cs 32.1 (K X-ray) 30.04 yrs 3.6
2 Am 59.5 432.2 yrs 35.90
133Ba 81 10.52 yrs 34.0
109¢d 88 462.0 day 3.61
152py 121 13.5 yrs 28.58
1525y 244 13.5 yrs 7
Sicr 320.1 27.7 day 9.92
22Na 511 2.60 yrs 179.79
207gj 568 31.55 yrs 97.7
137¢s 661.6 30.04 yrs 85.10
| A \/E 2
R= \/ (—) + B2
E M

where, A and B are the fitting parameters of the simulating relative resolution of R as a function of energy, E. This model can be easily
implemented into the experimental and simulation results [14,19].

The simulated energy resolution of the CsI(T1) and CsI(T]-Eu) samples, based on the parameters in Table 5, are in good agreement
with the experimental results obtained for 137¢s, 22Na, 2*'Am sources in Table 4. It should be noted that differences in simulation
results and experimental tests were less than 6%.

7. Conclusion

In this research, GATE code has been evaluated to use in simulation of scintillation properties. For better conclusion, CsI crystals
were grown with Eu and Tl dopants through Bridgman method and scintillation properties were evaluated in order to achieve a
desirable function for the gamma detection. The Eu dopant led to enhanced scintillation characteristics in the CsI(Tl) crystal.
According to the research (measurements and simulations), the dopant types and concentrations significantly affect the emission
spectra and scintillation characteristics. Finally, the energy resolution function has been determined using simulation that leads to the
fitting parameters, presenting in the accompanying experimental results in this work. According to the obtained results, Gate code
now provides a more flexible environment for the simulation of CsI(Tl) and CsI(Tl-Eu) detectors. This capability should significantly
aid users who require a more powerful capability to simulate inorganic scintillation detectors within larger experiments or to
computationally evaluate advanced detector designs.
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Fig. 6. Energy resolution of CsI(T1) and CsI(Tl-Eu) single crystal as a function of gamma ray energy.

Table 5
A and B parameters comparison of the simulation (Sim.) and experimental (Exp.) results.
Coefficient Exp. CsI(T]) Sim. CsI(TI) Exp. CsI(T1-Eu) Sim. CsI(TI-Eu)
A 184.10 173.10 175.37 165.14
B 7.99 9.89 6.77 8.92
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