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AbstrscL The luminescence decay of BaF2 doped with lanthanum was studied. The 
decay show contributions from cross-lumin-nce (CL) and selt-trapped exciton (m) 
luminescence. The m luminmence is quenched in the doped crystals, and shows WO 
non-exponential decay components. Models yielding gwd 61s to the decay data are 
discussed, as well as the physical relevance of the fitting parameters found. 

1. Introduction 

BaF, is known as the fastest solid state scintillator for gamma ray detection purposes. 
This is due to the well known cross-luminescence (CL) bands at 195 nm and 220 nm 
[l-51. Besides the fast luminescence, BaF, shows a much slower luminescence from 
self-trapped excitons (STFS) having a decay time of 620 ns [2]. This is undesirable for 
fast scintillation techniques. The slow luminescence component can be reduced by 
lanthanum doping [6] ,  but the mechanism of this quenching has not been studied in 
detail. In order to elucidate this mechanism and gain insight into the kinetics of the 
STE luminescence we undertook the present study. 

In this paper, we interpret the kinetics of the sm luminescence in terms of the 
following processes. After absorption in a BaF, crystal of a 662 keV gamma quantum 
from a 137Cs source, within picoseconds a cloud of hot free electrons and holes is 
created. These hot charge carriers can diffuse during a short time and then become 
trapped. Several experiments described in [7] showed that the self-aapping time is 
less than some tens of picoseconds in the alkali halides. In BaF, an analogous value 
may be expected. 

A hole can be self-trapped at two neighbouring fluorine ions, forming an F; 
centre along one of the basis vectors of the unit cell. This configuration is usually 
called a V, centre. Self-trapping of electrons is less likely because the conduction 
band is much broader than the valence band and the bond strength of Ba:+ is less 
than that of F; [7]. However, an electron can be captured at an electron trapping 
centre, e.g. at a fluorine vacancy (F-centre), or at a self-trapped hole. In the latter 
case an sm is formed. Remaining V, centres can diffuse through the lattice and find 
trapped electrons. On encounter, the electron and the hole may form an m. 

Thus, fast (‘prompt’) STE formation may be expected during the thermalization 
of electrons and holes, but also formation after an appreciable time when the charge 
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carriers have been (self-) trapped. The STE luminescence might decay exponentially. 
However, if there are Centres in the crystal that can ‘absorb’ the STE before it bas 
the opportunity to decay by itself, non-exponentially decaying quenched luminescence 
can result. 

2. Experimental procedures 

We have measured the luminescence decay of five crystals of BaF, doped with LaF, 
at concentrations from 0 up to 6 mol%. The crystals had a cylindrical shape, the 
0% crystal being 30 mm in diameter and the other crystals 8 to 10 mm in diameter. 
The 0% crystal was obtained from Quartz & Slice Holland. It was polished all 
over. The other crystals were grown in helium atmosphere by means of the Bridgman 
technique. They were cut perpendicular to the symmetry axis and polished at the top 
and bottom faces. The optical absorption of the samples was measured using a Hitachi 
U3200 spectrophotometer or a combination of an ARC VM-502 monochromator and 
a deuterium or tungsten lamp. 

The luminescence decay measurements were based on the single-photon counting 
technique described by Bollinger and Thomas [SI. Thc crystal luminescence was 
excited by 662 keV gamma rays from a I3’Cs source. The start and stop signals were 
measured by two Philips XP2020Q photomultiplier tubes An adjustable slit or, in the 
case of wavelength dependent measurements, a monochromator (Jobin Yvon H.10 
U.V. with a 1200 grooves mm-’ grating) was mounted between the crystal and the 
stop photomultiplier. If the monochromator was used, a wavelength resolution of 
16 nm Cull width at half maximum (FWHM) was chosen. Data obtained at different 
time scales of the measuring electronics were linked together. The time resolution 
of the measurements is about 0.5 ns (FwHM). For calibration of the luminescence 
intensity, additional pulse height measurements were performed [9]. Simulation of 
the pulse height measurements using the shape of the luminescence decay yielded 
the absolute intensity of the luminescence in terms of the number of photons emitted 
from the crystal per unit time and per MeV of absorbed excitation energy. All 
measurements were performed at room temperature. 

3. Results 

We performed absorption measuremenn in order to get an idea of the possible 
STE luminescence quenching Centres present in the BaF,:L.a crystals. This will be 
described in subsection 3.1. In subsection 3.2 we will present the observed decay of 
the luminescence and isolate the contributions to the luminescence from CL and STE 
luminescence. 

3.1. Absorption dala 

Figure 1 shows the absorption of a 1.3 mol% doped sample. T is the optical 
transmission. The maximal value was T,, = 0.92, and not 1. This is mainly 
due to Fresnel reflections at the crystal surface. The absorption measuremen6 were 
performed directly after growth and also at the time we did the decay measurements 
reported in this paper. In the figure, one observes a structureless absorption 
component increasing for shorter wavelengths. Within error, this was the same for all 
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samples, irrespective of their lanthanum concentration and thickness. It is attributed 
to (wavelength-dependent) Fresnel reflection and/or surface impurities. The 15 nm 
broad absorption band at 290 nm in curve a is attributed to a concentration of 
1 x m-3 of cerium. The origin of the 70 nm broad band near the same wavelength 
in curve b is not clear, but it could be related to x-ray induced radiation damage. The 
absorption spectra of other samples were comparable to those in figure 1. Roughly, 
in the wavelength region shown, the absorption coefficients of the 0%, 0.2%, OS%, 
1.3% and 6% doped samples are proportional to 1.0, 2.0, 1.7, 2.5, and 3.6 respectiveiy. 

T -In- 
T, 

BaF2:La(l.J%) 1 EaF,:I*(6%) 1 
10-1 

-1.' 
T, 

10-2 
ZW 250 XU 350 4W 450 5W 550 600 

wavelength (nm) 

Flgum 1. Optical absorption -In(T/T-) of Flgurc 2. -In(T/T.,) for the 5.1 mm thick 
3.24 mm thick BaF2 doped with 1.3 mol% BaF~: la(6  mal%) sample (a) before and (b) afler 
of lanthanum. (a) Directly after g m h  and x-irradiation. 
polishing; (b) a1 the time the liminescence decay 
measurements were performed. 

After x-irradiation, the lanthanum doped crystals were coloured light pink. The 
coloration extended down to about 0.6 mm below the surface of the crystal, which is 
due to the limited penetration depth of the x-rays. The coloration was not observed 
in the undoped crystal and it increased with lanthanum doping. For the 6 mol% 
doped BaF2 crystal we measured the absorption spectrum after 1100 seconds of 
irradiation of the crystal surface using an x-ray tube with copper anode operated at 
35 kV From the geomeny used, the surface irradiation dose was estimated to be 
6 x 10'5.LHu.3 MeV m-,. The absorption spectrum measured 30 minutes after the 
irradiation is shown in figure 2, together with the absorption before irradiation. It 
is seen that the irradiation has given rise to a broad absorption band centred near 
500 nm. In BaF, doped with 0.01 wt% of trivalent rare earth impurities (except for 
Sm and Eu) a similar band was obsewed by Vakhidov et al [lo] at 77 K after gamma 
irradiation. 

If the crystals were kept in the dark, the absorption band discussed above lasted a 
few days at room temperature. Illuminating the crystals with a tungsten lamp (distance 
2 cm) operated at 22 W input power, which emits light with wavelengths larger than 
250 nm, caused bleaching of the band within one minute. All luminescence decay 
measurements described below were performed with uncoloured crystals. 

3.2. The decay of the STE luminescence 

The decay of the luminescence of the BaF,:La samples is shown in figure 3. The 
unit 'phe/(MeV ns)' denotes the number of photoelectrons from the photomultiplier 
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photocathode detected during the pulse-height measurements 191, per MeV of 
absorbed gamma ray energy and per ns of luminescence time. 'Ib convert this 
to the number of photons emitted from the crystal per MeV IIS, one can use 
the relation 1 phe = (6 f 1) photons. The luminescence decay was measured 
without wavelength discrimination and with air between the sample and the stop 
photomultiplier. Thus, figure 3 shows the luminescence decay, integrated over the 
wavelength interval from 180 nm (the absorption edge of air) to about 600 nm 
(the cut-off of the photomultiplier). The data are not corrected for the wavelength 
dependence of the detection efficiency of the photomultiplier. The replica of the 
luminescence near t = 0, which is seen at 15 ns, is an artefact which is due to the 
electronics. 

Some main features are evident in figure 3. At short times the luminescence is 
dominated by an exponential decay with a decay time of somewhat less than one 
nanosecond. This is the well known fast CL decay component of BaF, 11-51, At 
intermediate times, up to about 3 ps, an exponential-like decay is observed, due to  
the STE luminescence. At long times, we observe a power-law-like decay, which to our 
knowledge has not been reported so far for BaF,. The intermediate and long-time 
behaviour are separated by a 'kink' in the curves near 3 ps, which is most pronounced 
in the more heavily doped samples. 

1 0' 

1 0' 

10-1 

:-i-113 
BaF2 La(0 2%) 

200 250 300 350 400 
wavelength (nm) 

time (m) 

Figure 3. Luminescence decay of lhe 5 10 Figure 4. Ihe luminescence inlensity (photon 
7 mm thick BaF2:I.a samples. measured wavelength oulpul per unit wavelength) of BaFt:La(O.Z mol%) 
independently. The  peak replica a1 15 ns belonging in the time intervals (a) (0.7 ps, 1.7 ps), (b) (4 ps, 
to the main peak a t  t = 0 is an artefact. 7 ps), and (c) (7 ps, 13 ps) after absorption of a 

'"Cs gamma photon, as a function of the emission 
wavelength. For points without crmr bar, the ermr 
is of the order of the point size. Ihe cuwes are 
on the same vertical scale. The lime-averaged x-ray 
induced luminescence is also shown and displaced 
vertically. Comctions have been made for the 
wavelength dependence of the detection efficiency. 
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In order to determine the origin of the power-law-like decay component, the 
luminescence intensity integrated over several time intervals in the microsecond range 
after absorption of a ‘’’0 gamma quantum was measured as a function of wavelength. 
The time intervals chosen are (0.7 psJ.7 ps), (4 ps, 7 ps), and (7 ps, 13 ps). Beyond 
13 ps the signal disappeared in the (statistical) noise. Results of these measurements 
are shown in figure 4 for the 0.2 mol% doped sample. Also shown is the x-ray-excited 
emission spectrum, time integrated, showing the well known STE band at 300 nm and 
the CL bands peaking at 195 nm and 220 nm. It is seen that within error the spectral 
shape of the luminescence at the three time intervals follows the STE band. For the 
(0.7 ps, 1.7 ps) interval this is mainly due to the intermediate time component of 
figure 3. Instead, for the other two time intervals this component is negligible and the 
long-time component is predominant. Thus, figure 4 suggests that both components 
are due to SE decay. 

At times shorter than 7 ns, and also in the replica region near 15 ns, the sub- 
nanosecond CL obscures the behaviour of the STE luminescence. In order to  isolate 
the SE luminescence from the CL, the latter had to be suppressed. This was done 
by recording the luminescence decay at 365 nm. An example of the measured decay 
is shown in figure 5 Cor the 6% doped sample. The ordinate shows the number of 
registered events per ps of measurement time range, per second of measuring time. 
For correction purposes we also measured the luminescence decay under identical 
experimental conditions but without a crystal. Thii resulted in a curve also shown in 
figure 5, which is due to Cherenkov light caused by fast gamma-excited free electrons 
h the glass and the fused silica of the start photomultiplier. The figure shows that 
the Cherenkov light does not seriously affect the recorded data. 

The luminescence decay shown in figure 5 shows that at 365 nm some CL is 
present. Therefore, we also recorded the luminescence decay at 220 nm, which is 
entirely due to CL In all samples, within experimental error this CL decay curve was 
a simple exponential with a l/e decay time of 0.86 f 0.04 ns, consistent with earlier 
observations [5,6]. We multiplied this CL decay curve with a factor and subtracted 
it from the luminescence decay observed at 365 nm. The multiplication factor was 
chosen such that the remaining curve was smooth. This decay curve is denoted 
‘corrected‘ in figure 5. 

Results similar to those of figure 5 are obtained for the other crystals. The 
multiplication factors of the 220 nm luminescence, necessary to obtain a smooth 
curve, turned out to be the same Cor all samples and equal to  (6 + 3) x At 
300 nm the CL component was about a factor 3 higher than at 365 nm. Apart from 
this more intense CL, the luminescence decay shape at 300 nm showed no difference 
from that at 365 nm, which Kubota et a1 also found for pure BaF, [SI. Thii means 
that the ‘corrected’ decay at 365 nm has the same shape as the wavelength-integrated 
sTE luminescence decay. Fitting the smooth ‘corrected‘ cumes like that of figure 5 to 
the curves of figure 3 thus yielded the decay of the STE luminescence. This is shown 
in figure 6. 

4. Interpretation of the data 

In the introduction, we noted that sTES can be formed at different times after the 
absorption of a gamma quantum. Also an STE, when formed, can decay radiatively, 
but non-radiatively as well. In the latter case, quenching centres may be involved. 
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time (a.) 

Figure 5. Luminescence decay of the BaF& Figure 6. The decay of srE luminescence from 
(6 mol%) sample, measured at wavelengths X = BaF2:La samples. Thc d r a w  c u m  a n  Bts to Ihe 
220 nm (multiplied by a scaling factor) and X = data according 10 lable 1 and lable 3. 
365 nm. The contlibulion of Cherenkw lighl is 
shown, as well as the difference between the 220 nm 
and 365 nm CUNS ('corrected'). 

Therefore, we write the SE luminescence decay as: 

(1) 
1 

s r  
L ( t )  = I ( t )  t - exp[-t/s - N ( t ) ]  

L ( t )  is the rate at which STE luminescence photons are emitted after the absorption 
of a gamma quantum at time t = 0. I(t) is the rate at which STES are formed, 
l/r, is the radiative STE decay rate, and s is the l/e decay time of the STE in pure 
BaF,. We have l/s = l/r, + l/rar, where l/rnr is the rate at which the isolated 
STE decays non-radiatively, due to internal thermal quenching. H ( t )  is a function 
describing non-radiative decay of the STE due to other centra in the crystal. The 
symbol * denotes the convolution defined by 

First we focus on the fist convolution factor in equation (l), i.e. [(t). The 
creation of STFS may be very fast, from hot electrons and holes. It may also be 
slower, if electrons and holes are (self-) trapped before forming an sm. For the latter 
process, we used the theory of R i t e  Ill]. According to this theory, the concentration 
of electrons and holes is given by 

dnh /d t  = -4?rrmlG(1 + r m l / a )  ni. (3 ) 
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Here we put the concentration of electrons equal to the concentration n,(t) of holes. 
As soon as a hole and an electron approach each other to within the minimal distance 
rml, they react and form an SE. The subscript '1' is added to distinguish the quantity 
from rmZ, which will be introduced later. D = D, + D, is the sum of the electron 
and hole diffusion constant% From the above, we arrive at the following expression 
for the STE creation rate I ( t ) :  

The first term represents the instantaneous formation of the number " ( 0 )  of s m  
at time 1 = 0. This accounts for the fast recombination of hot electrons and holes 
within the first picoseconds. The second term represents SE formation at later times, 
and equals -(d/dt)N,(t). Here A',(?) = Sd'rn,(r , i) ,  i.e. the total number of 
holes in the crystal. nh(t) is the average of n h ( r , t )  over the positions r within the 
volume that is excited by the gamma ray. 

The sTE 
luminescence in pure BaF2 can be enhanced by a factor 2.2 f 0.2 by lowering 
the temperature from 294 K to 200 K or lower [12]. This suggests that a t  room 
temperature, ' T ~  = (2.2 f 0.2) T .  Further, we put H(t) a t 0  for the moment. This 
proved to be a reasonable fitting function. 

In figure 6 we show fits to the experimental data, using the formalism described 
above. The contributions from the two terms in I ( t )  in equation (4) are shown 
separately. For the pure BaF, sample, a good fit to the decay is obtained for 
H(t) = 0. Using the same value 
of 'T for the lanthanum doped samples, good fits are obtained if 0 cs and 
the parameter Q is chosen optimally for each lanthanum concentration. This 
determines the exponent in equation (I), leaving I (~ ) /T ,  to be fitted. The 
parameters determining this function are clear from equation (4). They are 
N=(O)/T~, I V ~ ( O ) / ' T ~ ,  4mmIDnh(0), and r , , / m .  N m ( 0 ) / ~ ,  equals the STE 
photon emission rate at t = 0, due to the instantaneous electron-hole recombination 
process. The values found for this parameter will be discussed later. The other 
three parameters all relate to SE formation due to the slow (trapped) electrowhole 
recombination. The values found for these parameters are shown in table 1 as a 
function of lanthanum concentration. 

Now we turn to the second convolution factor in equation (1). 

From fitting, we obtain 'T = 630 i 50 ns. 

Table 1. Filling parameters determining the long time component of I ( t )  in BaF2:Ls. 
'he  parameter ..,/a was fwnd to be less than 2 x lo-' s'/* for all La 
concentrations. 

la conc. 4arm1Dnb(0) Nb(0) / rr  
(mol%) (s-') (phe MeV-' ns-') 

0.0 7 x 105~0f0~* 0.55f0.15 
0.2 6 x l@.o*o.' 0.60* 0.15 
0.5 3 x 1@.O*O.2 0.40f0.10 
1.3 3 ,05.0*0.2 0.30+=0.07 
6.0 3 1@.0*0.2 0.18 += 0.03 
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Below we will discuss the parameters in table 1. We assume that rml, D, and T, 

are independent of the lanthanum concentration Then the parameters 4nrmlDnh(0) 
and N,(O)/T, both say something about the concentration nb(0) of holes and 
electrons. Indeed, the parameters are roughly proponional to each other, as shown 
in the table. Formally, n,(O) is the concentration at time t = 0, but it may be the 
concentration at time 1 - 1 MS as well, because in the experiment the second term 
on the right-hand side of e uation (4) is only observed well for times t > 1 ps. 

sl/*. If we assume 
rml =2 & which seems reasonable due to the localized character of the wavefunctions 
of the trapped holes and electrons, this means that D > 3 x lo-'' mz s-l. Beaumont 
ef a1 [I31 have found that the 90° jump frequency of the self-trapped hole in BaF, is 
v = (3.2 x 1Ol2 s-I)exp(-{0.30-+ 0.02 eV)/k,T). The self-trapped hole diffusion 
constant can be calculated from this by using the approximate relation D,  = $A2 V, 
where D, is the hole diffusion constant and X = 2.2 A is the distance the hole moves 
per jump. The result at 294 K is D, = 3.6 x 10-i3~u*u.3 mz s-'. This is larger than 
the minimum value of D found, which is correct because D is at least D,. 

The above discussion shows that the STE creation may well be due to instantaneous 
creation and, on a large time scale, to diffusion of trapped electrons and self-trapped 
boles toward each other. Let us now turn to the function H ( 1 ) .  There are several 
physical mechanisms which yield H ( t )  functions that overlap the empirical a t 8  
ones in the time region of interest. This time region is described approximately by 
t / r  E (0.01,l) .  Of the theoretically possible mechanisms, we found that energy 
transfer by multipole-multipole and exchange interactions can fit the data. In the 
case of multipole-multipole energy transfer, the interaction rate as a function of the 
distance T between the SE and the quenching centre is wad(.) = ( ~ / T ~ ) ( & / T ) ' .  
R, is a constant which was calculated by Dexter [14], and s depends on the multipoles 
involved. For this interaction, H ( t )  can be written as (see [15,16] and references 
therein) 

The parameter rml/ 2- rrD was found to be less than 2 x 

Here nA is the concentration of quenching centres (the energy uccepfors). Equation 
(5) holds if the minimal possible distance vmZ between the STE and the luminescence 
quenching centre is much less than R,,, which we expect to be so. For s = 8 and 
s = 10, this function is approximately proportional to t1I3. s = 8 holds for dipole- 
quadrupole interaction and s = 10 for quadrupole-quadrupole interaction. Dipole- 
dipole interaction, for which s = 6, did not yield very good fits. The parameters 
obtained from fitting with multipole-multipole interaction are T ,  : V @ ~ ~ ( T / T ~ ) ~ ' * ,  
and Ns,E(0) / rr .  The second parameter describes the strength of the luminescence 
quenching, and the third parameter is the initial SE photon emission rate. The values 
found for these parameters at s = 8 and s = 10 are shown in table 2. 

The assumption that the T decay time is equal for all samples, led to the fitted 
value T = 760f50 ns, i.e. somewhat larger than the value found for the 0 mol% doped 
sample if H ( 1 )  = 0 is assumed. The " ( O ) / T ~  values in table 2 are proportional to 
the Nh(0) /~ ,  values in table 1. This could be due to the fact that most trapped holes 
and electrons at the longer time scales are due to non-radiative dissociation Of STES 
at shorter times. However, this is speculative. The 4 n R : n , ( s / ~ , ) ~ ~ "  parameter 
values, which are of order 1, say something about the concentration nA of 
luminescence quenching centres. In most cases, we have 10 A< R, <80 resulting 
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Table 2. Parameters of the fits to the prompt luminescence of figure 6 under the 
assumption of Sn luminescence quenching by multipole-mullipole energy transfer. The 
SE decay lime is assumed constant for ail la concentrations. ?he fitted value U 
r = 760 f 50 ns. The error in 3 aRa nA(r/s,)31' is 0.1. Also shown is L/(L],A=o, 
as calculated from lhe fitting parameters. 

'La Conc. U ~. f rR:nA(r /s , )31s  Nm(0) /r ,  LI[Ll",-o 
(mol%) (phe MeV-' ns-') 

0.0 8 0.2 2.60 f 0.10 0.78 
10 0.2 2.60f 0.10 0.79 

0.2 8 0.8 2.60f 0.10 0.39 
10 0.8 2.60f 0.10 0.41 

0.5 8 1.0 2.oof 0.15 0.32 
10 1.2 2.30+ 0.15 0.27 

1.3 8 1.2 1.60f 0.20 0.26 
10 1.4 1.80f 0.20 0.23 

6.0 8 1.6 0.70 f 0.20 0.18 
10 1.6 0.80f 0.20 0.19 

in 3 x m-3 > nA > 6 x lou m-3. Considering this, the quenching centre 
could be related to lanthanum, since the lanthanum concentration is of the order of 
1.7 x lo2' w 3 ,  which is one per cent of the barium concentration However, the 
$sR:nA( ~ / r , ) ' / "  values are much less than linearly increasing with the lanthanum 
concentration. This increase follows better the increase of the absorption coefficient 
as a function of the lanthanum concentration, which was discussed in section 3.1. This 
suggests that the STE quenching is related to  a centre in which lanthanum, as well 
as another impurity, is involved. The concentration of this impurity would then be 
less than linearly dependent on the lanthanum concentration. In any case, lanthanum 
plays a role in the SE luminescence quenching. Considering this, the non-zero value 
for $rR:nA(r /~ , ) ' / "  at 0 mol% is somewhat strange, but the deviation from zero 
is not very large. Even if a small variation of r for the different samples is allowed, 
the deviation is not significant. 

From the parameters s and $ T R : ~ ~ ( ~ / T , ) ~ / " ,  and equations (1) and (5),  we 
calculated the ratio L / [ L ) , A = ,  E J d l  L(t)/[Jdt L(t)],,,=,. This is equal to the 
ratio of the observed SE photon output, and the output which would result if no 
quenching centres were present (nA = 0). under the condition that the same number 
of STE~ is still created in both cases (1(t) unchanged). This ratio is shown in table 2. 
The total decrease of the STE photon output is determined by the decrease of the 

an example, for the 0.5 mol% doped sample and s = 8, N=(O)/T* is 0.77 tunes 
its value at 0 mol%, and L / [ L ] , , = ,  = 0.41 times its value at 0 mol%. Hence, the 
sm photon output in this sample is 0.32 times that in the 0 mol% doped sample. 
This decrease was also observed in the x-ray excited emission spectra. Also for the 
other samples the decay measurements reported agree quite reasonably with the x- 
ray-excited emission, which are shown in figure 4 at 294 K in [U]. A comparison 
of the " ( O ) / T ,  and L/[LInA=, values in table 2 shows that the decrease of the 
sm photon output is mainly due to quenching centres (especially for low lanthanum 
concentrations), but also a decrease of the number of created s m  plays a role. 

Let us now turn to the other quenching mechanism mentioned above: transfer by 
exchange interaction. Here, the interaction rate is tu,(.) = UJ, exp(-r/?-,), where 
tuo and vu are constants [14]. For this we can write [17,18] 

number of s m  created (see the N=(O)/T~ values) and the ratio L/[LJnA,,., As 
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Figure 7. The functions Bp( U) used in equation (6) for 
g E {O, 5, 10, 15, 20). 

where 

and 

Examples of the function B,(u) are shown in figure 7. T , ~  is the minimal distance 
at which the sTE and the STE luminescence uenching centre can possibly be. We 
expect T~~ to be about 2 8, and vu about 0.5 91 meanmg that q - 4. It is clear from 
figure 7 that there is a region of U where B4(u)  is proportional to u113. In this 
region, H ( t )  a t113, so also equation (6) can yield good fits to the STE luminescence 
decay. The parameters obtained from fitting are shown in table 3. The values for 
" ( O ) / T ,  are not much different from those in table 2. The relative variation in the 
$..'onA values in table 3 is rather similar to that of the $TR;TI~(T/T~)~/ '  values in 
table 2. Concerning the absolute value of $m:nA, if q, = 0.5 then table 3 shows 
that nA is about 2 x lo2' I I - ~ .  This is higher than the values found for multipole- 
multipole interaction. However, note the uncertainty in this value due to the strong 
dependence on the precise value of T~ At 0 mol% we found $..inA = 0 within 
error (i.e. H ( t )  = 0). Connected with this is the T value, which is different from that 
in table 2. The calculated L/[LInA=, values are shown in the last column of table 
3. The values differ somewhat from those in table 2, which is due to the difference 
between the fitted T values in both tables. The theoretical curves in figure 6 were 
calculated using the data in tables 1 and 3. 

5. Conclusions 

In this paper, we presented the decay of the SE in BaFz:La. The above shows 
that the values found for the fitting parameters of the model are physically not 
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Table 3. Parameters of the fits IO the prompt luminemnce of Bgure 6 under the 
assumption of SIP luminescence quenching by achangc energy transfer for rmz jro = 4. 
The SIE dccay time is assumed constant for all La concentrations. The fitted value is 
r = 630f 50 M. WOT = 4 x 10'.0fo-s. AISO shown is L / ( L ] . , , ~ ,  as calculated from 
lhe Ruing parameters. 

conc. $mi nA "d0)/rr L/[LI,,=o 
(mol%) (phc MeV-' ns-I) 

0.0 < 1.1 x 10-4 2.30f 0.10 > 0.87 
0.2 s x 10-4.0*0.15 2.30f 0.10 OS3 
05 7 x 10-~.OfO.l~ 2.0s f 0.20 0.42 
1.3 8 x 10-4.~0.13 1.40 0.20 0.37 
6.0 1.1 10-3.0*0~~~ 0.76 f 0.25 0.27 

unrealistic. The quenching of the STE luminescence introduced by the lanthanum 
doping is mainly due to non-radiative decay of the STE due to some kind of quenching 
centre present in the crystals. However, a decrease of the number of STFs formed 
also plays a role, especially at the higher doping levels. The precise nature of the STE 
luminescence quenching cannot be established, because the data are consistent with 
different quenching interactions. We note that the La3+ ion as such cannot cause 
any multipole transitions, since the energy needed to  excite it is much larger than the 
energy stored in the sTE. However, such processes cannot be excluded for centres l i e  
La2 - Ok, in which charge transfer states might be responsible for the quenching 
of SE luminescence. Such quenching centres, the concenuation of which is limited 
by the amount of oxygen present in the crystal, would be consistent with the fact that 
the concentration of quenching centres shows only weak dependence on lanthanum 
concentration. In all samples we observed STE luminescence at times beyond 4 ps, 
which we assigned to reactions between (self-) trapped electrons and holes yielding 
STES on this time scale. From the decay measurements presented it is not possible 
to conclude which process is responsible for these trapped electrons and holes. For 
more information on these subjects, additional experiments should be performed. 
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