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bstract

Gadolinium-doped Y2O3 nanophosphor was synthesized by a solid-state reaction method, which could be used for large-scale
roduction of phosphors. The structure of the phosphor sample was characterized by powder X-ray diffraction, field emission gun
canning electron microscopy and high-resolution transmission electron microscopy. The particle size was calculated from Scherer’s
ormula. X-ray diffraction showed a grain size of 35–55 nm, in good agreement with the scanning electron microscopy image. The
ynthesized sample showed good morphology and connectivity, with grains and formation of a nano-sized prepared sample. The
iffraction pattern was measured by transmission electron microscopy with a selected area diffraction pattern. The prepared phosphor
as also examined by thermoluminescence; to record the glow curve, 1 mg phosphor was irradiated with ultraviolet at 254 nm at

 fixed heating rate of 7 ◦C s−1. The sample showed a well-resolved peak at 99 ◦C for 1 mol% of Gd3+. A lower temperature peak
howed less stability and more fading of the prepared sample. A thermoluminescence glow curve gives information about trapping
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arameters such as activation energy and trap depth, order of kinetics and frequency. All the kinetics were calculated by the peak
hape method.
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.  Introduction

Thermoluminescence is simply thermally stimu-
ated emission of photons (in the visible range) from
n insulator or a semiconductor following previous
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absorption of energy from ionizing radiation or another
source. The heating temperature should be lower than
that required to produce incandescence. This method
is widely used to measure ionizing radiation doses,
with material known as thermoluminescent dosimet-
ric material [1–3]. Thermoluminescence occurs when a
semiconductor is exposed to ionizing radiation. A frac-
tion of free electrons or holes are produced, which can
be trapped by defects present within the crystal lattice of
the phosphor materials. If the traps are deep, the energy
requirement is too high, and the trapped charges may
behalf of Taibah University. This is an open access article under the

remain in the sites for a long time. When the mate-
rial is heated by an external source, the trapped charges
may escape from the traps and recombine with trapped
charges with the opposite sign. The emission of light, the
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Fig. 1. Powder X-ray diffraction pa

thermoluminescent signal, occurs during recombination.
Although many natural minerals are thermoluminescent,
the most efficient materials are formulated synthetic
materials, first because their thermoluminescent sig-
nal is proportional to the radiation dose delivered and,
secondly, synthetic materials usually have reproducible
responses. Moreover, for calibration, a linear relation
between the thermoluminescent signal and the absorbed
dose is desirable [2,4–6].

Yttrium sesquioxide (Y2O3) ceramics have been
widely investigated for various technological uses.
Yttrium oxide has been an important material in the
ceramics industry for decades, from a constituent of
ceramic superconductors to yttria-stabilized zirconia
ceramics [7]. It is also used in the preparation of
novel light-emitting materials. Y2O3 ceramics are useful
because of their stable physical and chemical proper-
ties, and they have been widely used as host materials in
various luminescent applications. They also present the
advantage of highly saturated colour [8–13].

The main objective of the study was to determine the
thermoluminescent glow curve and its kinetics on the
basis of trapping parameters to evaluate the suitability
of a prepared sample of thermoluminescent dosimetric
material.

2.  Experimental

3+
Gd doped Y2O3 phosphor was prepared by a high-
temperature solid-state reaction. The starting materials
were yttrium oxide, gadolinium oxide and ultra-pure
boric acid (as a flux), and stoichiometric amounts in a
 Y2O3:Gd3+ (1%)-doped phosphor.

molar ratio were used to prepare Y2O3:Gd3+ (1%) phos-
phor. The mixture was taken up in an alumina crucible
and fired in air at 1300 ◦C for 4 h in a muffle furnace
[11,13].

The structure was characterized by X-ray diffrac-
tion, field emission gun scanning electron microscopy
and high-resolution transmission electron microscopy.
Luminescence was characterized with a thermolumines-
cent dosimetric material reader, and X-ray diffraction
was performed with a Bruker D8 Advance X-ray diffrac-
tometer. X-rays were produced in a sealed tube at a
wavelength of 0.154 nm (Cu K-alpha). X-rays were
detected in a fast counting detector based on silicon
strip technology (Bruker Lynx Eye detector). Particle
morphology was investigated by field emission gun scan-
ning electron microscopy (JEOL JSM-6360). Thermally
stimulated luminescence glow curves were recorded at
room temperature on a thermoluminescent dosimetric
material reader I1009 supplied by Nucleonix Systems
Pvt. Ltd Hyderabad. The phosphor obtained under ther-
moluminescent examination was given ultraviolet (UV)
radiation from a 254-nm source [12,13].

3.  Results  and  discussion

The prepared phosphor material was analyzed by
powder X-ray diffraction to reveal phase compositions
and crystal size (Fig. 1) [13]. The crystallite size was
calculated by the diffraction pattern from the Scherer

equation [14,23,24]:

d  = kλ

β cos θ
,
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Fig. 2. Scanning electron microscopy 

here k  = 0.89 is a constant, d  is the crystallite size
or the (h  k  �) plane, λ  is the wavelength of the inci-
ent X-radiation (CuK�  = 0.154 nm), β  is the full width
t half-maximum in radians, and θ  is the diffraction
ngle for the (h  k �) indices. The powder X-ray diffrac-
ion pattern showed that the main phase formed is
ure Y2O3. The diffraction peaks were indexed as
nternational Centre for Diffraction Data No. 89-5591,
hich shows that the structure of Y2O3 is cubic. The

alculated crystal size of the prepared phosphor is
5–55 nm.

.1.  Scanning  electron  microscopy

3+
Fig. 2 shows the morphology of Y2O3:Gd (1%)-
oped phosphor. The sample showed good morphology
nd connectivity, with grains and the formation of a nano-
ized sample [13].

Fig. 3. Transmission electron micros
of Y2O3:Gd3+ (1%)-doped phosphor.

3.2.  High  resolution  transmission  electron
microscopy

The high resolution transmission electron microscopy
images are shown in Fig. 3. The prepared sample showed
compact distribution over the surface and good connec-
tivity between grains, with a cluster-like structure. The
images show a selected area electron diffraction pattern,
which forms a ring. X-ray diffraction showed that the
(h k �) planes are similar, with five intense rings found
from the selected area electron diffraction pattern and
also from the X-ray diffraction pattern. The (h  k  �) planes
were 222, 400, 440, 622 and 444 [13].

3.3.  Thermoluminescence
The thermoluminescent glow curves of the prepared
phosphors were obtained by heating the samples from
room temperature up to 400 ◦C at a rate of 7 ◦C s−1.

copy images of Y2O3:Gd3+.
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Fig. 4. Thermoluminescent glow curve of Y2O3:G

kinetics (b). The frequency factor (s) represents the prod-
Fig. 5. Representative diagram of parameters used in the glow curve
shape method [2,6].

The glow curve of the Y2O3:Gd3+ phosphor obtained
with a fixed UV exposure time of 5 min is shown in
Fig. 4. A prominent peak was found at 99 ◦C, and the
sample showed second-order kinetics determined by a

shape factor (Fig. 5). The kinetics of Y2O3:Gd3+ (1%)
phosphor are listed in Table 1. The peak shape factor
(μ = δ/ω  in Table 1, where δ  = T2 −  Tm and ω  = T2 −  T1

Table 1
Shape factor (μ), activation energy (E) and frequency factor (s) of Y2O3:Gd3

T1 Tm T2 τ δ ω μ = δ/ω

72 99 136 27 37 64 0.578 
ture in C

d3+ phosphor after 5 min exposure to UV.

(Fig. 5)) of the thermoluminescent glow curve of the
phosphor was ∼0.57.

3.4.  Kinetics

The glow curve is characteristic of the trapping lev-
els in the band gap of the material. Kinetics such as trap
depth (E), order (b) and frequency factor (s) are reli-
able dosimetric study parameters for thermoluminescent
materials. When the sample was irradiated at 254 nm,
shallower traps were found in the material and therefore
with a lower temperature peak (99 ◦C). Although there
are various methods for obtaining the number of glow
peaks in complex glow curves, kinetics best describe the
peaks [1,2]. The loss of dosimetry information stored
in materials after irradiation depends strongly on the
position of trapping levels in the forbidden gap, which
is known as trap depth or activation energy (E). The
mechanism of recombination of detrapped charge car-
riers with their counterparts is known as the order of
uct of the number of times an electron hits the wall
and the wall reflection coefficient, with the trap con-
sidered a potential well. Thus, reliable dosimetric study

+ (1 mol%) irradiated with UV for 5 min.

 Activation energy (E), eV Frequency factor (s), s−1

0.68 2.6 × 1010
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f thermoluminescent material is based on its trapping
arameters [15–19,25].

The glow curves obtained after 5 min of UV expo-
ure were analyzed from their shapes [5,17] (Fig. 4).
he order of kinetics was calculated from factor μg ∼  0.5

Fig. 5). The values of τ, δ and ω  were calculated, where τ

s the low-temperature half-width of the glow curve (i.e.
 = Tm −  T1), δ  is the high-temperature half-width of the
low curve (i.e. δ = T2 −  Tm), and ω  is the full width of
he glow peak at its half-height (i.e. ω  = T2 −  T1) (Fig. 5).
he value of μg (shape factor = δ/ω) indicates that the

low peaks obey second-order kinetics.

The trap depth or activation energy (Eα) of the lumi-
escence centres was calculated from Chen’s equation
2,5,17,26]:

Fig. 7. Schematic representation of thermoluminescent 
e in minutes 

f Y2O3:Gd3+.

Eα =  Cα

(
kBT 2

m

α

)
−  bα(2Tm) (1)

where kB is Boltzmann’s constant, Tm is peak tempera-
ture, and Cα and bα are constants. The mean activation
energy was ∼0.68 eV, and the frequency factor was
2.6 ×  1010 s−1 for 5 min of UV exposure [17–22].

Fig. 6 presents the thermoluminescence decay plot for
Y2O3:Gd3+ after UV exposure for 1–15 min. The inten-
high fading and less stability than CaSO4:Dy and
Al2O3:C [19], both of which showed second order kinet-
ics. The Y2O3:Gd3+ phosphor showed similar kinetics.

process for UV-irradiated Y2O3:Gd3+ phosphor.
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3.5.  Localized  transition  model

We present a model to explain the thermolumines-
cence response of Y2O3:Gd3+ phosphor to UV radiation.
In existing models, irradiation of a sample with an elec-
tron beam creates two types of trap, one shallower and the
other deeper, in the forbidden band gap of the material.
When a sample is irradiated with UV, it forms shal-
lower traps, as confirmed by the lower temperature peak
of the glow curve (Fig. 4). Upon heating of the UV-
irradiated material, the charge carriers trapped during
irradiation are released and transition to the conduction
band (Fig. 7). The electrons that transition from the con-
duction band are either be re-trapped at the trap level or
defect centre or at the hole trap or luminescence centre,
where they recombine with holes, giving rise to lumi-
nescence or the glow peak. Trapped charge carriers are
found inside the forbidden band gap, as confirmed by the
calculated trap parameters [17,21,22].

4.  Conclusion

A sample of Y2O3:Gd3+ doped phosphor was syn-
thesized by the solid-state reaction method. The X-ray
diffraction pattern showed that the sample has a cubic
structure. The crystallites were 35–55 nm in diameter,
and X-ray diffraction confirmed that the phosphors are
nano-crystallites in single phase. The synthesized sam-
ple showed good morphology and connectivity, with
grains and formation of a nano-sized sample. The diffrac-
tion pattern was determined by transmission electron
microscopy with a selected area diffraction pattern. The
phosphor was also examined by thermoluminescence,
and the thermoluminescent glow curve was recorded for
1 mg of phosphor were irradiated with UV at 254 nm
and a fixed heating rate at 7 ◦C s−1. The sample showed a
well-resolved peak at 99 ◦C for 1 mol% of Gd3+. At lower
temperature peaks, the sample was less stable and high
fading. The thermoluminescent glow curve gives infor-
mation on trapping parameters, such as activation energy,
trap depth, order of kinetics and frequency factor. All the
kinetics were calculated by the peak shape method. An
activation energy of 0.68 eV was found, and the sample
showed second-order kinetics. The rate of escaped elec-
trons per second, calculated from the frequency factor,
was 2.6 ×  1010 s−1.

References
[1] R. Chen, S.W.S. McKeever, Theory of Thermoluminescence
and Related Phenomena, World Scientific Publishing, Singapore,
1997.

[

iversity for Science 10 (2016) 317–323

[2] S.W.S. McKeever, Thermoluminescence of Solids, Cambridge
University Press, Cambridge, 1985.

[3] C. Furetta, Handbook of Thermoluminescence, World Scientific
Publishing, Singapore, 2003.

[4] J. Azorín, Luminescence Dosimetry. Theory and Applications,
Ediciones Técnico-Científicas, México, 1990.

[5] R. Chen, Y. Krish, Analysis of Thermally Stimulated Process,
Pergamon Press, Oxford, 1981, pp. 159.

[6] B.N. Lakshminarasappa, J.R. Jayaramaiah, B.M. Nagabhushana,
Thermoluminescence of combustion synthesized yttrium oxide,
Powder Technol. 217 (2012) 7–10.

[7] M. Boaro, J.M. Vohs, R.J. Gorte, Synthesis of highly porous yttria-
stabilized zirconia by tape-casting methods, J. Am. Ceram. Soc.
86 (2003) 395.

[8] L.J. Zou, F. Xia, D.W. Zou, H.M. Weng, Q.F. Huang, X.Y. Zhou,
R.D. Han, A study of no. 2 series ZrO2(Y2O3) thin film by slow
positrons beam, Acta Phys. Sin. 49 (2000) 1352–1355.

[9] A. Pandey, V. Kumar, R.K. Kumar, Influence of Li+ codoping on
visible emission of Y2O3:Tb3+, Yb3+, Spectrochim. Acta A: Mol.
Biomol. Spectrosc. 118 (2004) 619–623.

10] R. Tamrakar, V. Dubey, N.K. Swamy, R. Tiwari, S.V.N. Pammi,
P.V. Ramakrishna, Thermoluminescence studies of UV-irradiated
Y2O3:Eu3+ doped phosphor, Res. Chem. Intermed. 39 (2013)
3919–3923.

11] R.K. Tamrakar, D.P. Bisen, C.S. Robinson, I.P. Sahu, N. Brahme,
Ytterbium doped gadolinium oxide (Gd2O3:Yb3+) phosphor:
topology, morphology, and luminescence behaviour, Indian J.
Mater. Sci. (2014), http://dx.doi.org/10.1155/2014/396147, Arti-
cle ID 396147, 7 pages.

12] R.K. Tamrakar, D.P. Bisen, I.P. Sahu, N. Brahme, UV and gamma
ray induced thermoluminescence properties of cubic Gd2O3:Er3+

phosphor, J. Radiat. Res. Appl. Sci. (2014), http://dx.doi.org/
10.1016/j.jrras.2014.07.003.

13] R.K. Tamrakar, K. Upadhyay, D.P. Bisen, Gamma ray induced
thermoluminescence studies of yttrium (III) oxide nanopowders
doped with gadolinium, J. Radiat. Res. Appl. Sci. 7 (4) (2014)
526–531, http://dx.doi.org/10.1016/j.jrras.2014.08.012.

14] A. Guinier, X-ray Diffraction, Freeman, San Francisco, CA, 1963.
15] G. Blasse, B.C. Grabmaier, Luminescent Materials, Springer,

Berlin, 1994.
16] R. Tiwari, P.B. Taunk, V. Dubry, R.K. Tamrakar, Synthesis,

characterization and thermoluminescence behavior of (Cd,Zn)S
mixed phosphor doped with silver, Chalcogenide Lett. 11 (2014)
141–158.

17] R.K. Tamrakar, UV-irradiated thermoluminescence studies of
bulk CdS with trap parameter, Res. Chem. Intermed. (2013),
http://dx.doi.org/10.1007/s11164-013-1166-4.

18] A.R. Lakshmanan, Photoluminescence and thermstimulated
luminescence processes in rare earth-doped CaSO4 phosphors,
Prog. Mater. Sci. 44 (1999) 1–5.

19] M.H. Yun, Investigations of Al2O3:C for dosimetry using lumi-
nescence stimulated by blue light, J. Korean Phys. Soc. 57 (2010)
223–226.

20] R. Tiwar, V. Awate, S. Tolani, N. Verma, V. Dubey, R.K. Tamrakar,
Optical behaviour of cadmium and mercury free eco-friendly
lamp nanophosphor for display devices, Results Phys. 4 (2014)
63–68.

21] B.P. Kore, N.S. Dhoble, S.J. Dhoble, Study of anomalous emis-

sion and irradiation effect on the thermoluminescence properties
of barium aluminate, J. Luminescence 150 (2014) 59–67.

22] R.K. Tamrakar, D.P. Bisen, Optical and kinetic studies of CdS:Cu
nanoparticles, Res. Chem. Intermed. 39 (2013) 3043–3048.

http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0005
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0010
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0015
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0020
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0025
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0030
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0035
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0040
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0045
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0050
dx.doi.org/10.1155/2014/396147
dx.doi.org/10.1016/j.jrras.2014.07.003
dx.doi.org/10.1016/j.jrras.2014.07.003
dx.doi.org/10.1016/j.jrras.2014.08.012
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0070
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0075
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0080
dx.doi.org/10.1007/s11164-013-1166-4
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0090
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0095
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0100
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0105
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0110


ibah Un

[

[

[

[
glow curve for UV induced ZrO2:Ti phosphor with variable
R.K. Tamrakar, V. Dubey / Journal of Ta

23] R.K. Tamrakar, D.P. Bisen, N. Brahme, Characterization and
luminescence properties of Gd2O3 phosphor, Res. Chem.
Intermed. 40 (2014) 1771–1779.

24] R.K. Tamrakar, Studies on Absorption Spectra of Mn Doped

CdS Nanoparticles, LAP Lambert Academic Publishing, VerlAg,
2012, ISBN 978-3-659-26222-7.

25] R.K. Tamrakar, D.P. Bisen, K. Upadhyay, S. Tiwari, Synthesis
and thermoluminescence behavior of ZrO2:Eu3+ with variable
iversity for Science 10 (2016) 317–323 323

concentration of Eu3+ doped phosphor, J. Radiat. Res. Appl. Sci.
(2014), http://dx.doi.org/10.1016/j.jrras. 2014.08.006.

26] N. Tiwari, R.K. Kuraria, R.K. Tamrakar, Thermoluminescence
concentration of dopant and various heating rate, J. Radiat.
Res. Appl. Sci. 7 (4) (2014) 542–549, http://dx.doi.org/10.1016/
j.jrras.2014.09.006.

http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0111
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
http://refhub.elsevier.com/S1658-3655(14)00106-X/sbref0112
dx.doi.org/10.1016/j.jrras. 2014.08.006
dx.doi.org/10.1016/j.jrras.2014.09.006
dx.doi.org/10.1016/j.jrras.2014.09.006

	Synthesis, structural characterization and thermoluminescence glow curve study of gadolinium-doped Y2O3 nanophosphor
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Scanning electron microscopy
	3.2 High resolution transmission electron microscopy
	3.3 Thermoluminescence
	3.4 Kinetics
	3.5 Localized transition model

	4 Conclusion
	References


