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Abstract

Open f-shell rare-earth ions doped into a solid state matrix often easily change their charge state via interactions with charge carriers
generated by ionizing radiation. This feature promotes a desired efficient radiative recombination of separated charge carriers at rare-earth
ion sites but it may also help to stabilize various radiation defects that destructively interfere with the scintillation. The well-known effect
responsible for scintillation light loss due to absorptions introduced by these so-called ‘radiation damage’ centers in akali halides has
been identified and studied for a long time. In this communication we concentrate on a different and much less-known and studied effect
in which radiation induced centers directly and actively participate in the scintillation process itself. We present and discuss some selected
recent results that illustrate the importance of competition between the prompt radiative recombination via rare-earth ions and generation
of radiation damage centers in barium fluoride crystals activated with Ce, Pr and Th. We demonstrate that results of such measurements as
radioluminescence spectra, VUV spectroscopy, low temperature thermoluminescence glow curves, isothermal decays, and scintillation
time profiles can be consistently explained in the frame of a simple model that includes one recombination center (RE ion) and a number
of charge traps. We find that the trap model of radiation damage centers such asV, centers describes reasonably well their participation in
the scintillation process that includes creation (equivalent to charge carrier trapping) and thermally activated decomposition (charge carrier
release). These effects are shown to account quantitatively for important characteristics of the scintillation process such as large variations
in the scintillation light yield with temperature and longer decay times in the scintillation time profiles that effectively lower the

scintillation light yield at ambient temperatures. [0 2000 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

Since in the process of radioluminescence and/or scin-
tillation the energy deposited in the host materia by
ionizing radiation must be extracted by recombination of
electron-hole pairs, deep traps have long been suspected to
reduce the scintillation light yield of any scintillator
material [1].

It has been recently suggested that also relatively
shallow traps may be responsible for the previously
unexplained large variations of the scintillation light yield
with temperature leading to lower scintillation light output
at ambient temperatures [2]. In particular measurements of
the thermoluminescence glow curve (TL) and the scintilla-
tion light yield against temperature (LY vs. T) on the two
Ce-activated scintillator materials, LUAIO, (LuAP) and
YAIO, (YAP), have been found very instructive [3]. The
results of these two experiments, interpreted in the frame

*Corresponding author. Tel.: +48-56-210-65; fax: +48-56-253-97.
E-mail address: andywojt@phys.uni.torum.pl (A.J. Wojtowicz)

of a simple one-recombination center and one-trap model
of first order kinetics, provide trap parameters that not only
reproduce reasonably well the TL and LY vs. T curves but
are aso consistent with the scintillation time profiles
measured at room temperature [4].

In a different approach the measurements of the low
temperature thermoluminescence (ItTL), isothermal decays
(ITD) and scintillation time profiles (STP), were used to
extract the parameters of shallow traps that actively
participate in the scintillation process in the Ce-activated
BaF, [5]. These results have been later augmented by the
VUV spectroscopy, spectrally resolved TL, and time
profile measurements under synchrotron excitation [6]. The
conclusion of that work was that, contrary to earlier
suggestions [7], the dominant light producing mechanism
in BaF,:Ce under ionizing excitation is due to the charge
carrier recombination at the Ce’"-sites and not to the
energy transfer from the self-trapped excitons.

It has also been demonstrated that radiative recombina-
tion via Ce*" ions in BaF, involves two different channels
[6]. The first one, responsible for the direct scintillation
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component with no rise time and decay of about 30 ns (the
ce®*’ radiative lifetime), involves recombination of elec-
trons and those Ce*" that have previously captured the
initially generated holes. The second channel is due to
recombination of mobile self-trapped holes and Ce*” ions
(and/or the so-called PC centers [8]), that have captured
the initially generated electrons. It is the thermally acti-
vated release of holes trapped at various sites (V,, H,V,,)
that introduces al the ‘trap-related’ features, resembling
those observed in LUAP—Ce and YAP—Ce, to the scintilla
tion process in BaF, [5,6]. Although some participation of
excitonic energy transfer mechanism can not be excluded
the final conclusion of this work was that the dominant
mechanism of light production in BaF, under ionizing
excitation must involve radiative recombination of charge
carriers, electrons and holes (mobileV, centers) at the ce’*
ion sites.

In this communication we report results of measure-
ments of radioluminescence spectra, VUV excited lumines-
cence spectra, luminescence excitation spectra and decays,
[tTL, ITD, STPand LY vs. T of BaF, activated with Ce, Pr
and Th. We will analyze and interpret these results in the
frame of the same recombination model that was earlier
applied to the Ce-activated BaF, [5,6].

2. Crystals and experimental procedures

The crystals of undoped BaF,, BaF,:Tb, BaF,:Pr,
BaF,:Ce were grown by Optovac (North Brookfield, MA,
USA) using the Bridgman method. The concentrations of
rare earths in the melt were 0.2 mol% for each of the
doped crystals. The individua samples were of high
optical quality, clear, displayed no color and no indication
of oxygen contamination, and were not subjected to any
chemical reducing procedure.

The steady state radioluminescence spectra were re-
corded at room temperature using a standard set-up
consisting of an X-ray tube operated continuously at 35 kV
and 25 mA, a monochromator (Acton Research
SpectraPro-500) and a photomultiplier (Hamamatsu
R928). The experiment was controlled by a PC compulter.
The spectra were not corrected for the spectral sensitivity
of the system.

The VUV experiments (luminescence and excitation
spectra, pulsed VUV-excited emission time profiles) were
conducted at the SUPERLUMI station of HASYLAB,
Hamburg, Germany. A detailed description of SUPER-
LUMI’s experimenta facilities was given by Zimmerer [9]
and is also available on-line [10].

The ItTL glow curves were measured using a closed-
cycle double compressor He cooler with a programmable
heater. Prior to TL runs the samples were irradiated for
about 20 h by an X-ray source (Am**') at 4 K. During TL
runs the heating rate was kept constant at 9 K/min. The
ITD experiments were performed using a different heating

cycle; the sample was irradiated a 4 K and then the
temperature was raised to some predetermined higher
value and held there for an appropriate time up to 3000 s
during which the intensity of emission released from the
sample was measured and recorded against time.

The scintillation time profiles were measured at selected
temperatures using a set-up based on a standard closed-
cycle He cooler with a sample chamber adapted to
accommodate a y-radioactive source (Ru'®). A standard
synchronous photon counting method was used to record
time profiles of y-excited emission pulses. The temperature
of the sample was controlled by a temperature controller in
the range of 20-350 K. The same set-up was used to
measure scintillation light yields against temperature. The
radioactive source used in this experiment was Cs™’. A
more detailed description of the light yield measurements
is given in Ref. [3].

3. Results and discussion
3.1. Radioluminescence

Unlike photoluminescence spectra that often correspond
to only one specific excitation channel selected by the
excitation light wavelength, radioluminescence spectra
usually reflect the dominant radiative decay mode of
elementary electronic excitations of the host material,
electron-hole pairs and/or excitons, generated by +vy- or
X-radiations.

The radioluminescence spectra shown in Fig. 1 show,
nevertheless, all kinds of emissions that are expected from
rare earth activated BaF, [8]. The undoped sample (Fig.
18 shows the two well known broad bands peaking at
about 300 and 220 nm that correspond to radiative decay
of self-trapped excitons (the STE band at 300 nm [11]),
and the so-called core-valence luminescence (the CVL
band at 220 nm) characteristic for the radiative recombina
tion of core holes and valence band electrons. The Ce-
doped sample (Fig. 1b) shows a well known double band
characteristic for the d—f transition at the Ce®” ion, but
there are also some Ce-absorption distorted remnants of
the STE emission band. This observation indicates that at
least part of the total energy deposited in the crystal by
ionizing radiation decays radiatively via STE decay. A
large overlap between the STE emission and Ce-absorption
bands seems also to suggest that radiative and non-radia
tive energy transfer from STE to Ce-ions is possible and
may play a role, as suggested earlier by Visser et a. [7].

The radioluminescence spectrum of BaF,:Pr (Fig. 1¢) is
clearly the most interesting one as it shows al of the
possible emissions. The spectrum displays a large and
rather undistorted STE band at 300 nm, there are present
the well known d—f emission bands between 220 and 290
nm, and, eventualy, there also is a set of f—f emission
lines in the range between 460 and 500 nm. Some
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Fig. 1. Radioluminescence spectra of BaF, (8), BaF,—Ce (b), BaF,—Pr
(¢) and BaF,—Tb (d) at room temperature. The samples were excited by
X-rays from the X-ray tube operated continuously at 35 kV and 25 mA.
Note the presence of the STE emission band at 300 nm. Both d—f and f—f
emissions are present under ionizing irradiation for al of the ions studied.
The spectra were not corrected for spectral sensitivity of the set-up.

contribution of the CVL band a 220 nm may aso be
present as the f—d absorption bands do not extend too
much beyond 220 nm. Clearly the STE emission and Pr
absorption bands do not overlap and the STE-Pr®* energy
transfer is not very likely to provide a dominant
radioluminescence mechanism in the Pr-activated BaF,.
The radioluminescence spectrum of the Tb-activated
BaF,, shown in Fig. 1d, shows a large contribution of f—f
emission lines, a weaker STE band and probably some of
the CVL band. The f—d absorption bands are, most likely,
positioned at the wavelengths not longer than, say, about
230 nm. It is very likely that the d—f emission bands are
guenched via non-radiative energy transfer to higher lying
f—f levels since the shortest wavelength f—f emission line
of Th®" is positioned at about 380 nm, instead of 470 nm
as in the BaF,:Pr. And again, there is no indication of any
significant overlap between the STE and Th>* f—f absorp-
tion bands that would point to the STE-Tb®" energy
transfer as the important mechanism of radioluminescence
in BaF,:Th. Let us note that the relative contribution of the
3+ ion emission in BaF,:Tb to the total steady state

radioluminescence is certainly higher than in BaF,:Pr
athough not as high as in the case of BaF,:Ce.

3.2. VUV spectroscopy

Although some initial results of synchrotron VUV
experiments have already been presented in Ref. [6] a full
account of this work reguires that additional experiments
must be performed. Consequently we limit our presenta
tion here to selected results obtained on BaF,:Ce.

The VUV excited luminescence and luminescence exci-
tation spectra covering UV and VUV spectral ranges of d—f
and f—d transitions of Ce®" ions in BaF,:Ce are shown in
Fig. 2. We note that under the VUV excitation the emission
spectrum shows almost exclusively the Ce®*" emission with
practically no contribution from the STE band. Neverthe-
less the emission time profiles for the two excitations, at
the wavelengths of 60 and 75 nm, shown in Fig. 3, are
very different, with the higher photon energy excited
profile showing much faster decay with the Ce®" radiative
lifetime of about 30 ns. The explanation of this effect was
proposed by Wojtowicz et al. [6]. They note that the 75 nm
excitation of lower photon energy falls below, while the 60
nm excitation of higher photon energy fals above the
threshold defined by the position of the relevant Ba’" core
level involved in the production of the CVL photons. Thus
part of the exciting photon energy at the 60 nm excitation
is used to produce a CVL photon and, consequently, the
electron-hole pairs produced are effectively less separated
than in the case of the less energetic 75 nm excitation. It
appears therefore that the ‘direct’ excitation, emulated by a
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Fig. 2. Luminescence and excitation spectra of BaF,:Ce at room tem-
perature. Different excitation and emission wavel engths were employed in
order to identify different excitation and radiative deexcitation channels.
Note that under the VUV excitation the emission spectra show almost no
STE contribution. The sdicylate standard was used to correct the
excitation spectra. The emission spectra were not corrected.



202 A.J. Wojtowicz et al. / Journal of Alloys and Compounds 300-301 (2000) 199-206

LI L R L AL A B L LR R
Photoluminescence time profiles

-

BaF,:0.2%Ce
§2] Aemi = 320 NmM
:CS 1000 - T=302K }“exc =75 nm .
o . ]
S
©
2
‘@B
c
i)
c
= 100 °
i3
1 I L " " " L I L 1
0 50 100 150
time, ns

Fig. 3. Photoluminescence time profiles of BaF,:Ce under 60 and 75 nm
excitations by synchrotron pulses at room temperature. Empty circles
represent experimental points while solid lines depict three- (75 nm) and
one-exponential (60 nm) fits. Note the large pile-up background in the
case of the 75 nm excitation and a much faster decay of the emission
excited by VUV light of 60 nhm wavelength.

60 nm VUV excitation involves, most likely, a prompt hole
trapping by the Ce®" ions followed by electron capture and
recombination. The ‘indirect’ slowly decaying component
emulated by the 75 nm excitation involves therefore well
separated electron-hole pairs that are more likely to be
trapped and detrapped before they find each other and
recombine.

The solid lines in Fig. 3 present multiexponential fits to
the experimental points. The summary of the fit parameters
for the 75 nm excitation is given in Table 1.

3.3, Low temperature thermoluminescence

The ItTL glow curves of undoped, Ce, Pr and Tb doped
BaF, crystals measured at a heating rate of 9 K/min are
shown by experimental points in Fig. 4. While the glow
curve of undoped crystal is dominated by a single well
developed peak at about 108 K al of the doped crysta
curves display additional peaks that are comparable in
intensity or even stronger at 135, 159, 170, 225 and 260 K

Table 1
Summary of the results of the time profile measurements and fits for
BaF,:Ce under pulsed VUV synchrotron excitation at 75 nm*

Temp. Yo A, Ty A, T2

(K) (n9 (n9)
240.3 0.566 0.418 315 0.104 3.26
258.6 0.365 0.278 32.0 0.308 496
280.6 0.546 0.079 32.6 0.325 109
302.0 0.611 0.095 33.1 0.293 64.2
315.7 0.570 0.067 335 0.428 41.6

“Decay times in ns and zero-time amplitudes in arbitrary units were
derived from the three-exponential fits (including the rise time term, not
shown) to the experimental points.
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Fig. 4. Thermoluminescence glow curves of BaF,, BaF,:Ce, BaF,:Pr and
BaF,:Tb following X-ray irradiation at 4 K. The heating rate was 9
K/min. Empty circles represent experimental points while solid lines
represent calculated curves with parameters derived from the ITD and
STP experiments. With exception of shifts to correct for the thermal lag,
there is no other adjustable parameter.

(BaF,:Ce), 130, 145, 198, 235 and 275 K (BaF,:Pr), 131,
160, 206, 261 and 305 K (BaF,:Th).

In general agreement with previous studies we note that
the peak at 108 K, present in both undoped and doped
crystals, is most likely due to thermally activated annealing
of the so-called V,-centers (self-trapped holes) while the
remaining peaks are most likely due to dissociation or
thermal annealing of other defects induced by rare-earth
doping [8,11]. In particular the peaks at 130-135 and
145-160 K, present in all of the doped samples, could be
due to defects involving interstitial fluorine ions F'~
(designated H) that compensate the additional charge of
the 3+ rare earth ion substituting for a 2+ cation (Ba’")
[8,11].

The solid lines plotted in Fig. 4 represent calculations
that were performed using the Randall and Wilkins for-
mula for first order kinetics [12]:

I('Dznosexp<—KET> exp —%Tf:exp <KET> dT

(1)
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where T is the sample temperature, n,, T, are the initia
filled trap concentration and the initial temperature, respec-
tively, s stands for the frequency factor, k; the Boltzman
constant, E the trap depth, and B the heating rate. The
procedure and experiments from which the trap parameters
s and E have been derived will be outlined below. The
conventional term ‘trap’ is used here for simplicity but we
are aware of the fact that reality (thermally activated
motion and subsequent decay of V, centers) is far more
complex.

34. Isothermal decays and scintillation time profiles

The isothermal decays (ITD) have been measured in the
range of temperatures covered by theV, glow peak for all
of the samples. Since the results obtained for the undoped
and Ce-doped samples have already been published [5] we
limit our presentation here to BaF,:Pr and BaF,:Th. In Fig.
5 by experimental points we present representative ITD
curves of the Tb doped samples. Two-exponentia fits to
the experimental points are depicted by solid lines. It
appears that the dominant decay constants shorten as the
temperature increases. The parameters of the fits obtained
for al of the measured ITD curves are summarized in
Tables 2 and 3.

In Fig. 6 we present by the experimental points the

22—
i Isothermal decays
10 ,. a) BaF,:Tb, 96.9 K, V| center
°X o experiment
3 2exp. fit
8 I 4
2 eH— 1
= 0 1000 2000 i
s M BaF; :Tb, 100 K, V center ]
— &R
® ks b) 1
Py 10 'g -
> 3 ° experiment ]
‘» ol _
S : 2 exp. fit 1
E sf
S L
7 [
o 0
A BaF, b , 108.1 K, Vj center ]
3 c) ]
10 ) _
F ° experiment
or 2 exp. fit ]
8 R N
7 (0 ] . L !
0 400 800 1200
time, s

Fig. 5. Representative ITD curves of BaF,:Tb measured in the vicinity of
the V, glow pesk at selected temperatures. Empty circles represent
experimental points and solid lines depict two-exponential fits.

Table 2
Summary of the results of ITD measurements and fits for BaF,:Pr at
temperatures in the vicinity of theV, glow peak®

Temp. Yo A, 1 A, 72
(K) C] C]
90.1 11 12 250.8 6.0 2464.7
95.0 17 113 57.8 23.6 544.9
100.0 0.2 1 126.1 0.3 410.0
104.0 0.2 2 184 33 713
105.0 11 76 14.1 20.5 63.15
106.1 0.2 5 26.4 0.4 81.8
108.1 13 80 13.9 21 123.8

“Decay times (s and zero-time amplitudes (arb. units) represent
parameters extracted from two-exponentia fits to the experimental points.

scintillation time profiles of BaF,:Pr at selected tempera-
tures to illustrate general trends. The solid lines represent
three exponential fits to the experimental points. The
parameters of the fits obtained for all of the measured time
profiles are summarized in Table 4. We observe that there
are two components that are temperature independent; the
fast component of about 0.9-1 ns (the CVL band at 220
nm) and the component of 18-20 ns (the Pr®" radiative
lifetime). The third component shows some thermally
induced variations in the temperature range of 250—300 K.

As dready mentioned there is no d—f emission from
Tb®" in BaF,. Therefore scintillation time profiles of
BaF,:Tb are too slow and could not be measured.

Since ITD curves are due to radiative recombination that
follows thermally activated release of self-trapped holes
their decay constants reflect the effective trap lifetimest at
the predetermined temperatures T described by the follow-
ing formula

—1 E
T=S ~exp E (2)
or, equivaently
I _E = 3
nr—kB-T ns 3

This last relation can be used to extract the trap parame-
ters, s and E, by plotting the natural log of the measured

Table 3
Summary of the results of ITD measurements and fits for BaF,:Tb at
temperatures in the vicinity of theV, glow peak®

Temp. Yo A, 71 A, 72

(K) C] C]
90.1 0.9 31 119.9 16 1090.3
95.0 0.8 2 93.0 36 667.2
96.9 0.9 8 36.6 15.1 346.7

100.0 11 33 123.3 38 344.2

104.0 1.0 25 22.3 14 68.7

108.1 21 53 21.1 0.6 195.8

“Decay times (5 and zero-time amplitudes (arb. units) represent
parameters extracted from two-exponential fits to the experimental points.
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Fig. 6. Representative scintillation time profiles of BaF,:Pr measured at
different temperatures under y-excitation. Note the fast (20 ns, d—f) and
the slow components in the profiles. The slow component decay time
depends upon temperature (see text).

decay time constants against the inverse temperature, T,
as shown in Fig. 7 by filled circles (BaF,:Pr) and triangles
(BaF,:Th). Although ITD curves are not truly single-
exponential as expected, there is, nevertheless, a dominant
component in each of the cases that was chosen as the

Table 4
Summary of the results and fits of scintillation time profile measurements
for BaF,:Pr at various temperatures®

Temp. Yo A, Ty A, T2 A, T3
(K) (ns) (ny) (ns)
310 6.38 681 092 79 23.6 26 189.7
290 4.26 271 093 28 20.6 10 154.8
270 2.26 222 098 25 224 8 330.5
250 0.20 167 093 17 22.3 6 688.0
220 2.39 138 0.91 16 18.5 2 186.4
200 2.03 103 094 11 20.5 2 72.5
180 0.87 64 0.91 6 21.4 1 188.1
160 0.62 45 0.88 5 18.2 1 202.8
140 0.33 14 0.98 1 318 04 146.8
120 0.30 9 1.04 0.9 22.1 0.2 189.1
100 0.03 5 1.34 0.5 23.9 0.3 1137.3
80 0.08 4 1.08 0.3 22.0 0.2 1195.9
60 0.07 3 1.05 0.3 21.8 0.07 12753

“Decay times (ns) and zero-time amplitudes (arb. units) represent
parameters extracted from three-exponentia fits to the measured profiles.
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Fig. 7. Trap lifetimes against the inverse temperature. Points in the
diagram were obtained from fits to decays measured in three different
experiments (isothermal decays, scintillation time profiles under y-, and
photoluminescence time profiles under synchrotron excitation) for three
different samples, BaF,:Pr (filled circles, ITD; filled diamonds, STP),
BaF,:Tb (filled triangles, ITD) and BaF,:Ce (empty diamonds, synchro
decays). The solid line depicts a straight line fit obtained for selected
points (filled circles, triangles and those filled and empty diamonds that
show temperature dependence).

appropriate one. Also included in the diagram shown in
Fig. 7 are the decay time constants found from fits to the
scintillation time profiles of BaF,:Pr (filled diamonds). By
empty diamonds we show the decay time constants found
from the fits to the synchrotron excited time profiles of
BaF,:Ce.

Note the three sets of points shown in Fig. 7 that
represent temperature independent time constants; they
reflect the radiative lifetimes of the d—f emissions from
ce’” and Pr’*, and of the CVL transition a 220 nm.
Interestingly, the remaining points fall on the straight line
and have been, therefore, included into the fit described by
the Eq. (3) and shown by a solid line. The fit yields the
following values of the parameters; E=0.272 &/, s=
4.49 X 10" s™*. There is some discrepancy between these
values and those obtained previously by Glodo et a. [5].
The possible explanation is that the assignment of the STP
and ITD points in their paper is not right. The correct
assignment would be to include the STP points of the a
trap and ITD points of the a trap to one set of points
corresponding to only one trap instead of two different
traps as they assumed.

3.5. intillation light yield against temperature

In Fig. 8 we show the results of scintillation light yield
measurements on BaF,:Pr against the temperature for a
shaping time of 0.5 ps. Each of the experimenta points
shown in this Fig. gives an integrated amount of scintilla-
tion light produced in one event in which one vy-photon
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Fig. 8. Scintillation light yield of BaF,:Pr against temperature for a
shaping time of 0.5 ps. Experimental points shown by filled circles reflect
the positions of photopeaks obtained under +y-excitation at various
temperatures. The solid line was calculated from a one trap model (see
text) with trap parameters obtained from the fit shown in Fig. 7. The only
parameters varied were the branching coefficients (the direct, a, is 0.4 and
trap related, b, is 0.6 of the total light yield).

was stopped. The solid line was calculated according to the
following formula discussed in Ref. [3]:

Trad

LY = LYO{aJr b

Tead — T

><[1+ Tr:d [exp(—z.ssT—jh)—l]]} (4)

where LY, is the LY (light yield) of the ‘trap-free
material, 7,4 is the radiative lifetime and 7 is, asin (2) and
(3), the trap lifetime. Note that except for the branching
coefficient a (equal to 0.4) and b (0.6) that describe
contributions from direct and trap mediated recombination
routes via the emitting center, there were no other parame-
ters varied to obtain a good fit. The agreement is reason-
ably good.

4. Conclusions

The three rare earth ions, Ce, Pr and Tb, doped into the
host of BaF,, are potentially interesting in applications
such as solid state radiation detectors or X-ray phosphors.
In the wavelength range of interest in those applications
these ions exhibit d—f (Ce*"), d—f and f—f (Pr*") and f—f
(Tb®") emissions under selective excitation by light of an
appropriate wavelength. Under the X-ray excitation al of
these emissions are present but there are also the STE and
CVL emissions that are characteristic of the undoped BaF,
host. These latter emissions represent competitive pro-
cesses that divert some of the energy deposited in the host
material by an ionizing radiation away from the rare earth
ion activators and should be minimized.

The winner among the three activator rare earth ions we
have studied in this work is clearly the Ce®" ion. Thision
supports two recombination channels, one of which in-
volves efficient hole trapping (creating Ce* ™) followed by
electron trapping and d—f emission (a direct component).
Let us note that, quite remarkably, the hole trapping by
Ce’" ions must compete successfully with the process of
self-trapping as the intensity of the STE emission is clearly
diminished upon Ce-doping. The second mode of recombi-
nation involves electron trapping by Ce®" ions (creating
Ce*" and/or PC centers involving Ce) and a subsequent
thermally activated process of V, release, diffusion and
recombination. This mode also contributes to the Ce®"d—f
emission athough the relevant scintillation component is
dower and temperature dependent.

The Pr®" doping does not prevent a large (and unde-
sired) contribution from the radiative decay of self-trapped
excitons. Despite that it seems that the Pr®"d—f emission
bands observed in the radioluminescence spectra of
BaF,:Pr are due to the first of the two recombination
channels identified in the previous case of Ce®*". The mere
presence of these bands as well as the presence of the fast
scintillation component decaying with the Pr®" radiative
lifetime of about 20 ns prove that not al of the holes
generated by an ionizing radiation self-trap. A significant
fraction of these holes is captured by the Pr’* ions. The
second mode is less likely to feed efficiently the higher
lying d-levels of the Pr’" ion as the energy released
through the recombination of the Pr’* and V, is strongly
reduced by the V, relaxation energy. This route will,
nevertheless, feed efficiently the lower lying f-levels that
are, therefore, contributing strongly to the radioluminesc-
ence and scintillation of BaF,:Pr in proportions much
higher than those defined by a cascade process involving
d- and f-levels of the Pr®" ion. We note that only the
second mode of recombination involves hole self-trapping
and detrapping. It must be, therefore, responsible for a
significant fraction of the scintillation light generated by
v-particles at room temperature and collected within atime
window defined by a shaping time of 0.5 ps.

Interestingly the Tb®" doped BaF, under X-irradiation
shows only little contribution of the STE emission despite
the fact that f—d absorptions do not appear to overlap the
STE emission band. Therefore the STE-Tb*" energy
transfer is not very likely and the only way in which the
energy deposited in the BaF, host by ionizing radiation
can be transferred to Th®" ions is by a hole and subsequent
electron trapping and recombination at the Th** sites. The
well known strong tendency of Th®" toward the stable 4+
charge state that would promote the first mode of recombi-
nation via Th>" is clearly consistent with the little contri-
bution from the STEs observed in the radioluminescence.
On the other hand the (much smaller) thermoluminescence
and ITD curves from the V, glow peak suggest that also
the second channel of recombination via Tb®" is active.
We conclude that although the Th*" ion in BaF, does not
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show fast d—f emissions and is not appropriate for fast
scintillation detector materials, the total steady state
radioluminescence output can be very high.

The general conclusion of this work is that recombina
tion of charge carriers (not necessarily band charge car-
riers) through the rare earth ion activators in BaF, is likely
to provide the basic light producing mechanism under
ionizing irradiation. The presence of intrinsic or extrinsic
defects generated (or activated) by ionizing irradiation is
likely to interfere with the scintillation process by diverting
part of the energy deposited in the host into slower
components. Therefore both the scintillation light yield and
scintillation time profiles are likely to be affected.
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