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การแยกชัดพลังงานและเวลาของซินทิลเลเตอร์ผลึกเดี่ยว Lu3Al5O12, Lu2SiO5 
และ LaBr3 โดปด้วย Ce

3+

บทคัดย่อ

	 งานวิจัยนี้ได้ศึกษาเปรียบเทียบสมรรถนะของซินทิลเลเตอร์ผลึกเดี่ยว Lu3Al5O12, Lu2SiO5 และ LaBr3 โดป

ด้วย Ce3+ สำ�หรับการวัดรังสีแกมมา จากการวัดการแยกชัดพลังงานด้วยหลอดทวีคูณแสงเบอร์ XP5200B สำ�หรับรังสี

แกมมาพลังงาน 662 keV พบว่ามีค่า 3.5% สำ�หรับ LaBr3:Ce ซึ่งดีกว่าที่ได้จาก LuAG:Ce และ LSO:Ce ซึ่งมีค่า

เป็น 6.7% และ 8.3% ตามลำ�ดับ ได้ทำ�การวัดความไม่เป็นสัดส่วนของยีลด์แสงและการแยกชัดพลังงานที่แปรตาม 

พลังงานรังสีแกมมา ซึ่งนำ�ไปสู่การคำ�นวณหาค่าการแยกชัดในตัวของผลึก นอกจากนี้ยังได้ทำ�การวัดการแยกชัดเวลา 

โคอินซิเดนซ์สำ�หรับควอนตาประลัยพลังงาน 511 keV โดยทำ�การทดลองแบบโคอินซิเดนซ์ร่วมกับหัววัดรังสี BaF2 ซึ่ง

พบว่า หัววัด LaBr3:Ce, LSO:Ce และ LuAG:Ce ให้ค่าการแยกชัดเวลา เท่ากับ 204 ps, 212 ps และ 583 ps 

ตามลำ�ดับ
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	 The performances of Ce-doped Lu3Al5O12 (LuAG:Ce), Lu2SiO5 (LSO:Ce) and LaBr3 (LaBr3:Ce) 
single crystal scintillators were compared for γ-ray detection. For 662 keV γ-rays (137Cs source), an energy 
resolution of 3.5% obtained for LaBr3:Ce coupled to XP5500B PMT is much better than that of 6.7% and 
8.3%, respectively, for LuAG:Ce and LSO:Ce, while its photofraction is worse than that of LuAG:Ce and 
LSO:Ce. The light yield non-proportionality and energy resolution versus γ-ray energy were measured and 
the intrinsic resolution of the crystals was calculated. The coincidence timing resolution, obtained in this 
work for 511 keV annihilation quanta, was 204, 212 and 583 ps, respectively, for LaBr3:Ce-, LSO:Ce- and 
LuAG:Ce-based detectors in coincidence experiment together with a BaF2 detector. 
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Abstract

Energy and Timing Resolutions of Ce3+ - Doped Lu3Al5O12, 
Lu2SiO5 and LaBr3 Single Crystal Scintillators
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1.	 Introduction
	 Growing interest in the development of new 
scintillator materials is pushed by increasing  
number of medical, industrial and scientific  
applications. During the last two decades, new types 
of scintillators, in particular, Ce-doped inorganic 
scintillators were intensively studied and some of 
them were successfully industrialized, for recent 
reviews see [1- 4].
	 Y3Al5O12:Ce (YAG:Ce) single crystal was 
reported in the literature as a fast oxide scintillator 
[5,6]. Isostructural Lu3Al5O12:Ce (LuAG:Ce) has 
a higher density (6.67 g/cm3) than YAG:Ce (4.56 
g/cm3), which is advantageous in the case of high 
energy gamma-ray detection [7,8]. Its emission 
spectrum at room temperature (RT) is peaked 
around 525 nm. The scintillation light yield within 
1 µs time gate is about 12,500 ph/MeV and 22,000 
ph/MeV, respectively for LuAG:Ce and YAG:Ce 
crystals [9].
	 Lu2SiO5:Ce (LSO:Ce) [10] and (Lu,Y)2SiO5:Ce 
(LYSO:Ce) [11,12] have been developed as promis-
ing scintillators for positron emission tomography 
(PET) due to their desirable properties such as 
high density, fast decay time and high light output. 
LSO:Ce has a density of 7.4 g/cm3 and an emission 
spectrum at RT is peaked around 410 nm. LSO:Ce 
exhibits a high light yield up to about 30,000 ph/
MeV [13,14].
	 New Ce-doped LaCl3 [15] and LaBr3 [16] scin-
tillators appeared with attractive properties due to 
high light output and very good energy resolution. 
LaBr3:Ce has a density of 5.3 g/cm3 and an emission 
spectrum at RT is peaked around 370 nm. LaBr3:Ce 
exhibits a very high light yield above 60,000 ph/
MeV and excellent energy resolution of about 3% 
for 662 keV γ-rays. The high energy resolution of 
LaBr3:Ce is confirmed by its good proportionality 

characteristic and corresponding excellent intrinsic 
resolution [17].
	 In this paper, we present the comparative study 
on energy and timing resolutions of Ce-activated 
LuAG, LSO and LaBr3 crystals under γ-ray excita-
tion. The light yield non-proportionality and energy  
resolution versus γ-ray energy were measured  
and the intrinsic resolution of the crystals was  
calculated. The estimated photofraction in the pulse 
height spectra of 320, 662 and 835 keV γ-rays was 
determined and compared with the ratio of the  
cross-sections for the photoelectric effect to the 
total one calculated using the WinXCom program. 

2.	Experimental procedures
	 The LuAG:Ce and LSO:Ce crystals with size 
of 10×10×5 mm3 were supplied by Crytur Ltd 
(Czech Republic) and CTI (USA), respectively. The 
LaBr3:Ce crystal encapsulated in an aluminum can 
with size of Ø13×13 mm2 was supplied by Saint-
Gobain (France).
	 Photoelectron yield and energy resolution were 
measured by coupling the crystals to a Photonis 
XP5500B PMT using silicone grease. In order 
to maximize light collection, the crystals were  
covered with several layers of white Teflon tape in 
a configuration of a reflective umbrella. The signal 
from the PMT anode was passed to an ORTEC 113 
preamplifier and then to a Tennelec TC244 spectros-
copy amplifier. The measurements were carried out 
with 3 μs shaping time constant in the amplifier. The 
PC-based multichannel analyzer (MCA), Tukan 8k 
[18] was used to record energy spectra.	
	 The photoelectron yield, expressed as a number 
of photoelectrons per MeV (phe/MeV) for each 
γ-peak, was measured by Bertolaccini method 
[19,20]. In this method the number of photoelec-
trons is measured by comparing the position of a full 
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energy peak of γ-rays detected in the crystals with 
that of the single photoelectron peak from the pho-
tocathode, which determines the gain of PMT. The 
measurements of light yield non-proportionality 
and energy resolution were carried out for a series 
of X/γ-rays emitted by different radioactive sources 
in the energy range from 16.6 to 1274.5 keV.
	 Coincidence timing measurements were  
performed using 511 keV annihilation quanta from a 
22Na source. Each crystal was coupled to a Photonis 
XP20D0 PMT. A BaF2 crystal coupled to a Photo-
nis XP20Y0Q/DA PMT was used as the reference  
detector. Its time resolution of 128 ps for 511 keV 
full energy peak selection in side channel was  
reported [21]. Upon irradiation of the crystals 
coupled to each PMT with 511 keV annihilation 
quanta, a signal from each PMT was processed 
with an ORTEC 935 constant fraction discriminator  
(CFD). Time spectrum was measured with an 
ORTEC 566 time to pulse height converter (TPHC) 
and recorded by the PC-based MCA. All measure-
ments were carried out at RT.

3.	Results and discussion
	 3.1	 Light yield and energy resolution
		  Fig. 1 presents the pulse height spectra of 
662 keV γ-rays from a 137Cs source as measured 
with LuAG:Ce, LSO:Ce and LaBr3:Ce crystals at 
RT. The energy resolution of 3.5% obtained with 
LaBr3:Ce  is superior compared to the value of 6.7% 
and 8.3%, respectively, obtained with LuAG:Ce and 
LSO:Ce. This is due to a much higher photoelectron 
yield and very good proportionality of light yield for 
LaBr3:Ce, see below. Note a higher photofraction 
in the spectrum obtained with LSO:Ce, as would 
be expected due to  higher effective atomic number 
and density of the LSO:Ce material.

		  Photoelectron yield was determined using  
662 keV γ-rays from a 137Cs source. LaBr3:Ce 
exhibits the photoelectron yield of 12,320 phe/MeV, 
which is much larger than that of 9,990 phe/MeV 
and 3,730 phe/MeV, respectively, for LSO:Ce and 
LuAG:Ce. The number of photoelectrons  measured 
for studied crystals was recalculated to the number 
of photons assuming the quantum efficiency of 
29%, 33%, and 18%, respectively, for the XP5500B 
PMT at the peak emission of LaBr3:Ce (370 nm), 
LSO:Ce (410 nm) and LuAG:Ce (525 nm). The 
light yield of about 42,500 ph/MeV, 30,300 ph/MeV 
and 20,700 ph/MeV was obtained, respectively, for 
LaBr3:Ce , LSO:Ce and LuAG:Ce.
       	 The energy resolution (ΔE/E) of a full  
energy peak measured with a scintillator coupled  
to a photomultiplier can be written as [22] 

		  (ΔE/E)2 = (δsc)2 + (δp)2 + (δst)2	         (1)

		  where δsc is the intrinsic resolution of the 
crystal, δp is the transfer resolution and δst is the 
statistical contribution of PMT to the resolution.
		  The statistical uncertainty of the signal from 
the PMT can be described as 

		  δst = 2.355 × 1/N1/2 × (1 + ɛ)1/2	              (2)

		  where N is the number of the photoelectrons 
and ɛ is the variance of the electron multiplier gain, 
equal to 0.1 for an XP5500B PMT.
		  The transfer component depends on the 
quality of optical coupling of the crystal and 
PMT, homogeneity of quantum efficiency of the 
photocathode and efficiency of photoelectron col-
lection at the first dynode. The transfer component 
is negligible compared to the other components of 
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the energy resolution, particularly in the dedicated 
experiments [22].
		  Overall energy resolution and PMT reso-
lution can be determined experimentally. If δp is 

negligible, intrinsic resolution δsc of a crystal can 
be written as follows 

		  (δsc)2  =  (ΔE/E)2  -  (δst)2.		          (3)

Fig. 1 Pulse height spectra of 662 keV γ - rays from a 137Cs 

source as measured with LSO:Ce, LuAG:Ce and LaBr3:Ce crystals.

		  Fig. 2 presents the overall energy resolution 
(ΔE/E) as a function of γ-ray energy, measured for 
the studied crystals. Over the energy range from 
16.6 to 1274.5 keV, the overall energy resolution 
of  LaBr3:Ce  is much better than that of LuAG:Ce 

and LSO:Ce. Fig.3 presents a direct comparison 
of the intrinsic resolution for the studied crystals. 
The results summarizing the photoelectron yield, 
light yield and energy resolution at 662 keV γ-rays 
for the studied crystals are presented in Table 1. 
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Excellent energy resolution of LaBr3:Ce is most 
likely associated with a lowest statistical error in the 
number of photoelectrons (δst) as well as a lowest 
contribution of intrinsic resolution (δsc). The energy 
resolution of LSO:Ce is worse than that of LuAG:Ce  
in spite of a lower contribution of δst. The reason 
is a much higher contribution of δsc. This result 
suggested looking at the non-proportionality of  
light yield versus γ-ray energy, as the non-propor-
tionality of light yield is a fundamental limitation 
to δsc of the scintillators [22,23].

Fig. 2 Overall energy resolution of LuAG:Ce, LSO:Ce 

and LaBr3:Ce crystals.

Table 1	 Photoelectron yield, light yield and energy 

		  resolution at 662 keV γ-rays for the studied crystals

Fig. 3 Intrinsic resolution of LuAG:Ce, LSO:Ce 

and LaBr3:Ce crystals.

	 3.2	 Non-proportionality of light yield
		  Non-proportionality of light yield is defined 
as the ratio of light yield measured at specific 
γ-ray energies relative to the light yield at the 662 
keV γ-peak. Fig. 4 presents a comparison of the 
non-proportionality characteristics measured for 
all studied crystals. The most proportional scintil-
lation response is obtained for LaBr3:Ce with its 
non- proportionality only about 7% deviation from 
unity at 16.6 keV, which is much better than that 
of about 22% and 45%, respectively, for LuAG:Ce 
and LSO:Ce. The highest proportionality of the  
light yield for LaBr3:Ce is related to a lowest con-
tribution of δsc, see Fig. 2.This result confirms that 
the intrinsic resolution of a scintillator is strongly 
correlated with the non-proportionality in the  
scintillation response [22,23].
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	 3.3	 Photofraction 
		  The photofraction is defined here as the 
ratio of counts under the photopeak to the total 
counts of the pulse height spectrum as measured 
at a specific γ-ray energy. The photofraction for 
LSO:Ce, LuAG:Ce and LaBr3:Ce at 320, 662 and 
835 keV γ-rays is collected in Table 2. For a com-
parison, the ratios of the cross-sections (σ-ratio) for 
the photoelectric effect to the total one calculated 
using the WinXCom program [24] are also given. 
The LSO:Ce exhibits higher photofraction than 
LuAG:Ce and LaBr3:Ce in a similar trend as the 
σ-ratio obtained from the WinXCom program. The 
reason is due to higher effective atomic number  
(Zeff = 66) and density (ρ = 7.4 g/cm3) of the 
LSO:Ce with respect to those of LuAG:Ce (Zeff = 

	 3.4	 Coincidence Timing Resolution
		  Fig. 5 presents the coincidence timing  
spectra measured for LuAG:Ce, LaBr3:Ce and 
LSO:Ce detectors in combination with a BaF2 
detector. The timing resolution was measured to be 
583, 204 and 212 ps, respectively, for LuAG:Ce, 
LaBr3:Ce and LSO:Ce detectors. The results of 
the measurements are collected in Table 3. The 
measured timing resolution, presented in the  
second column, is corrected for the contribution 
of the reference BaF2 detector (128 ps) and shown 
in the third column. The last column shows the 
number of photoelectrons corresponding to the 511 
keV peak. 

Fig. 4 Non-proportionality of light yield as a function 

of γ-ray energy for LuAG:Ce, LSO:Ce and  LaBr3:Ce 

crystals. 

Table 2	 Photofraction for LaBr3:Ce, LuAG:Ce and 

		  LSO:Ce crystals

58.9; ρ = 6.67 g/cm3) and LaBr3:Ce ( Zeff = 46.9;  
ρ = 5.29 g/cm3). However, the measured photofrac-
tions for both LSO:Ce and LuAG:Ce crystals are 
closer to the σ-ratios than the values for LaBr3:Ce. 
It may be due to a larger size (a factor of 2.5) of the 
studied LaBr3:Ce sample.
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than that of LaBr3:Ce detector. It is caused by lower 
light yield and slower scintillation decay (40 ns) 
of LSO:Ce. The timing resolution of 568 ps for 
LuAG:Ce detector is much worse with respect to 
both LaBr3:Ce and LSO:Ce detectors. This is due to 
a much lower light yield of LuAG:Ce and the fact 
that only about 47% of its scintillation is emitted (as 
measured within 1 µs range) with decay time of 61 
ns [26].

Fig. 5 Timing resolution spectra measured for 

LuAG:Ce, LaBr3:Ce and LSO:Ce detectors  in 

coincidence with a BaF2 detector.

		  Note an excellent timing resolution of 
159 ps for LaBr3:Ce detector. No doubt that it is 
a consequence of very high light yield and a very 
fast scintillation pulse with decay time of 16 ns for 
LaBr3:5%Ce [25]. LSO:Ce detector shows timing 
resolution of 170 ps, which is somewhat worse 

Table 3	 Coincidence timing resolution for LaBr3:Ce, 

		  LuAG:Ce and LSO:Ce detectors.

4.	Conclusions
	 The performances among Ce-activated LaBr3, 
LuAG and LSO scintillators were investigated and 
compared in γ-ray spectrometry. The high energy 
resolution of 3.5% for 662 keV γ-rays obtained 
with LaBr3:Ce is much better than the values of 
6.7% and 8.3% obtained, respectively, for LuAG:Ce 
and LSO:Ce. The high light output and very good  
proportionality of LaBr3:Ce are the important 
reasons behind its high energy resolution. It has 
a potential to replace NaI:Tl as the scintillator of 
choice for SPECT camera and γ-ray spectrometry. 
LaBr3:Ce appears to be promising for PET due to 
its excellent timing resolution, but a relatively low 
density and photofraction make it less attractive 
than LSO:Ce and LYSO:Ce.
	 The main advantages of LSO:Ce are high light 
yield and detection efficiency for γ-rays. This fact 
and together with its excellent timing resolution 
make it an excellent scintillator for PET.
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	 An advantage of LuAG:Ce is its superior energy 
resolution with respect to LSO:Ce. A drawback 
of LuAG:Ce is its very intense slow component 
in the scintillation pulse [27, 28], which is due to 
retrapping of charge carriers at shallow traps and 
appearance of the delayed radiative recombination 
at the Ce3+-emission centers. It points to a chance to 
enhance its scintillation intensity of fast component 
determining both the energy and time resolutions, 
if related shallow traps could be suppressed. This 
fact together with the considerably fast scintillation 
decay (~60 ns) and moderate detection efficiency 
for γ-rays, would make LuAG:Ce the material of 
choice for γ-ray spectrometry and PET.
	
5.	Acknowledgments
	 The authors acknowledge valuable contributions 
from KMUTT student Chalerm Wanarak and Soltan 
Institute for Nuclear Studies researcher Tomasz 
Szczesniak. This work was supported by King  
Mongkut’s University of Technology Thonburi 
under the National Research University (NRU) 
Project of Thailand’s Office of the Higher Educa-
tion Commission.

6.	References 
	 1.	 van Eijk, C.W.E., 2001, “Inorganic-Scintil-
lator Development”, Nucl. Instrum. Methods Phys. 
Res. A, Vol. 460, pp. 1-4.
	 2.	 Kramer, K.W., Dorenbos, P., Gudel, H.U.,and 
van Eijk, C.W.E., 2006, “Development and  
Characterization of Highly Efficient New Cerium 
Doped Rare Earth Halide Scintillator Materials”, J. 
Mater. Chem., Vol. 16, pp. 2773-2780.
	 3.	 Nikl, M., 2006, “Scintillation Detectors for  
X-Rays”, Meas. Sci. Technol., Vol. 17, pp. R37 - R54.
	 4.	 Lecoq, P., Annenkov, A, Gektin, A., Korzhik, 
M., and Pedrini, C., 2006, “Inorganic Scintillators 

for Detector Systems”, the Netherlands, Springer.
	 5.	 Autrata, R., Schauer, P., Kvapil, J., and 
Kvapil, J., 1978, “ A Single Crystal of YAG – New 
Fast Scintillator in SEM”, J. Phys. E, Sci. Instrum., 
Vol. 11, pp. 707 – 708.
	 6.	 Moszynski, M., Ludziewski, T., Wolsk, D. i, 
Klamra, W., and Norlin, L.O., 1994, “Properties of 
the YAG:Ce Scintillator”, Nucl. Instrum. Methods 
Phys. Res. A, Vol. 345, pp. 461 – 467.
	 7.	 Lempicki, A., Randles, M.H., Wisniewski, 
D., Balcerzyk, M., Brecher, C., and Wojtowitz, A.J., 
1995, “LuAlO3:Ce and Other Aluminate Scintilla-
tors”, IEEE Trans. Nucl. Sci., Vol. 42, No. 4, pp. 
280 – 284.
	 8.	 Nikl, M., Mihokova, E., Mares, J.A., Vedda,  
A., Martini, M., Nejezchleb, K., and Blazek, 
K., 2000, “Traps andTtiming Characteristics of 
LuAG:Ce3+ Scintillator”, Phys. Stat. Sol.(b), Vol. 
181, pp. R10 – R12.
	 9.	Mares, J.A., Beitlerova, A., Nikl, M.,  
Solovieva, N., D’Ambrosio, C., Blazek, K., Maly, 
P., Nejezchleb, K. and de Notaristefani, F., 2004,  
“Scintillation Response of Ce-Doped or Intrinsic 
Scintillating Crystals in the Range up to 1 MeV”, 
Rad. Meas., Vol. 38, pp. 353-357.
	 10.	 Melcher, C.L. and Schweitzer, J.S., 1992,  
“Cerium-Doped Lutetium Oxyorthosilicate : A Fast, 
Efficient New Scintillator”, IEEE Trans. Nucl. Sci., 
Vol. 39, pp. 502 – 505.
	 11.	 Cooke, D.W., McClellan, K.J., Bennett, 
B.L., Roper, J.M., Whittaker, M.T., Muenchausen, 
R.E., 2000, “Crystal Growth and Optical Charac-
terization of Cerium-Doped Lu1.8Y0.2 SiO5”, J. Appl. 
Phys., Vol. 88, No. 12, pp. 7360 – 7362.
	 12.	 Kimble, T., Chou, M., Chai, B.H.T., 2002, 
“Scintillation Properties of LYSO Crystals”, Proc. 
IEEE Nuclear Science Symp. Conf., Vol. 3, Norfolk, 
pp. 1434 – 1437.



142 วารสารวิจัยและพัฒนา มจธ. ปีที่ 35 ฉบับที่ 2 เมษายน - มิถุนายน 2555

	 13.	 Kapusta, M., Szupryczynski, P., Melcher, 
C.L., Moszynski, M., Balcerzyk, M., Carey, A.A., 
Czarnicki, W., Spurrier, M.A., and Syntfeld, A., 
2005, “Non-Proportionality and Thermolumines-
cence of LSO:Ce”, IEEE Trans. Nucl. Sci., Vol. 52, 
No.4, pp. 1098-1104.
	 14.	 Dorenbos, P., van Eijk, C.W.E., Bos, A.J.J., 
and Melcher, C.L., 1994, “Aftergrow and Thermo-
luminescence Properties of Lu2SiO5 Scintillation 
Crystals”, J. Phys. : Condens. Matter, Vol. 6, pp. 
4167-4180.
	 15.	 van Loef, E.V.D., Dorenbos, P., van Eijk, 
C.W.E., Kramer, K., and Gudel, H.U., 2000,  “High-
Energy-Resolution Scintillator : Ce+ Activated 
LaCl3”, Appl. Phys. Lett., Vol. 77, pp. 1467-1468.
	 16.	 van Loef, E.V.D., Dorenbos, P., van Eijk, 
C.W.E., Kramer, K., and Gudel, H.U., 2001, “High-
Energy Resolution Scintillator : Ce+ Activated 
LaBr3”, Appl. Phys. Lett., Vol. 79, pp. 1573-1575.
	 17.	 Dorenbos, P., de Haas, J.T.M., van Eijk, 
C.W.E., 2004,  “Gamma Ray Spectrometry with 
Ø19×19 mm3 LaBr3 : 0.5% Ce3+ Scintillator”, IEEE 
Trans. Nucl. Sci., Vol. 51, No. 3, pp. 1289-1296.
	 18.	 Guzik, Z., Borsuk, S., Traczyk, K., and 
Plominski, M., 2006, “Enhanced 8k Pulse Height 
Analyzer and Multichannel Scaler (TUKAN) with 
PCI or USB Interfaces”, IEEE Trans. Nucl. Sci., 
Vol. 53, No. 1, pp. 231-235.
	 19.	 Bertolaccini, M., Cova, S., and Bussolatti, 
C., 1968, “A Technique for Absolute Measurement 
of the Effective Photoelectron per keV Yield in 
Scintillation Counters”, Proc. Nuclear Electronics 
Symp., Versailles, France.
	 20.	 Moszynski, M., Kapusta, M., Mayhugh, 
M., Wolski, D., and Flyckt, S.O., 1997, “Absolute 
Light Output of Scintillators”, IEEE Trans. Nucl. 
Sci., Vol. 44, No. 3, pp. 1052-1061.
	 21.	 Moszynski, M., Kapusta, M., Wolski, D., 

Balcerzyk, M., Flyckt, S.O., Lavoute, P., Marmonie, 
C. and Mach, H., 2004, “New Fast Photomultiplier 
with a Screening Grid at the Anode”, IEEE Trans. 
Nucl. Sci., Vol. 51, pp. 1701-1706.
	 22.	 Moszynski, M., Zalipska, J., Balcerzyk, M., 
Kapusta, M., Mengeshe, W., and Valentine, J.D, 
2002, “Intrinsic Energy Resolution of NaI(Tl)”, 
Nucl. Instrum. Methods Phys. Res.A, Vol. 484, pp. 
259 – 269.
	 23.	 Dorenbos, P., de Haas, J.T.M., van Eijk, 
C.W.E., 1995, “Non-Proportionality in the Scin-
tillation Response and the Energy Resolution  
Obtainable with Scintillation Crystals”, IEEE 
Trans. Nucl. Sci., Vol. 42, No. 3, pp. 2190-2202.
	 24.	 Gerward, L., Guilbert, N., Jensen, K.B. 
and Levring, H., 2004, “WinXCom- A Program for 
Calculating X-ray Attenuation Coefficients”, Rad. 
Phys. and Chem., Vol. 71, pp. 653-654.
	 25.	 Shah, K.S., Glodo, J., Klugerman, M.,  
Moses, W.W., Derenzo, S.E., and Weber, M.J., 
2003, “LaBr3:Ce Scintillators for Gamma-Ray 
Spectroscopy”, IEEE Trans. Nucl. Sci., Vol. 50, 
No. 6, pp. 2410-2413.
	 26.	 Chewpraditkul, W., Swiderski, L., Mo-
szynski, M., Szczesniak, T., Syntfeld-Kazuch, A., 
Wanarak, C. and Limsuwan, P., 2009, “Scintillation 
Properties of LuAG:Ce, YAG:Ce and LYSO:Ce 
Crystals for Gamma-Ray Detection”,  IEEE Trans. 
Nucl. Sci., Vol. 56, pp. 3800-3805.
	 27.	 Chewpraditkul, W., Swiderski, L.,  
Moszynski, M., Szczesniak, T., Syntfeld-Kazuch, 
A., Wanarak, C. and Limsuwan, P., 2009, “Com-
parative Studies of Lu3Al5O12:Ce and Y3Al5O12:Ce 
Scintillators for Gamma-Ray Detection”, Phys. 
Status Solidi A, Vol. 206, pp. 2599-2605.
	 28.	 Nikl, M., 2005, “Energy Transfer Phenom-
ena in the Luminescence of Wide Band-Gap Scintil-
lators”, Phys. Status Solidi A, Vol. 202, pp. 201-206.


