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Eu-doped Li(Ca,Sr)AlFs [Eu:LiCSAF] single crystals with various Ca/Sr ratios were grown by the micro-
pulling-down method, and their optical and scintillation properties were investigated to reveal the effects
of Ca/Sr ratio on optical and scintillation properties of the Eu:LiCSAF single crystals. The Li(Ca;_x_,SrcEu,)
AlFg single crystals could be grown in 0 < x < 0.1, 0.5 <x < 1.0 and y = 0.02 while the Eu:LiCSAF crystals
with x = 0.2, 0.25 and 0.4 included two colquiriite-type phases with different lattice parameters. The Li
(Caj_x_ySrxEuy)AlFg single crystal with x = 0.25 and y = 0.02 showed the highest light yield under neutron

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

LiCaAlFs [LiCAF] and LiSrAlFg [LiSAF] with the colquiriite-type
structure (space group P31c) have been investigated as a host
material for neutron scintillator which can be used in neutron
detectors in homeland security devices. The LiCAF and LiSAF
including °Li have a large capture cross-sections for thermal neu-
trons while their sensitivities to y-rays are low due to the relatively
low effective atomic numbers and densities. Especially, Ce- and Eu-
doped LiCAF [Ce:LiCAF and Eu:LiCAF], and Ce- and Eu-doped LiSAF
[Ce:LiSAF and Eu:LiSAF] single crystals showed great scintillation
properties and there are many previous reports [1-5]. In addition,
they have no hygroscopicity and the large bulk single crystals can
be grown with relative ease by the conventional growth methods
such as Czochralski [Cz] method while it is difficult to make large
bulk crystals of Li-glass and Eu:Lil neutron scintillators [6].

Eu:LiCAF and Eu:LiSAF single crystals demonstrated high light
yield under thermal neutron irradiation and Eu2% doped-LiCAF
and LiSAF single crystals showed the highest light yield in previous
reports [2,7]. However, there are few reports about the solid solu-
tion of the LiCAF and LiSAF [Li(Ca,Sr)AlFs, LiCSAF] single crystals
[8]. In the previous reports for Ce-doped (Lu,Gd);(Ga,Al)s0;> and
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Ce-doped Ys5(Al,Ga)sOq,, Ce-doped Li(Ca,Sr)AlFs and Ce-doped Li
(Ca,Ba)AlFg single crystals, the scintillation properties were
improved by optimizing the band-gap [9-13]. In addition, optical
and scintillation properties of Eu:K(Ca,Sr)l; single crystals have
been investigated in the previous report [14], and light yield and
scintillation response proportionality were improved. However,
there is no report about optical and scintillation properties of the
Eu-doped LiCSAF single crystals. Therefore, the purpose of this
study is the crystal growth of Eu:LiCSAF single crystals with vari-
ous Ca/Sr ratios and investigation of their optical and scintillation
properties.

2. Experimental

The Eu:LiCSAF single crystals were grown by the micro-pulling-
down [p1-PD] method with a vacuum chamber which could grow a
fiber fluoride single crystal using a carbon crucible with a hole at
the bottom [3,15]. Starting materials, LiF (°Li 95%, 4N), CaFs, SrF,,
AlF; and EuF3 (4N purity) powders, were mixed as nominal compo-
sitions of Li(Ca;_x_,Sr<Eu,)AlFs with x =0, 0.10, 0.20, 0.25, 0.40,
0.50, 0.75 and 0.98, and y = 0.02. The mixed powder was heated
at 300 °C under vacuum (~10~%Pa) in the chamber in the carbon
crucible by radio-frequency induction heating to remove oxygen
and moisture contaminations remaining on the surface of the
powders, crucible, insulator and other parts of the equipment.
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The carbon crucible has a $2 mm outlet at the bottom and a carbon
insulator was placed around the crucible. After the baking process,
the chamber was filled with high purity Ar/CF, mixed gas (Ar: CF,4
=9: 1) up to ambient pressure. Then, the crucible was heated up to
the melting point of the LiCSAF (766-814 °C) and the mixed pow-
der was completely melted. The melt in the crucible was kept a lit-
tle above the melting temperature for 2 h and crystal growth was
performed at 0.1 mm/min growth rate using a platinum wire as a
seed. The wetting nature of the Eu:LiCSAF melt during the crystal
growth changed with Sr concentration: wetting angle of the Eu:
LiCSAF melt on the carbon crucible became smaller with increasing
Sr concentration and it was difficult to achieve a stable liquid-solid
interface for Eu:LiCSAF with larger Sr concentration (x = 0.5 and
0.75). As-grown Eu:LiCSAF single crystals were cut and polished
to prepare specimens for the measurements of their optical and
scintillation properties. The thicknesses of the polished specimens
were 1 mm. Each polished specimen was prepared from the por-
tion between about 5 and 10 mm from the growth’s initial part, sit-
uated within the transparent and crack-free part of the as-grown
single crystal. The actual Eu concentration of the polished speci-
mens is considered to be almost the same regardless of the Ca/Sr
ratio. Actual Ca/Sr ratios in the grown single crystals were almost

same as that of the nominal composition, and there was no segre-
gation of Ca and Sr along the growth direction in the chemical
composition analysis by an Electron Prove Micro-Analyzer [EPMA]
(JEOL JXA-8530F).

Transmittance spectra of the polished specimens were mea-
sured by a spectrophotometer (JASCO V-550) in the wavelength
range from 190 to 600 nm and a Si-Photodetector at the UVSOR
Facility of the Institute for Molecular Science BL3B (IRD AXUV
100) in the wavelength range from 80 to 500 nm. Powder X-ray
diffraction [XRD] measurements were performed to identify the
phases of the grown single crystals by an X-ray diffractometer
(Brucker, D8 Discover) and calculate the lattice parameters. X-ray
excited radioluminescence [XRL] spectra were measured by a
Charge Coupled Device [CCD] detector (ANDOR SR163) using an
X-ray source (Cu-Kg, 30 kV, 30 mA).

The pulse-height spectra and decay curves of the polished spec-
imens were investigated under neutron irradiation emitted from a
252Cf source to estimate the light yield and decay time. The neutron
response measurements were performed with a photomultiplier
tube [PMT] (Hamamatsu R7600U-200), lead and paraffin blocks.
The polished specimens were covered with a Teflon tape except
for one face which was attached to the light entrance window of
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Fig. 1. (a) As-grown Eu:LiCSAF single crystals grown by the p-PD method and (b) polished Eu:LiCSAF specimens.



Y. Yokota et al./Journal of Crystal Growth 490 (2018) 71-76 73

the PMT with optical grease. A Li-Glass (Light yield: 6000 photons/
neutron) was used as a reference to estimate the light yield by
comparing peak positions in the pulse-height spectra between
the Li-glass and Eu:LiCSAF single crystals. The scintillation decay
curves were measured by an oscilloscope (Tectronix TDS3052B).
In addition, the pulse-height spectra of the polished specimens
were measured under gamma-ray irradiation emitted from a
59Co source to investigate the gamma-ray responses.

3. Results and discussions

The Eu:LiCSAF single crystals with various Ca/Sr ratios were
grown by the p-PD method and are shown in Fig. 1(a). During
the crystal growth, the liquid-solid interface was located just
below the bottom of the crucible and the diameter of the grown
single crystal was controlled by the hole (outlet). As a result, the
as-grown single crystals had approximately ¢$2 mm diameter.
There were some cracks around the growth’s initial parts of the
as-grown single crystals and the generation of cracks is due to
the use of a platinum wire as the seed. The cracks gradually
decreased during the crystal growth, and past about 10-60 mm

from the initial end of the ingot, transparent and crack-free parts
could be obtained for all Eu:LiCSAF single crystals. Specimens with
1 mm thickness were prepared from the transparent parts and the
surfaces of all specimens were polished under the same conditions
to evaluate the optical and scintillation properties (Fig. 1(b)). All
polished specimens showed high transparency and were colorless.

Powder XRD measurements of the grown Eu:LiCSAF single crys-
tals were performed to identify the phases and calculate the lattice
parameters after parts of the single crystals were completely
ground by an agate mortar. All diffraction peaks of the XRD pat-
terns for the all Eu:LiCSAF single crystals could be identified as
the colquiriite-type crystal structure (ICDF PDF77-0939) and there
was no diffraction peak originated from a secondary phase except
for the crystals with x=0.25 and 0.75 which included the EuF;
phase (Fig. 2(a)). However, all diffraction peaks of the Eu:LiCSAF
single crystals with x = 0.20, 0.25 and 0.40 were split as shown in
Fig. 2(b), which suggests that there are two colquiriite-type phases
with different lattice parameters in those single crystals. Segrega-
tion coefficients of Eu ion in the LiCaAlFg and LiSrAlFg single crys-
tals are extremely small due to the difference of valences between
Ca (Sr) site and Eu®* ion in EuF; [4]. Therefore, the Eu:LiCSAF single
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Fig. 2. (a) Powder XRD patterns, extended diffraction peaks and (b) lattice parameters of the Eu:LiCSAF single crystals.
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crystals easily include the EuFs; phase from the melt during the
crystal growth, and parts included EuF; phase were accidentally
used for the powder XRD measurements only for the Eu:LiCSAF
single crystals with x=0.25 and 0.75. Positions of the diffraction
peaks were systematically shifted with the Sr concentration. The
lattice parameters, a- and c-axes lengths, were calculated from
the XRD patterns, as illustrated in Fig. 2(b). The lattice parameters
were systematically increased with increasing Sr concentration
and the result is attributable to the substitution of Ca®* site by
the Sr?* ion with larger ionic radius than Ca®* ion. However, the
increase of lattice parameters as a function of Sr concentration
doesn’t fully satisfy Vegard’s Law due to the generation of two
phases with different lattice parameters in the x range of 0.2-0.4.
However, the precise compositions and structures of the two
phases couldn’t be determined by the XRD patterns.
Transmittance spectra of the Eu:LiCSAF polished specimens
were measured as shown in Fig. 3(a). Most specimens showed
more than 70% transmittance in the wavelength range from 370
to 750 nm. Absorption peaks around 200 and 300 nm were
observed for all specimens and they are attributable to the 4f-5d
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transitions of the Eu?* ion. Fig. 3(b) shows the transmittance spec-
tra of Eu:LiCSF single crystals with x = 0, 0.25 and 0.98 in the wave-
length range from 80 to 500 nm. There was no significant
difference of absorptions versus wavelength for those values of
the Ca/Sr ratio. In the XRL spectra of all polished specimens
(Fig. 3(c)), two emission peaks around 370 and 580 nm were
observed. The emission peak around 370 nm originated from the
5d-4f transition of the Eu?* jon and the wavelength of the emission
peak was shifted with Sr concentration as illustrated in Fig. 3(c)
and (d). The Ca/Sr-F bond length will increase with increasing Sr
concentration and the 5d; state will locate closer to the conduction
band based on the crystal field splitting theory. As a consequence,
the wavelength of the emission peak from the Eu?* ion should
blue-shift with increasing Sr content [16]. However, in our results,
the red-shift with increasing Sr content of the emission peak from
the Eu?" ion was observed, and unfortunately a clear explanation of
the red-shift can’t be provided now. There are two previous reports
related to the red-shift of the Eu?* emission [17-19]. In the Eu?":
(Ba,Sr)sLu(PO4)s eulytite solid-solution phosphors, the red-shift
of Eu?* emission with increasing Ba/Sr ratio was observed and it
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Fig. 3. (a) Transmittance spectra in the wavelength range from 190 to 600 nm and (b) from 80 to 500 nm, and (c) XRL spectra of the Eu:LiCSAF single crystals. (d) Wavelength

of emission peaks of the Eu:LiCSAF single crystals.
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was ascribed to weakening of the Eu?* crystal field splitting from
the neighboring-cation effect [17]. In addition, the red-shift with
increasing Eu concentration in the Eu?*:BaGa,S, and Eu?*:CaSrSiO,4
phosphors was observed [18,19]. However, further studies are
needed to clarify the red-shift of Eu?* emission. The emission peak
around 580 nm is attributable to the 4f-4f transition of the Eu** ion
[20-22] and there was no change of the emission wavelength. The
Eu>* ion originates from EuF; impurity or valence variation of Eu
ion in Eu:LCSAF with a fluorine non-stoichiometry. The valence
variation of Eu ion due to the anion non-stoichiometry was
described in a previous report [23].

Pulse-height spectra and decay curves of the Eu:LiCSAF polished
specimens under thermal neutron irradiation were investigated as
shown in Fig. 4. All specimens showed a clear peak in the pulse-
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height spectra (Fig. 4(a)). However, double peaks were observed
in the pulse-height spectra of the Eu:LiCSAF single crystals with
x=0.2, 0.25, 0.4 and 0.75, and they are attributable to two phases
with different light yields in the crystals. The light yields were esti-
mated by comparing the channels of the peaks between the Eu:LiC-
SAF single crystals and the Li-Glass. In addition, the pulse-height
spectrum of the Eu:LiCSAF single crystal with x=0.4 under
gamma-ray irradiation was measured as illustrated in Fig. 4(b). A
clear energy peak could be observed in the pulse-height spectrum
under neutron irradiation and the neutron event could be distin-
guished from the gamma-ray one while the spectrum under
gamma-ray irradiation slightly overlapped the range of the energy
peak. The decay curves of the polished specimens under neutron
irradiation are shown in Fig. 4(c). All decay curves could be fitted
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Fig. 4. (a) Pulse-height spectra and (b) decay curves of the Eu:LiCSAF single crystals under neutron irradiation.
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Fig. 5. Light yield and decay time of the Eu:LiCSAF single crystals under neutron
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Table 1

Scintillation properties of Li(Ca;_x_,SrEu, )AlFg single crystals.
X y Wavelength of emission Light yield Decay

peak [nm] (5d-4f of Eu?>* ion) [photons/neutron] time [ps]

0 0.02 367 21, 800 1.86
0.10 0.02 369 25, 300 1.89
020 0.02 369 27, 400 1.79
025 0.02 369 29, 300 1.71
040 0.02 370 27, 800 1.79
050 0.02 371 24, 000 1.91
0.75 0.02 373 23, 600 1.57
098 0.02 367 22,300 1.48

by a single exponential decay function and decay times were esti-
mated. The estimated light yields and decay times of the Eu:LiCSAF
single crystals are described in Fig. 5 and scintillation properties of
the Eu:LiCSAF were listed in Table 1. The light yields of the Eu:LiC-
SAF single crystals increased with increasing Sr concentration and
reached the maximum light yield at x = 0.25. However, it is not
clear which colquiriite-type phases produced the maximum light
yield and further investigations are needed to determine it. Then,
the light yields decreased with increasing Sr concentration in the
x range from 0.25 to 1. The results suggest that the control of Ca/
Sr ratio achieved a suitable band-gap for the luminescence origi-
nating from the 5d-4f transition of Eu?* ion under thermal neutron
irradiation. The result showed the tendency of decay times
decrease with increasing Sr concentration and the decrease of
the decay time is supposed to be due to the systematic change of
the positional relationship between the conduction band of the
LiCSAF and 5d level of Eu?* ion. In a previous report [24], band-
gap energies of the LiCAF and LiSAF single crystals were 12.23
and 11.79 eV, respectively and Ca/Sr sites affect the band-gap
energy. This suggests that the band-gap energy of a LiCSAF single
crystal decreases as the Sr/Ca ratio increases and the decrease of
the band-gap energy affects the scintillation properties.

4. Conclusions

Li(Ca;_x_,SrxEuy)AlIFg single crystals with various Sr concentra-
tions were grown by the p-PD method and their phases, optical

and scintillation properties were investigated to reveal the effects
of Ca/Sr ratio. The lattice parameters, a- and c-axes lengths, were
systematically increased with increasing Sr concentration. In the
XRL spectra, wavelengths of the emission peaks originated from
Eu?* ion systematically increased with increasing Sr concentration.
The Eu:LiCSAF single crystal with x =0.25 indicated the highest
light yield, 29,300 photons/neutron and the result revealed that
the light yield of Eu:LiCAF single crystal was improved by the
adjustment of Ca/Sr ratio. In addition, the decay time showed the
tendency of decrease with an increase of Sr concentration.
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