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Crystalline samples of Pr-doped BaY2F8 (BaYF) were prepared by zone melting technique. The

pure phase obtained was identified by X-ray diffraction measurement. Optical absorption result

was evaluated and it showed that the formation of the absorption bands can be connected to color

centers generated by radiation in the matrix. Radioluminescence emission measurements after exci-

tation by X-ray showed that the material exhibited components responsible for long lasting phos-

phorescence. Short decay times were also evaluated, the measurements showed a fast component

around 70 ns associated to the 4f15d1 ! 4f2 transition of the Pr3þ ion. The Thermoluminescence

(TL) results indicate the presence of two trapping centers. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892111]

I. INTRODUCTION

Barium yttrium fluoride (BaY2F8–BaYF) has attracted

considerable attention in the last years, particularly when

doped with praseodymium, because of its potential use as

multiwavelength laser activator for various applications.1

Recently, BaYF doped with other rare-earth ions was investi-

gated due its scintillator properties,2 use as a scintillator in

radiation detection when doped with Tb3þ (Ref. 3), and also

when doped with Er3þ and Tm3þ ions,4 when doped with

Nd3þ and co-doping Er3þ, this material has been studied for

vacuum ultraviolet (VUV) scintillator applications.5

The BaYF has been produced by solid state synthesis

and by zone melting technique under reactive atmosphere.3

The crystal structure is monoclinic, C2 space group, and the

trivalent rare-earth dopant ions are expected to occupy the

Y3þ site.6 Typical Pr3þ emission spectra were obtained when

Pr3þ doped BaY2F8 is excited with ionizing radiation or blue

light. The spectrum of Pr3þ doped BaYF presents a wide

range of emission in the visible region, with maxima at 483

and 607 nm, corresponding to blue and orange regions in the

electromagnetic spectrum. However, the mechanism of light

emission of the Pr-doped BaYF is still not explored in the lit-

erature. In recent years, fluorides materials doped with Pr3þ

ions have been extensively studied for dosimetric applica-

tions,7 the recombination radiative process and carries trap-

ping for Pr3þ ion were studies in LiLuF4 host.8

This work is dedicated to the study of the

Radioluminescent (RL) spectra of Pr3þ in the BaYF matrix

and the characteristic lifetime of the RL yield aiming the use

this system in scintillator devices. Optical absorption (OA)

and Thermoluminescence (TL) techniques were also used as

additional tools to understand the luminescent mechanism in

this material and to follow the radiation damage processes.

II. EXPERIMENTAL

The pure and doped single crystal was prepared in a

platinum reactor from stoichiometric mixture of BaF2 and

YF3 and with Pr concentrations of 2.0 mol. %. The starting

materials were melted at 960 �C under a mixed HF and

Argon flow in Pt crucibles. The single crystals were prepared

from the synthesized powders by the zone melting method,

under a HF atmosphere, in the concentrations of 2.0 mol. %

of Pr. Details of the synthesis and the crystals growth can be

found in previous work.9 Powder samples were prepared by

grinding the obtained materials in agate mortar.

The crystalline phase was identified by powder X-Ray

diffraction measure using Cu Ka radiation, operating at

40 kV/40 mA, on a Rigaku RINT 2000/PC diffractometer in

the Bragg-Brentano geometry, in the 2h range from 13� to

80� in step scan mode, with steps of 0.02. RL spectra were

recorded inside the diffractometer exciting the samples with

the same Cu tube. The RL spectra were collected using an

optical fiber conducting the light to an Ocean Optics

HR2000 spectrometer. The signal decay of scintillation was

obtained after excitation by X-ray. The TL measurements

were performed from room temperature up to 400 �C using a

heating rate linear of 5 �C/s. The light emitted by the sample

was detected in two ways: (i) for the sample irradiated with a

dose of 0.0924 Gy of X-ray, the TL was collected using a

standard photomultiplier tube (EMI 9789-B) fed by a vari-

able high voltage source; (ii) for the samples heavily irradi-

ated with doses of 431 Gy of b rays, the TL emission was

taken by an optical fiber coupled to a Ocean Optics Maya

2000 spectrometer. With this latter arrangement, it was pos-

sible to obtain a complete set of emission spectra as the sam-

ples were heated up inside the TL apparatus. Since all

samples were powders, the OA spectra were obtained via dif-

fuse reflectance using a polychromatic light source

(Mikropack DH-2000 UV-Vis-NIR) and an optical fiber

attached to an Ocean Optics HR2000 spectrometer. The life-

time measurements were measured at the X-ray absorptiona)abandrade1@gmail.com
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fine structure (D08B-XAFS-2) beamline of the Brazilian

Synchrotron Light Laboratory (LNLS) source in Campinas,

Sao Paulo, Brazil, using the single-bunch mode, with X-ray

pulse intervals of 311 ns and pulse FWHM of about 100 ps.

A HAMAMATSU R928 photomultiplier (PMT) directly

connected to a 3.5 GHz bandwidth, 40 GSa/s WavePro

735Zi, Teledyne LeCroy oscilloscope. The light pulse was

collected in the PMT and the current pulse was connected in

one of the oscilloscope channels, using the 50 X internal re-

sistance load. The second channel of the oscilloscope was

connected to the square wave trigger signal coming from the

synchrotron storage ring, used to synchronize the light pulse

with the electrons bunch in the ring. With this arrangement

the time resolution was estimated to be around 8–10 ns.

III. RESULTS AND DISCUSSION

Powder XRD results of the samples are shown in Fig. 1,

as compared to the Guilbert et al.10 standard diffraction pat-

tern. The diffraction peaks in Fig. 1 can be indexed to the

monoclinic phase structure of BaYF with no extra peaks

related to other phases. Also, for the Pr-doped sample, there

is no evidence of any other phases, indicating that the doping

with Pr (2% mol) ions has nearly no effect on the phase for-

mation. A small amount of Pr into BaYF will not change the

host structure due to the similar ionic radii of Pr3þ (0.99 Å)

and Y3þ (0.90 Å).11 Previous results from atomistic simula-

tions reported that in BaYF structure Pr3þ can occupy the

Y3þ sites inducing only a distortion of the local symmetry of

the active ion,6 as compared to the original Y3þ environment.

The radiation damage is observed in the Pr-doped BYF

when irradiated with X-ray and this effect manifested as

changes in the scintillation efficiency, this can be to trapping

of the free carrier in electrons and holes center.12 Also, it

was observed that the irradiated regions of the samples have

different coloration. In order to understand this behavior, the

intensities of optical absorption bands generated by the X-

rays were followed as a function of dose. The reflectance

spectra were measured for virgin Pr doped samples and for

irradiated samples different doses, varying from 0.924 to

2.772 Gy. Optical absorption spectra of the samples were

measured from the reflectance spectra assuming that no light

is transmitted through the powder samples and that was

assured by using a large amount of powder deposited on a re-

flective white Teflon surface. The OA spectra are given in

Figs. 2(a) and 2(b).

For non-irradiated Pr-doped samples, three weak absorp-

tion bands are observed at 445, 460, and 597 nm, these bands

can be attributed to the Prþ3 transitions between the 3H4

ground state and the 3P2, 3P1 þ 3P0, and 1D2 states, respec-

tively.13 When the samples were irradiated with different

doses, the optical absorption intensity increased. No apparent

changes in the position of the Pr3þ peaks were observed as

the doses increased. The main changes are related to the

appearance of additional absorption bands centered at about

300, 500, 600, and 800 nm in the sample. These wide bands

are formed by the superposition of the bands attributed to Pr

ion and the absorption band due to defects centers generated

by irradiation. In the previous works,2 absorption band at

about 300 and 800 nm due to the radiation induced color cen-

ters were also observed and it was shown that they are inde-

pendent of doping ion. These additional bands are directly

linked to the BaYF structure. The most probable defects in

fluorides are F-type centers F, F�, or FA centers, i.e., elec-

trons localized in anion vacancies, and modified Vk centers

formed by a pair of fluorine ions that traps a hole forming F�2

type molecule. All these defects are known to produce absorp-

tion bands in the 240–380 nm, 300–330 nm, 450–600 nm, and

790–830 nm regions in other fluoride matrixes.14,15

In Fig. 3, a typical RL emission spectra is shown with

the dependence of the intensity of the two main emission

peaks at 483 nm (3P1þ 1I6 ! 3H4) and 607 nm (1D2 ! 3H4)

as function of the dose deposited in the samples. The darken-

ing of Pr doped BaYF sample is observed after irradiation.

This behavior also is observed when the BaYF are doped

with the other rare earth dopant2,4 and these results are con-

sistent with the dependence of the OA with the irradiation

dose, indicating that the color change is related to the OA

bands induced by irradiation. This results can be explain for

trapping of the pairs electron-hole in intrinsic defects Frenkel

anionic and cationic, when free carrier are trapping during

irradiation on color centers, in this case, F and Vk centers.14

Fig. 4 shows the RL intensity and absorption bands

attributed to radiation damage in function of the absorbed

FIG. 1. XRD powder pattern of the single crystalline sample of BaYF:Pr3þ.

The peaks were identified to the BaY2F8
10 standard patterns.

FIG. 2. (a) OA spectra of Pr-doped BaYF single crystals samples irradiated

with different doses of X-rays. (b) Difference between the OA spectra of the

un-irradiated and the OA spectra of the sample irradiated with 1.848 Gy.

053521-2 Andrade et al. J. Appl. Phys. 116, 053521 (2014)
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dose, which is responsible for the color centers formation.

When the absorbed dose increase, the irradiation induces the

creation of defects in the lattice that could be related to the

F-type centers (F, F�, or FA centers) and modified Vk. From

Fig. 4, it can be seen that intensity of the absorption bands

centered at 483 nm and 607 nm increasing as a function with

the absorbed dose and, in the other hand, the RL intensity of

the at 483 nm and 607 nm transitions decreasing. In this case,

this behavior is attributed to the self-absorption, where the

RL emission is absolved to the sample, contributing to the

change of scintillation efficiency.

In order to investigate further the effect of the Pr3þ dop-

ing on the RL yield, TL was carried out aiming the identifi-

cation of charge traps. The TL glow curves of the pure and

Pr3þ doped BaYF single crystals were obtained after irradiat-

ing the samples with a dose of 0.0924 Gy of X-rays (see Fig.

5). In the pure single crystals, a main TL peaks at 123 �C
was observed, while for the Pr3þ doped BaYF, the TL pre-

sented two main peaks, at 105 �C and 184 �C. The results

indicated that the Pr3þ dopant has some effect on the distri-

bution of charge trapping states in the BaYF matrix. The

main peak at 123 �C for the pure sample is asymmetrical,

having a typical first order peak shape. The peak at 105 �C
for the doped sample looks symmetric indicating that either

the mechanism changed from fist order to second order,16 as

compared to pure BaYF sample, or this 105 �C TL peak is a

superposition of a lower temperature peak and the 123 �C
peak from the BaYF matrix. Since the presence of the defect

is able to stabilize new trapping centers, as indicated by the

presence of the 184 �C TL peak in the doped sample, it is

likely that the second option is what is happening, more

detailed studies are required for a better understanding.

Fig. 6 shows typical emission spectra of Pr doped BaYF

TL peak at 105 �C irradiated with 341 Gy of b radiation. It

has been observed that fluoride crystals doped with praseo-

dymium has the ability to absorb large amounts of beta radi-

ation, up to dose of 8 � 103 Gy.7,8 The emission spectra

showed in Fig. 6 are formed by quite sharp peaks character-

istic 4f–4f transitions from the 3P1 level of the Pr3þ ions.7,17

All main transitions were identified and they are as follows:
3P1þ 1I6 ! 3H4 (478 nm), 3P2 ! 3H5 (491 nm), 3P1þ 1I6

! 3H5 (520 nm), 1D2 ! 3H4 (607 nm), 3P2 ! 3F4 (640 nm),

and 1D2 ! 3H4 (681 nm). The results observed in Fig. 6

show that the TL emission center is the Pr3þ ions and during

the TL processes the recombination of the trapped charges

excite the Pr3þ ions, as noted by Kristianpoller et al.7 and

Voronova et al.8 in other fluoride materials.

Fig. 7 shows the scintillation decay time of the Pr doped

BaYF sample measured in single-bunch mode at the XAFS2

FIG. 3. Intensity of the emission peak at 483 nm and 607 nm as a function of

the X-ray absorbed dose.

FIG. 4. RL emission peak intensities and optical absorption intensities at

483 nm and 607 nm as a function of the X-ray absorbed dose.

FIG. 5. Thermoluminescence glow curves of powders of the pure single and

doped BaYF:Pr3þ single crystal irradiated with 0.0924 Gy of X-rays.

FIG. 6. Typical emission spectra of the 105 �C TL peak, showing the charac-

teristics transitions of Pr3þ.

053521-3 Andrade et al. J. Appl. Phys. 116, 053521 (2014)
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beamline of the Brazilian Synchrotron Light Laboratory

(LNLS) using excitation energy of 5247.0 eV, at the Ba LIII

absorption edge. The decay curve was fitted to a bimodal ex-

ponential decay model, according to the following equation:

IðtÞ ¼ Ið1Þ þ A1e�x=t1 þ A2e�x=t2 ; (1)

here I(t) represent the luminescence intensity at a time “t” af-

ter the X-ray pulse, I(1) represents the intensity of the lumi-

nescence that did not decay in the time interval between X-

ray pulses, A1 and A2 represent the relative intensities of

each component, and t1 and t2 are the characteristic decay

time of the two processes. The fitting results are shown in

Table I. Two constants time of decay were found, (13 6 2)

ns and (70 6 5) ns. The first value is very close to the time

resolution of our detection system (�10 ns) and it is prob-

ably related to the response time of the electronics associated

to the detection. The second time, however, can be associ-

ated to the relaxation of the Pr3þ ions from the 4f15d1

excited states back to the 4f2 ground states.18,19 This value is

very close to others values found in the literature for that

Pr3þ transitions and these transitions can be quite fast

because they are electric dipole allowed transitions.19

Fig. 7 also shows that part of the emission did not decay

in the interval between pulses. This slow component is char-

acterized by I(1) and it represents around 60% of the total

luminescent signal. This slow component can be connected

to two main sources. One of them is related to the typical

4f–4f transition time of all trivalent rare-earth ions that are

much greater than 311 ns, the time window between two

X-ray pulses, electric-dipole 4f–4f transitions of lanthanide

ions such as Pr3þ, Eu3þ, and Tb3þ, are parity forbidden and

hence slow (�0.01–1 ms).20 The other possible source for

the slow component could be related to the presence of

shallow traps that can trap the charge carriers generated dur-

ing the excitation pulse, delaying the recombination between

the electrons and holes. The energy released due to the

electron-hole pair recombination can excite the Pr3þ ions

directly to the 4f5d configuration giving rise to the series of

emission peaks due to the dopant ion.

The emission spectrum of Pr doped BaYF was also

recorded after stopping the X ray excitation and the results

were shown in Fig. 8. The emission peaks are similar to the

ones observed for the emission spectra of TL peak at 105 �C
(see Fig. 6). These results are evidence that trapped charges

are recombining and transferring the energy to the Pr3þ

ions.7,8,21 In Fig. 8, the intensities of the emission peaks

decreased because the number of trapped electrons and holes

also decreased as the time after ceasing irradiation.

The peaks observed in Figs. 6 and 8 that can be assigned

to the 4f–4f transitions of Pr3þ ions were listed in Table II.

The identification of the transitions were based on data from

the literature concerning the Pr3þ emission spectra in fluo-

rides host lattices.7,17,22

Based on all results discussed previously, it is possible

to propose a scintillation mechanism for the Pr doped BaYF.

The first step involves the relaxation of the initial electronic

excitation, where the absorption of a high-energy photon cre-

ates an inner shell hole and an energetic primary electron fol-

lowing by the thermalization of the hot electrons and holes

by intra band transitions and electron–phonon relaxation

bringing the electrons to the bottom of the conduction band

and the holes to the top of the valence band. At least two

FIG. 7. RL time decay of the Pr doped BaYF sample excited with 5247 eV

X-ray photon pulses.

TABLE I. Fit parameters for the RL time decay curve shown in Fig. 7.

Pr doped BaYF It(1) (%) Time (ns) Total (%)

1st process 60 �13 38

2nd process �70 2

FIG. 8. Phosphorescence emission after X ray irradiation.

TABLE II. Emission lines attribution in Pr3þ doped BaY2F8.

Lines Wavelength (nm) Transitions

a 482 3P1þ 1I6! 3H4

b 497 3P2! 3H5

c 526 3P1þ 1I6! 3H5

d 542 3P2! 3H6

e 556 3P2! 3H6

f 600 1D2! 3H4

g 607 1D2! 3H4

h 644 3P2! 3F4

i 722 1D2! 3H5

053521-4 Andrade et al. J. Appl. Phys. 116, 053521 (2014)
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possible routes can be followed after this first stage. The

electrons and holes recombine via intra-band transitions and

photons are produced (path 1). The other possibility is that

part of the electrons and holes can be trapped in trapping

centers in the forbidden gap. These trapped charges can stay

in these trapping centers for short or long periods depending

on the trap depth and the de-trapping probability constant.

The ones that stayed trapped for longer times will give rise

to the TL emission upon heating up of the sample (path 2)

and the ones that are released from the traps within shorter

intervals can give rise to the delayed luminescence (path 3),

also known as afterglow. In the next stage, the photons gen-

erated due to the recombination between the electrons and

holes, either directly via path 1 or path 2, can excite the lu-

minescence centers that relax back to their ground state by

emitting the characteristic luminescence.7,8,21 In the Pr

doped BaYF, these photons generated due to the electron-

hole recombination will have energies around at least 10 eV,

due to the large band gap of the fluorides.23,24 This energy is

enough to excite the Pr3þ ions from the 4f2 ground states to

the 5d14f1 excited states. And the excitation happens both

during the irradiation giving rise to the radioluminescence

light yield or during the TL emission and that is why both

emission spectra are very similar.

IV. CONCLUSIONS

In this paper, we have presented results of BaY2F8:Pr3þ

single crystal growth by the zone melting method. The opti-

cal absorption of the X-ray irradiated samples were moni-

tored as a function of the dose. In non-irradiated Pr doped

sample, two weak absorption bands are observed and attrib-

uted to the Prþ3 transitions from the 3H4 ground state to the
3P2;3P1þ 3P0, and 1D2 states. The exposure to prolonged X-

ray irradiation induces two additional absorption bands in

the sample. The radiation damage of Pr doped BaYF samples

was observed and it was found to be roughly independent on

the dopant ions. RL emission spectra showed the 3P1þ 1I6

! 3H4 (483 nm) and 1D2 ! 3H4 (607 nm) transitions as a

function with the absorbed dose and their intensities were

monitored. The results showed that the x-ray irradiation

induces the creation of the defects in the lattice. The TL

results indicated that two additional peaks (105 �C and

184 �C) in the doped samples can be ascribed to the presence

of either electron or hole traps (or both) in the energy gap of

the host. The RL life time was also measured using single

bunch mode of synchrotron radiation at the LNLS, and the

results revealed that the Pr doped BaYF has two decay time

constants, one of them, s1¼ (13 6 2) ns, is due to the time

response of the detection system and the other one,

s2¼ (70 6 5) ns, was attributed to the 4f15d1 ! 4f2 transi-

tions that are electric dipole allowed. The 105 �C TL spec-

trum emission showed the characteristic lines of the Pr3þ ion

and the last long phosphorescence can be due to the slow

electron-hole pair recombination after irradiation.
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