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In the present work, we report the optical properties of BaY,Fs doped with different concentrations of
Tb>* ions and its potential use as a scintillator in radiation detection. Two types of samples were studied:
polycrystalline samples obtained via solid state reaction, and single crystals obtained via the zone melt-
ing method under a HF flow. The scintillating properties Th>* doped BaYF were checked by measuring the
radioluminescence when excited with X-ray, showing intense emission peaks characteristics of rare-
earth ion. Thermoluminescence measurements were done to study the traps competing to inhibit the
scintillating process. The radiation damage was evaluated and it was shown that the formation of the
absorption bands can be connected to color centers generated by radiation in the matrix. Measurements
of DXAS revealed that there is no change in the absorption edge of the dopant during irradiation revealing
that the color centers are not connected to changes in the valence of the dopants.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Barium yttrium fluoride (BaY,Fs — BaYF) doped with trivalent
rare-earth ions are promising materials for solid-state optical de-
vices. In this paper, Tb-doped BaYF samples with different concen-
trations were studied aiming the use of scintillation devices in
radiation detection. Scintillators have a wide variety of applica-
tions in medicine, industries and high energy physics [1].

The crystal structure of BaYF is monoclinic, and the trivalent
rare-earth dopant ions are expected to occupy the Y>* site [2].
The Y3* sites show 8-fold coordination to 8 F~ ions having a C,
point symmetry [3]. Recently BaYF doped rare-earth ions gained
attention due to possible applications as a scintillator [3] and a
laser host [4,5]. Rare earth doped BaYF may be used as scintillators
due to their high light output and also the useful wavelength emis-
sion that can be tuned by choosing the right rare earth dopant that
matches the light detection device [6]. The objective of this paper is
to understand the dependency between the scintillator properties
as a function of doping concentration and understand the radiation
damage generated in the samples after irradiation.

The scintillation mechanism was studied via a combination of
thermoluminescence (TL), radioluminescence (RL), optical absorp-
tion (OA) and dispersive X-ray absorption spectroscopy (DXAS)
measurements in samples with different concentration of dopants.
The combination of TL and RL is useful to study the trapping
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centers and to identify the ones related to the scintillation mecha-
nism. Radiation damage studied via OA techniques can reveal the
formation of the color centers generated by radiation in the matrix.
DXAS was done simultaneously with RL measurements to study
the relation between the darkening of the sample due to the color
centers and the possible involvement of the Tb ions in such defects.

2. Methodology

The polycrystalline samples of RE-doped BaYF were prepared in
a platinum reactor from stoichiometric mixture of BaF, and YFs. Tb
are added in concentrations of 0.5, 1.0, 2.0 and 3.0 mol%. The start-
ing materials were melted at 960 °C under a HF flow in Pt crucibles.
The single crystals were prepared from the synthesized powders
by the floating zone melting method, under a HF atmosphere, in
the concentrations of 2.0 and 3.0 mol% of Tb. Powder samples were
prepared by grinding the obtained materials in agate mortar.

The structural analyses of the polycrystalline and single crystals
powders samples were done via XRD measurements, performed at
room temperature in a Rigaku DMAX Ultima+ 2000/PC diffractom-
eter in the 20 range from 13° to 80° in step scan mode, with steps
of 0.02°, using Cu Ko radiation. RL spectra were recorded exciting
the samples with Cu Ko X-rays (40 kV/40 mA) at room tempera-
ture. The spectra were collected using an optical fiber attached to
an Ocean Optics HR2000 spectrometer. The scintillation efficient
or light output for each sample can be obtained from the integra-
tion of its RL spectrum. A Csl:Tl sample was used as a standard
sample and the scintillation efficiencies of all samples were ob-
tained using the Csl:Tl light yield as reference.
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The TL measurements were done from room temperature up to
400 °C following a linear heating program with a heating rate of
5 °C/s, in a homemade TL reader. The samples were irradiated with
X-rays with rate dose of 0.0924 Gy.

The OA spectra were obtained via diffuse reflectance using a
polychromatic light source (Mikropack DH-2000 UV-Vis-NIR)
and an optical fiber attached to Ocean Optics HR2000 spectrome-
ter. DXAS measurements were done at the Brazilian Synchrotron
Light Laboratory (LNLS) in the DXAS beamline at room tempera-
ture. Polychromatic X-ray beam is tuned close to the energy of
the L3 edge of Tb ions in a way that a full EXAFS or XANES spectrum
is recorded in one shot in about 100 ms. The spectra were recorded
as a function of the irradiation time in order to check if there is any
change in the absorption edge of the dopant. At the same time, the
RL was recorded, and in this way, any changes in the emission
spectra can also be followed while the sample is irradiated.

3. Results and discussion

Fig. 1 presents the XRD powder patterns of the polycrystalline
samples and the single crystals with different concentrations of
Tb>*. It can be observed that in all samples the predominant phase
BaY,Fg is presented. In the polycrystalline 2.0 mol% doped samples
a small amount of the phase Ba,YsF;7 can be present but this unde-
sirable phase can be eliminated after crystallization. In the
2.0 mol¥% doped single crystals only the BaY,Fg phase was detected.
This is a clear indication that floating zone melting method is effi-
cient in eliminating the phase Ba;Y3F;7.

The scintillator properties of Th>* doped BaYF powder can be
seen in Fig. 2. This figure shows the RL spectra of different concen-
trations BaYF:Th** samples excited by X-rays as compared to the
commercial CsI:Tl scintillator material. The RL measurements of
the BaYF:Tb** showed emission peaks in energies that are charac-
teristics of the 4f-4f transitions of the trivalent rare earth ions [6].
The Tb** doped samples exhibit an RL spectrum with a maximum
emission around 545 nm due to the D4 — F5 transitions, corre-
sponding to the green region of the visible spectrum. The single
crystal samples with 3.0 mol% Tb?* exhibited a quite intense emis-
sion, while the polycrystalline samples doped with 0.5 mol% Th>*
showed the weakest emission intensity. The samples doped with
2.0 or 3.0 mol% Tb either polycrystalline or single crystals, showed
RL intensity at 545 nm two times higher than CsI:Tl. This is the
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Fig. 2. RL spectra of the Tb-doped BaYF single crystals and polycrystalline samples
with different concentrations of Tb and irradiated with X-rays. The inset shows the
expanded region of the main RL emission peaks associated to the °D4 — ’Fs
transitions of the Th** ions.

spectral region where the photomultiplier tubes are normally more
efficient, pointing out a possible use of this material in scintillator
devices.

The light output of each scintillator can be obtained from the
integration of the RL spectrum. Table 1 presents, in the second col-
umn, the scintillation efficient for each sample normalized to the
total emission of the CsI:Tl samples. The total RL efficiency of all
BaYF:Tb®" samples are lower than CsI:Tl scintillator that has a
broad emission spectrum. Nevertheless the light yield from
BaYF:Tb®* samples are enough since some of the most commonly
used scintillators like BGO (BisGe30;;) shows just 21% of the light
yield of the CsI: Tl [1,9] and it is still used in many applications. The
2.0 and 3.0 mol% Th3* doped samples showed scintillation efficient
of approximately three times greater than the other doped sam-
ples. The polycrystalline sample doped with 2.0 mol% Tb®* presents
higher scintillation efficiency than the single crystal doped with
the same amount of Tb and this effect is not clear yet but it might
be connected to the presence of the Ba,Y3sF;7 phase in the polycrys-
talline samples. On the other hand, the single crystal samples
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Fig. 1. XRD powder pattern of the single crystals and polycrystalline samples of BYF:Tb>*. All diffraction peaks were identified to either the BaY,Fs [7] or BaY,4F;7 [8] standard

patterns.



A.CS. de Mello et al./Optical Materials 32 (2010) 1337-1340 1339

Table 1

Scintillation efficient of the BaYF:Tb>* single crystals and polycrystalline samples
compared with CsI:Tl scintillator material and density of trapping compared with
scintillation efficient of the Th-doped BaYF.

Sample Scintillation Scintillation efficient  Density
efficient (normalized to the of
(normalized to  BaYF:3 mol% Tb 3*)/% trapping/
CsL:T1)/% %
0.5 mol% 33 18.3 70.3
(polycrystalline)
1.0 mol% 6.2 34.2 77.4
(polycrystalline)
2.0 mol% 133 73.8 27.2
(polycrystalline)
3.0 mol% 15.6 86.2 100.0
(polycrystalline)
2.0 mol% (single 12.9 71.2 314
crystals)
3.0 mol% (single 18.1 100.0 23.0
crystals)
CsI:Tl (626 ppm) 100.0

doped with 3.0 mol% has a higher intensity among all samples,
including the polycrystalline one doped with the same amount of
Tb.

Fig. 3 gives the TL curve of the pure and doped BaYF samples.
The glow curve of the pure single crystals shows only 1 peak at
123 °C while the Tb>* doped polycrystalline shows 2 extra peaks
at 250°C and a shoulder at about 350 °C. The only exception is
the 2.0 mol% Tb®" which shows only a shoulder at 180 °C. The
reduction of the second peak could be due to the presence of
Ba,YsF;7 phase in this sample.

The density of traps associated to the overall TL emission can be
estimated from the area under the glow curves. The area under the
curves of Fig. 3 was normalized to the highest TL emission curve
obtained for the 3.0 mol% doped BaYF polycrystalline samples. In
Table 1 the areas are shown in the fourth column. There is a clear
trend indicating that the higher the density of TL traps the lower
the scintillation efficiency. This implies that these TL peak traps
are competing to inhibit the scintillating process. The only excep-
tion for this behavior is the 3.0 mol% doped polycrystalline
samples.

All the samples presented radiation damage and this refers to
the change of scintillation efficiency due to defect creation by the
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Fig. 3. Thermoluminescence glow curves of pure single crystals, doped BaYF:Tb**

single crystals and polycrystalline doped samples with different concentrations of
Tb and irradiated with 0.0924 Gy of X-rays.

radiation dose [10]. Fig. 4 shows RL intensity of emission peak at
545 nm (°D4 — 'Fs) firstly increasing up to 0.49 Gy and then
decreasing as a function with the absorbed dose indicating the
buildup of radiation damage. Darkening of Tb-doped BaYF samples
are observed after irradiation for all samples.

The radiation damage was evaluated by the optical absorption
obtained from the reflectance spectra of the irradiated regions in
the powdered samples. The results are shown in Fig. 5 for the pure
and the doped samples irradiated with a dose of 0.462 Gy of X-
rays. Three main absorptions bands are observed in all samples
with maximum approximately at 289, 468 and 603 nm. The single
crystal doped with 3.0 mol% of Tb showed an extra band at about
812 nm. These results showed that the position of the absorption
bands due to the radiation induced color centers are independent
of doping, although the relative intensities of this OA bands may
vary according to the doping level. This is a strong indication that
the defects centers generated by irradiation are directly linked to
the BaYF matrix. The most probable defects in fluorides are F-type
centers (F, F~ or F5 centers) and modified V| centers that are known
to produce absorption bands in the 300-330 nm, 240-380 nm, and
450-600 nm regions in other fluoride matrixes [11,12].

Fig. 6 shows the X-ray absorption edge of the Tb ions for the
2.0 mol% doped single crystals as compared to the absorption
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Fig. 4. RL intensity of the emission peak at 545 nm as a function with absorbed dose
of the X-rays.
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Fig. 5. OA spectra of pure and Thb-doped BaYF single crystals and polycrystalline
samples irradiated with 0.462 Gy of X-rays.
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Fig. 6. Comparison of the XANES measurements near to the absorption edge of Th>*
ions in BaYF sample compared to the XANES of TbF; and Th40 standard materials.
The measurements were done using the DXAS beamline at the LNLS. The horizontal
axis indicates the pixel in the CCD camera that is directly proportional to the energy
of the incident X-rays. The absorption curves were not normalized and represent
the raw data.
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Fig. 7. RL spectra of the 2 mol% Tb-doped BaYF single crystals samples irradiated
with synchrotron light at three irradiation times obtained simultaneously with
DXAS measurements.

edges of the Tb ions in two standard compounds TbF; and Th405. In
the first one, Tb is found only in the trivalent state, while in the
second one, there is a mixture of the Tb®>* and Tb** charge states.
It can be seen that the absorption edge of the Th-doped BaYF sam-
ples is very close to the Tb found in TbF3; compounds and that there
is no change in the absorption edge during the whole period of
irradiation. The three measurements taken after 1 min, 20 min or
40 min after starting the measurements did not show any signifi-
cant change. The main difference of the TbF; standard pattern is
the signal to noise ratio that is worse in the Tb-doped BaYF due
to the small amount of Tb in the matrix as compared to the TbF;
or Tb4,07 samples.

Radioluminescence (RL) measurements taken simultaneously
with DXAS measurements are shown in Fig. 7. Again the results
show that there is no change in the positions of the RL peaks during
irradiation, only a change in RL intensity due to radiation damage.
The DXAS results combined with the simultaneous measurements
of the RL indicate clearly that there is no direct participation of the
Tb ions in the buildup of the radiation damage, since no evidence of
valence change or change in the emission spectra were found dur-
ing irradiation, and this supports the OA results that the main
source of the radiation damage must come from the BaY,Fg matrix.

4. Conclusions

This work presents new evidences to understand the scintillat-
ing properties of Th-doped BaY,Fg samples revealing some impor-
tant aspects of the interaction of the ionizing radiation with the
material and some aspects of the mechanism of the light emission.
It was shown that single crystals and polycrystalline samples
doped with 2.0 or 3.0 mol% of Tb*" are promising solid-state sys-
tems for radiation detection and possible applications may be de-
vised in scintillators due to their relatively intense light yield and
also the useful wavelength emission. TL results indicate that the
presence of a range of competing charge traps that can decrease
the RL. On the other hand, it also showed that the higher concen-
trated samples have less concentration of traps. All the samples
presented radiation damage revealed by the formation of the
absorption bands that can be connected to color centers generated
during radiation. This radiation damage influences the RL intensity,
a combination of dispersive X-ray absorption measurements with
simultaneous RL measurements, which revealed that the Tb dop-
ant did not participate directly in the formation of the color centers
induced by the radiation. And this is an indication that these color
centers are connected to the defects in the BaYF matrix.
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