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Abstract: Ce-doped LaBr;/AEBr, (AE = Mg, Ca, Sr, Ba) eutectics were grown using the
Bridgman-Stockbarger (BS) method in quartz ampoules. The eutectics (AE = Mg and Ca) showed
optical transparency like optical fiber bundles. A grown Ce-doped LaBr;/MgBr; eutectic shows a
355 nm emission ascribed to Ce3* 4f-5d transition under X-ray excitation. The smaller the ionic
size of AE, the higher the light yield of the sample was. The light yield of Ce:LaBrz/MgBr; was
34,300 photon/MeV, which is higher than Ce:LYSO standard. Scintillation decay time under 662 keV
gamma-ray excitation was 18.8 ns.

Keywords: directional solidification; growth from melt; halides; scintillators

1. Introduction

Scintillators coupled with photodetectors are widely used in radiation imaging applications such
as medical imaging, security, high-energy physics, astrophysics, oil well logging, etc. In order to
meet the needs of these applications, a deeper knowledge of crystal physics and all the mechanisms
involved in their scintillating behavior is important [1]. In conventional high-resolution radiation
imaging systems employing inorganic scintillators, scintillation light must be guided to photo-sensors
efficiently without lateral light diffusion [2]. In X-ray imaging applications, radiation imaging sensors
are composed of photodetector arrays and an indirect flat panel detector (FPD) coupled with a
scintillator plate such as T1:CslI [3,4] or Tb:GdyO,5 (GOS) [5,6]. Improvement in spatial resolution is
required in this application. However, columnar grown T1:Csl reduces the spatial resolution because
of light scattering in micrometer size T1:CslI fiber crystals [3]. Light diffusion through scintillator
materials on photodetector degrades the resolution of radiation imaging sensors and limits sensitivity.
Recently, pixelated photodetector arrays have been improved in order to achieve a micrometer scale
spatial resolution. However, the pixel size of scintillator arrays and light diffusion limit the spatial
resolution. Moreover, X-ray energy-resolved counting systems using silicon photomultipliers (5iPM)
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and scintillators are being developed now. In such systems, inorganic scintillators with fast and good
energy resolution are required [7].

Currently, submicron-diameter phase-separated scintillator fibers (PSSFs) have been reported
and they have both characteristics of optical fiber and a radiation-to-light conversion. PSSFs were
realized by a directionally solidified eutectic (DSE) growth in previous research [8-12]. In PSSFs,
the emitted scintillation is confined and transported along the eutectic structure by a total reflection
mode, so that light diffusion can be reduced and high-resolution imaging can be achieved. Research
on PSSFs such GAP/x-Al, O3 [13,14], StHfO5/Al, 05 [15], Gd,SipO7/5i0; [16], and LiF/CaF,/LiBaFs [17]
has been previously reported by our group.

In order to find a good combination of eutectic structure with PSSFs, the choice of scintillator
materials is important. The Ce:LaBr; scintillator has attracted attention due to its high light yield
of over 74,000 photon/MeV and fast decay time of around 20 ns, with enough density of 5.1 g/cm3
for low energy X-ray detection even though it is hygroscopic [18,19]. In this research, exploration of
PSSFs by directional crystal growth method is reported. Ce-doped LaBrs/AEBr; (AE = Mg, Ca, Sr,
Ba) eutectics were investigated. Here, we designed the matrix AEBr, phase and scintillation LaBrs
fibers at the eutectic point of LaBr3/AEBr; (See Figure 1). Crystal growth was performed using the
Bridgman-Stockbarger (BS) method at the eutectic point. Investigations of the crystal structure and
eutectic phase were performed. Luminescence and scintillation properties were also evaluated.
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Figure 1. Schematic diagram of generation of scintillation light in the eutectic.

2. Experimental Procedure

2.1. Crystal Growth

The starting materials were prepared from high-purity halide powders of CeBr3, LaBrs, and AEBr,
(BN, produced by APL, AE = Mg, Ca, Sr, Ba) according to the molar ratio of AEBr;:LaBr;:CeBr; =
75:24.75:0.25. Crystal growth was carried out via the BS method in a quartz ampoule with an inner
diameter of 4 mm for AE = Ca and an inner diameter of 8 mm for AE = Mg, Sr, and Ba. Details of
crystal growth by the BS method are given in Figure 2. In the unidirectional solidification processes,
LaBr; and AEBr; phases deposit from the melt on their own formed solid phases. The mixed powders
were put into a quartz ampoule inside the glovebox in 9N Ar atmosphere. The quartz ampoule was
then taken from the glovebox and baked in high vacuum (~10~* Pa) at 200 °C using 9N purity Ar
and SiCly gas to remove water and oxygen. We carefully evacuated and sealed off the ampoule with
an oxyhydrogen burner. After sealed cutting, each ampoule was set into a furnace and heated by
a carbon heater with the radio-frequency induction coil. The pull down speed for crystal growth
was 0.5 mm/min. After the crystal growth was finished, the furnace was gradually cooled down to
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room temperature. Plates with a thickness of 1 mm were cut from the grown samples. They were
double side polished for back-scattered electron image (BEI) evaluation, luminescence, and scintillation
property measurements.

High-frequency
- induction caoill
(Cu)

_ \D Quartz ampoule

Heater(carbon)

N Insulator(Al,O5)

Stage(quartz)

Figure 2. The schematic drawing of crystal growth via the Bridgman—-Stockbarger (BS) method.
The ampoules used have outer and inner diameters of 10 and 8 mm, respectively.

2.2. Structural Evaluation of Eutectic Composites

From the grown crystals, round and rectangular samples with a thickness of 1 mm were obtained
and the cut surface was optically polished. The eutectic phase structure in the grown crystals was
observed by BEI (5-3400N SEM, Hitachi, Tokyo, Japan). The eutectic structures in transverse and
vertical cross-sections were observed. The obtained phases in the eutectics were investigated by
powder X-ray diffraction (XRD) in the 26 range from 20 to 60° using X-ray diffractometer (RINT-2000,
Rigaku, Akishima, Japan). The X-ray source was CuKo with an accelerating voltage of 40 kV and tube
current of 40 mA.

2.3. Measurements of Luminescence and Scintillation Properties

The radioluminescence spectra under X-ray irradiation (40 mV, 30 mA) were recorded with a
spectrometer (SR-163, Andor Technology, Belfast, UK), equipped with a spectroscopy CCD detector
(DU920P, Andor Technology, Belfast, UK). The light output was measured using a photomultiplier tube
(PMT) (R7600U-200, Hamamatsu Photonics, Hamamatsu, Japan) with an ultra bialkali photocathode.
The samples were coupled with the PMT using silicone grease (OKEN, 6262A) and covered using
Teflon-tape. To determine the light yield, the energy spectra were collected under 662 keV y-ray
excitation (13”Cs source) using a PMT. The signal was fed into a shaping amplifier (572A, ORTEC, Oak
Ridge, TN, USA), digitized by a multichannel analyzer (MCA) (926, ORTEC, Oak Ridge, TN, USA),
and finally sent to a personal computer. The shaping time was set to 2 us. The bias for the PMT was
supplied by ahigh-voltage power supply (ORTEC, Oak Ridge, TN, USA). The same setting as the
PMT and digital oscilloscope (TDS 5032B, Tektronix, Beaverton, OR, USA) was used to measure the
scintillation decay time.
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3. Results and Discussion

3.1. DSE System of LaBr3/AEBr, Eutectic

White rod-shaped samples were obtained via the BS method. Grown samples and 1 mm thick
plates after polishing are shown in Figure 3. For AE = Mg or Ca, the samples showed optical
transparency like optical fiber bundles. Therefore, the background line was visible on the surface
through the transparent rods grown in the material, while the samples were not transparent through the
radial direction. For AE = Sr or Ba, the samples showed optical transparency. Therefore, the background
line was visible on the surface through the grown crystal, and the samples were semitransparent
through the radial direction.
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Figure 3. Photographs of the (a—d) as grown Ce:LaBr3/AEBr; samples (AE = Mg, Ca, Sr, Ba) and (e-h)
cross-section polished samples (AE = Mg, Ca, Sr, Ba).

The grown samples were crushed into powder in a glovebox in 9N Ar atmosphere and packaged
into an atmosphere-controllable sample case. Powder XRD measurements were performed using the
sample case. The results of powder XRD of the grown samples were shown in Figure 4. For AE = Mg
or Ca, the grown eutectics showed two main phases of LaBrj (crystal system: hexagonal, space group:
P63/m) and MgBr; (crystal system: trigonal, space group: P-3m1), or CaBr; (crystal system: trigonal,
space group: Pnnm). For AE = Sr or Ba, the grown samples showed only a single phase. For AE = Sr,
the main phase was SrBrp (Crystal System: tetragonal, Space Group: P4/n z). Almost all peaks were
SrBry peaks except for a peak around 29 degrees, which was assumed to be a trace of hydroxyl bromide
coming from a hygroscopic characteristic of LaBrz and SrBr, or BaBr, during the crushing. For AE =
Ba, main phase had an unknown composition. That main phase was thought to be a compound of
LaBr; and BaBr;. The powder XRD pattern of this compound has not been identified with the existing
powder diffraction file (PDF) database. Therefore, additional research is needed for detailed phase
identification. The BEI of the grown samples in vertical and transverse cross-sections are shown in
Figure 5. For AE = Mg or Ca, the grown eutectic structure showed a mixture of the rod and plate
shapes of LaBr; phase surrounded by a MgBr, or CaBr, matrix. This mixed structure of LaBr; was
aligned with a length of around 150-200 pm. Previously, some groups have investigated transformation
between the rod-like shape and lamellar shape in eutectic structure [20-23]. They concluded that the
transformation of the eutectic depended on the volume ratio of components and the relative interface
energy. The rod-like shape can be obtained at a volume ratio of around 30-40% [24]. Volume ratio of
LaBr3:AEBr; in this system is about 25:75, and the LaBrs/CaBr, or LaBr;/MgBr; eutectic can take a
rod-like shape structure by optimizing temperature gradient along the growth direction and growth
rate [25]. Scintillation light from LaBrs phase shows around 57° of total reflection at the interface. In this
report, though a well-aligned rod-like shape structure could not be obtained, optical transparency like
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optical fiber bundles was observed in the eutectic. For AE = Sr or Ba, the grown crystal did not show a
LaBr3/AEBr; eutectic structure and showed only one phase.
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Figure 4. X-ray diffraction patterns of grown samples. (a) AE = Mg, (b) AE =Ca, (c) AE =Sr, (d) AE =
Ba. (e): peaks of LaBrs (hexagonal, P63/m), (A): peaks of MgBr; (trigonal, P-3mL), (A): peaks of CaBr;
(trigonal, Pnnm), (¥): peaks of SrBr; (tetragonal, P4/n z).
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Figure 5. Back-scattered electron image (BEI) of the polished LaBr;/AEBr, crystals, (a—d) transverse
cross-section for AE = Mg, Ca, St, Ba and (e f) vertical cross-section along growth direction for AE =
Mg and Ca.

3.2. Luminescence and Scintillation Properties

Radioluminescence spectra of the grown Ce-doped LaBr;/AEBr; (AE = Mg, Ca, Sr, Ba) eutectic
measured under X-ray irradiation are shown in Figure 6. All samples show the typical double-band
Ce3* 5d-4f emission with maxima at around 355 and 385 nm according to the transitions into the
2Fs), and 2F7), states, respectively. These results are in good agreement with previous reports [18,19].
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Emission peaks were slightly shifted to the short wavelength region except for AE = Ba (AE = Mg:350 nm,
383 nm, AE = Ca:354 nm, 384 nm, AE = 5r:353 nm, 379 nm). For AE = Ba, emission peaks were slightly
shifted to the long wavelength region (362 nm, 389 nm), due to its difference in crystal structure.
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Figure 6. Radioluminescence spectra of the grown samples measured under X-ray irradiation. (a) AE
=Mg, (b) AE =Ca, (c) AE =Sr, (d) AE = Ba.

The pulse-height spectra of the eutectic sample excited by 662 keV gamma-rays of '3’Cs at room
temperature and measured using the PMT are shown in Figure 7. Light outputs of the samples were
around 1.07, 0.53, 0.43, and 0.18 of the Ce:LYSO standard with 32,000 photon/MeV [26,27] for AE = Mg,
Ca, Sr, Ba, respectively. Therefore, light outputs of samples were around 34,300, ~17,000, ~14,000,
and ~6000 photon/MeV for AE = Mg, Ca, Sr, and Ba, respectively. The scintillation decay curves
of the samples excited by 662 keV gamma-rays are shown in Figure 8. In the case of LaBrs/BaBry»,
enough intensity of the decay curve signal was not detected due to its weak light output. Table 1 shows
the survey of light yield and scintillation decay time values for all samples. For all samples, decay times
were comparable to Ce:LaBr; single crystal and had slower components except for LaBrs/MgBry.
This matches with past results [18,19]. The smaller the ionic size of AE, the faster the components decay.

Table 1. Light output and decay components of the Ce:LaBr3/AEBr, samples (AE = Mg, Ca, Sr, Ba).

Light Yield Scintillation Decay Time
Peak Channel
(Photon/MeV) 1st Component (ns) 2nd Component (ns)
LaBrs/MgBr, 1512 34,300 18.8 (100%) -
LaBr;/CaBr; 750 ~17,000 22.4 (60%) 185 (40%)
LaBrs/StBry 620 ~14,000 38.6 (44%) 299.8 (56%)
LaBr3/BaBr; 250 ~6000 N.D. N.D.

N.D.: Not detected.
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Figure 7. Energy spectra of the grown samples and Ce:LYSO standard. Excitation by 3’Cs radioisotope
(662 keV). (a) AE = Mg, (b) AE =Ca, (c) AE = Sr, (d) AE = Ba, (e) Ce:LYSO standard.
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Figure 8. Scintillation decay curves of the grown samples. Excitation by 137Cs radioisotope (662 keV).
(a) AE =Mg, (b) AE =Ca, (c) AE = 5r.

4. Conclusions

Ce-doped LaBrs/AEBr; (AE = Mg, Ca, Sr, Ba) eutectics were grown via the BS method in a quartz
ampoule. For AE = Mg, Ca grown samples showed a LaBr3/AEBr, eutectic structure. They showed
optical transparency only for the growth direction through transparent rods grown in the material,
while they were not transparent through the radial direction. They showed a mixture of rod and
plate shapes. This mixed structure was aligned with a length of around 150-200 um. For AE =
Sr, Ba grown samples did not show a LaBr3/AEBr; eutectic structure and showed a single phase.
The Ce:LaBrs/AEBr; samples showed a 355 nm emission ascribed to Ce3* 4f-5d transition under X-ray
excitation. Light outputs of samples were around 34,300, ~17,000, ~14,000, and ~6,000 photon/MeV
for AE = Mg, Ca, Sr, and Ba, respectively. Scintillation decay times under 662 keV gamma-rays
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were 18.8 ns (100%) for LaBr3/MgBry, 22.4 ns (60%) and 185 ns (40%) for LaBrz/CaBry, 38.6 ns (44%),
and 299.8 ns (56%) for LaBrs/SrBry. The smaller the ionic size of AE, the faster the components” decay.
We demonstrated the possibility of a hygroscopic halide eutectic scintillator with a fast scintillation
response. The light output of the Ce:LaBr;/MgBr; eutectic was higher than Ce:LYSO standard and can
be increased by getting well-aligned rod-shaped eutectic structures and improving optical transparency.
If large size crystal growth and material processes for imaging application are established, LaBrs-based
fast eutectic scintillators can be used for radiation imaging applications such as pulse counting X-ray
imaging, which requires both fast timing and high-resolution performance.
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