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Radiative recombination in BaF :Pr2
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Abstract

In this communication some preliminary results of studies on radiative recombination processes in praseodymium-doped barium
fluoride crystals are reported. Experimental techniques such as measurements of radioluminescence, thermoluminescence, VUV-excited

31photoluminescence spectra and photoluminescence time profiles at various temperatures are employed. The Pr ions can be excited
directly or via some kind of host-to-ion energy transfer. The thermoluminescence glow curve is separated into nine first-order peaks, to
which the corresponding radiation defects are assigned and activation energies are found. It is shown that one of these defect centers, i.e.,
the V center, influences the luminescence time profiles above 140 K in case of excitation involving the host-to-ion energy transfer.K
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Keywords: Radiation effects; Recombination; Trapping; Luminescence; Synchrotron radiation

1. Introduction interpreted in terms of thermally activated decomposition
of defect centers. These curves exhibit a number of peaks,

Barium fluoride is the fastest known inorganic scin- both these reported earlier in literature [12,13] and those
tillator, first introduced by Farukhi and Swinehart [1]. Its previously unknown [11,14,15]. All the defect centers have
very fast (,1 ns [2,3]), but relatively low-efficient scin- been found to play an important role in the scintillation
tillation at about 190 and 220 nm is due to so-called process: they are responsible for finite rise times and slow
core-to-valence (CV) luminescence [4], also referred to as components in the scintillation time profiles as well as for
cross-over (CO) or cross-luminescence [5]. Besides the a decreased light yield.
CV luminescence, under ionizing radiation BaF emits a On the contrary to Ce-doped BaF , Pr-doped BaF has2 2 2

much stronger broad band peaking at about 300 nm, received much less attention so far. This fact is hardly
originating in radiative decay of self-trapped excitons understandable, as some luminescence properties, particu-

31(STE). The presence of this slow (|1 ms [4]) emission is a larly the shorter radiative lifetime of Pr ions [16], favor
serious deficiency wherever a short decay time constant is BaF :Pr. Therefore we have decided to improve the2

required (e.g., in high energy physics), thus efforts are present state of knowledge on radiative recombination in
being made to replace it by doping the BaF host with a BaF :Pr by similar studies as in the case of BaF :Ce2 2 2

suitable rare earth ion characterized by fast and efficient [11,15]. In this communication we present some initial
luminescence of its own. results of this research.

Most of the attention has been focused on cerium-doped
barium fluoride, proposed as a substitution for pure BaF2

by Czirr and Catalano [6]. Extensive studies on recombina- 2. Materials and experiments
tion processes in BaF :Ce have been performed by Visser2

et al. [7,8]. The influence of charge trapping processes on The crystal of BaF :0.2% Pr was grown by Optovac Inc.2

the scintillation mechanism, first considered for the case of (North Brookfield, USA) using the Bridgman method. The
YAlO :Ce and LuAlO :Ce [9,10], has also been examined praseodymium concentration is that added to the melt (in3 3

for BaF :Ce [11]. Thermoluminescence glow curves below mole%). No contamination by oxygen was observed and2

and above room temperature have been measured and the samples were not subjected to any chemical reducing
procedure.

Radioluminescence was measured with a set-up consist-*Corresponding author. Tel.: 148-56-611-3319; fax: 148-56-622-
ing of an X-ray tube operated at 35 kV and 25 mA, a 0.5 m5397.
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Corporation) and a photomultiplier (R928 made by 3. Results and discussion
Hamamatsu). The spectral resolution was about 1 nm.

Synchrotron radiation excited spectra, thermolumines- An X-ray excited luminescence spectrum of BaF :Pr is2
31cence (TL) and time profiles were recorded at the SUPER- shown in Fig. 1. The spectrum consists of strong Pr d–f

2LUMI station, which is an experimental setup at the high (i.e., 4f 5d–4f ) lines between 222 and 280 nm, imposed
intensity beamline I of HASYLAB, Hamburg, Germany. on the CV (|220 nm, hardly resolvable) and excitonic

31The sample was mounted in a helium-flow cryostat. Before (|250–450 nm) luminescence bands. In addition, Pr f–f
being focused on the crystal, the synchrotron light went emission occurs above 450 nm. As the d–f lines are higher
through a 2 m excitation monochromator of vertical in energy than the STE band, an energy transfer from the

31McPherson mounting. For luminescence analysis a 0.5 m excitons to the Pr ions, known from BaF :Ce [7,8], is2

BM50 Czerny-Turner monochromator with a Hamamatsu rather excluded and thus the d–f luminescence must be
R2059 photomultiplier was used. The spectral resolution excited by consecutive capture and recombination of
was 0.4 and 6.4 nm in the excitation and luminescence charge carriers generated by ionizing radiation. To assign
channels, respectively. Sodium salicylate was used to the d–f and f–f lines to transitions between definite

31 2examine the wavelength dependence of the synchrotron electronic states, we took the energies of the Pr 4f
radiation intensity. The correction curve obtained in this multiplets from the paper of Hargreaves [18] and assumed
way was used to correct the excitation spectra. after Loh [19] that the lowest 4f 5d state is located 45 600

21 2Prior to the TL-run the sample was irradiated for 30 min cm above the lowest 4f one. Although the data in Refs.
with white synchrotron light (the excitation mono- [18,19] concern CaF :Pr, the calculated emission wave-2

chromator was set to the 0th order) at liquid helium lengths agree well with the experimental ones (see Table 1
temperature. Subsequently the helium flow was closed and for details).
the temperature inside the cryostat began to increase. An Representative excitation spectra of the aforementioned
approximately constant heating rate of 0.044 K/s was emissions are presented in Fig. 2. The peaks at 129 and
achieved using a heater connected with a temperature 144 nm (upper and middle window) are characteristic of
controller (T3000 by TRI Research). The TL signal was the STE luminescence (a corresponding spectrum of
detected by a channel plate (IPDM18 by ITL/Photek) in undoped BaF is almost identical). Some kinks (e.g., at2

the spectral range between 230 and 330 nm and then 125 nm) may be artificial, reproducing the reflection
integrated. properties of BaF crystals reported by Rubloff [20]. The2

A more detailed description of the SUPERLUMI station next two bands at 155–175 and 190–220 nm (middle
was given by Zimmerer in Ref. [17]. window) are associated with the direct f–d excitation of

Fig. 1. The X-ray excited emission spectrum of BaF :Pr.2
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31Table 1 the Pr ions. Interestingly, the prominent peak in the
The maxima of the luminescence lines and bands in Pr-doped CaF and2 excitation spectra of the f–f emission (lower window) liesaBaF between 200 and 550 nm2 higher in energy than the f–d excitation bands. Similar
Electronic states Emission wavelength (nm) peaks were observed by Yang and DeLuca [21] in case of

31 31 31
Initial Final Calculated (CaF ) Experimental (BaF ) the Nd , Er , and Tm ions in trifluorides. Following2 2

2 3 their explanation we expect an efficient energy transferLowest 4f 5d 4f H 221 2224 312 3 from the host to the Pr ions, accompanied by a largeLowest 4f 5d 4f H 231 2315
2 3Lowest 4f 5d 4f H 244 249 energy loss not allowing the 4f 5d levels to be excited. This6
2 3Lowest 4f 5d 4f F 248 2492 energy loss can be due to the lattice relaxation via
2 3Lowest 4f 5d 4f F 256 2593 formation of self-trapped hole centers, known as the V2 3 KLowest 4f 5d 4f F 260 2594
2 1 centers. Above 230 nm all the excitation spectra reveal noLowest 4f 5d 4f G 283 2804
2 1 important features. Although the band at 290 nm couldLowest 4f 5d 4f D 350 350*2
2 3Lowest 4f 5d 4f P 397 – suggest an unintended cerium impurity, it is more probably0
2 3Lowest 4f 5d 4f P 407 407*1 caused by the 2nd order of the grating of the emission
2 1Lowest 4f 5d 4f I 412 407*6 monochromator.2 3Lowest 4f 5d 4f P 430 438*2

2 3 2 3 Fig. 3 shows emission spectra taken under selective4f P 4f H 451 –2 4
2 1 2 3 synchrotron radiation excitation (note lower resolution than4f I 4f H 473 4726 4
2 3 2 34f P 4f H 480 480 in radioluminescence measurements). In agreement with1 4
2 3 2 34f P 4f H 494 4900 4 expectations, the STE band dominates at 120 nm, the
2 3 2 34f P 4f H 499 – 31 312 5 Pr d–f luminescence at 200 nm, and the Pr f–f2 1 2 34f I 4f H 526 5226 5
2 3 2 3 luminescence at 135 nm excitation. Besides the emissions4f P 4f H 534 –1 5

observed in radioluminescence, some bands that are unre-a Wavelengths marked by asterisks are taken from the synchrotron
solvable therein occur at 350, 407, and 438 nm. They areradiation excited spectra of much lower resolution than that of the 31associated with the Pr d–f transitions, what is confirmedradioluminescence spectrum; the undetected ultraviolet f–f transitions

2 1from the highest 4f state S are omitted.0

Fig. 2. The excitation spectra of selected emissions in BaF :Pr. Fig. 3. The synchrotron radiation excited emission spectra of BaF :Pr.2 2
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Fig. 4. The glow curve of BaF :Pr measured at a heating rate of 0.044 K/s.2

both by excitation spectra (middle window of Fig. 2) and regardless of the rare-earth doping, there are remarkable
calculations (Table 1). differences among those reported in the literature

A glow curve of BaF :Pr is presented in Fig. 4. In spite [12,13,15,24]. Only the first peak always occurs at about2

of its composite structure, characteristic asymmetry of the 100 K and is generally accepted to be related to the VK

major peaks is visible. This fact suggests that the simple centers. Comparing the peak positions and corresponding
TL model of Randall and Wilkins [22] may be used to parameters (Table 2) with the data of Wojtowicz et al.
analyze the data. Indeed, we achieved satisfactory results [15], we assign the peaks Nos. 2, 4, 5, and 6 of our curve
in separating the curve into nine first-order peaks (Fig. 4). to the H9, H, V , and V centers, respectively. TheKA9 KA

This was done by fitting the following expression (based nature of other centers, which we denote as H0, U , U ,1 2

on the Randall–Wilkins formula) to experimental points: and U , is not known, however, they may be associated3
31with Pr ions.9 Ei In the same temperature range as thermoluminescence]]I(T ) 5O n s exp 2S D0i k TBi51 (50–350 K), time profiles of the emission detected at 259

T nm were recorded. Three excitation wavelengths were
Es i selected: 65, 135, and 163 nm. In case of the direct f–d] ]]3 exp 2 E exp 2 dT 9 (1)S D 31b k T 91 2B excitation of the Pr ions (163 nm) single-exponential

T0
decays with decay time constants of about 22 ns, slightly

(I denotes the TL intensity; T, the temperature; b, the dependent on temperature, were observed, while the set-up
heating rate; n , the initial concentration of defect centers; Table 20

aDefect centers detected in thermoluminescence of BaF :PrE, the activation energy; s, the frequency factor; and k , 2B

the Boltzmann constant). Preliminary input values of n Peak T (K) n (arb. units) E (eV) Defect0i max 0

and E for the fitting procedure were chosen by trial and numberi

5error, while the frequency factor was fixed at s54.233 1 100 9.36310 0.268 VK11 510 s (ln s526.77) after Wojtowicz et al. [15]. The 2 127 7.94310 0.342 H9
53 140 1.43310 0.379 H0results, summarized in Table 2, are rather not affected by a
54 153 1.10310 0.414 Hnon-ideal heat transfer, as the heating rate we used (0.044
65 201 2.60310 0.550 VKA9K/s) is low enough to neglect such an effect. The presence 66 230 1.21310 0.631 VKA
6of a number of peaks in glow curves of undoped and 7 258 3.17310 0.712 U1
6rare-earth doped alkaline-earth fluorides irradiated at low 8 274 2.94310 0.756 U2
69 305 1.41310 0.844 Utemperature was attributed to thermal activation of motion 3

aof radiation-induced defect centers by Merz and Pershan T 5Temperature at peak maximum; n 5initial concentration ofmax 0

[23]. Although one could expect quite similar curves centers; E5activation energy.
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response time was reflected in rise times of about 1 ns. At
65 nm excitation the decay times were even shorter, close
to 20.1 ns reported by Pedrini et al. [16]. The prompt
emission at core excitation (65 nm) can be explained by
the same process that was postulated by Wojtowicz et al.
[15,25] for a similar situation in BaF :Ce. The 65 nm2

photons excite the crystal, creating core holes and conduc-
tion band electrons of energy too low to separate. This is
followed by the CV luminescence leaving behind valence

31band holes, which may be captured by the Pr ions. The
41resultant Pr ions attract conduction band electrons and

radiative recombination takes place, producing the fast
31Pr d–f luminescence independently of temperature. We

remind here that we suggest the same consecutive capture
31mechanism as responsible for the efficient Pr d–f emis-

sion in radioluminescence.
The most complex profiles, however, were observed at

135 nm excitation (Fig. 5). From 50 to 140 K they
resemble those excited at 163 nm, while above 140 K the
decay time constants are longer (up to 40 ns). Moreover,
above 240 K the rise times are also prolonged (see points
in Fig. 6). As shown in Fig. 3. (lower window), the 135

31nm excitation gives rise mainly to the Pr f–f lumines-
31cence, but trace amounts of the STE and Pr d–f lumines-

cences remain. The decay time constants of the STE and
31Pr f–f emissions are longer than the synchrotron repeti-

tion rate (192 ns), hence they rather contribute only to the
Fig. 6. Decay and rise time constants of the luminescence excited at 135background and the decay time of 22 ns dominates until an
nm and detected at 259 nm as a function of temperature.extra component appears above 140 K. We associate this

component with the host-to-ion energy transfer and the
lattice relaxation via formation of the V centers (discussed function of the temperature T, the activation energy E, andK

earlier). Therefore we expect these centers to introduce the frequency factor s, in accordance with the classic
their own lifetime to the profiles. Such a lifetime, t, is a Arrhenius formula:

Fig. 5. Representative luminescence time profiles excited at 135 nm and detected at 259 nm at various temperatures.
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