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Abstract. The luminescence of ceriumdoped barium fluoride c p t a l s  has been 
investigated as a function of wavelength and time. For excitation w light, x-rays and 
gamma rays were used. The well known crass lumin-nce (U) near 2M)nm and self- 
trapped exciton luminescence (SE) near 3Mlnm, which are due to excitations of the host 
lattice, are observed at low cerium concentrations For increasing cerium mncentrations, 
the CL and SrE emission is gradually replaced with cerium emision. Luminescence due 
to at least three different cerium related cent= was found. 

The decay of the luminescence under gamma eucilalion is non-exponenlial. At low 
cerium concentrations, ifs duration is much longer than the decay time of the excited level 
of the predominant cerium centre. At higher cerium mncenlrations, the luminescence 
d a y s  faster. 

These obetvations are explained in lerms of an energy transfer model. The cerium 
luminescence due to energy transfer from CL and %'E centres was calculated using the 
parametels obtained from experimenr. Comparing the calculations to lhe observed photon 
outputs and decay curves leads to an interpretation of the luminescence mechanism in 
BaF2:Ce. Apart from radiative and dipole-dipole energy transfer from a and SE centres 
to cerium centres, transfer from the SIE to unknown centres a h  plays a role. a s  well 
as direct excitation of cerium centres ty free or trapped eleclrons and holes 

1. Introduction and model 

BaF, is a well known scintillator, mainly because of its high density and its sub- 
nanosecond cross luminescence (CL) bands at 195nm and 220nm [I-51. However, 
as well as this luminescence self-trapped exciton (SE) luminescence is observed 
near 300nm having a decay time of about 630ns [2,6]. This relatively slow STE 
luminescence is not desired in many scintillator applications. Doping the BaF, cqstal 
with C$+ causes the sTE luminescence to disappear, as was shown by scintillation 
studies on crystals doped with G30mol.% [7-121. The Ce3+ ion is an attractive dopant 
because of its large radiative transition probability [13]. The cerium luminescence, 
which replaces the STE emission, has a shorter effective decay time than the STE. A 
disadvantage is that the CL also disappears by the doping. On the other hand, for 
detection of CL, photomultipliers with an (expensive) fused silica window are required, 
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whereas for detection of the cerium luminescence (at longer wavelengths) an ordinary 
glass window is sufficient. 

The above mentioned investigations did not yield detailed information concerning 
the luminescence decay of BaF2:Ce after excitation by a gamma quantum. Only 
efkctive decay times were reported. Also, no distinction was made between 
luminescence contributions from different centres in the crystal. Since both are 
important for understanding the processes involved in the transformation of the 
gamma energy to luminescence, we performed the present study. 

In earlier papers [11,12,14] we published the emission spectra and the 
luminescence decay of BaF2:Ce under high-energy photon excitation, i.e. x-rays and 
gamma rays. The emission spectra show a rather complicated structure. Also, the 
luminescence decay cannot be described in a simple way. In this paper we offer an 
explanation for both observations. 

The emission specua of BaF2:Ce show that high-energy photons give rise to 
different emission bands. First, there are the above-mentioned CL and STE bands. 
Also, due to the cerium doping, several cerium-related emission bands, in this paper 
denoted as Ce,, Ce, and Ce,, are observed. These bands will be discussed in 
section 3.1. For convenience of notation, we denote the centres related to the emission 
bands as cr, STE, Ce,, Ce,, and Ce, centres, respectively. 

A schematic representation of the model adopted for explaining the luminescence 
from BaF,:Ce is shown in figure 1. After the absorption of a high-energy photon in 
the crystal, hot free electrons and holes are created. By Auger processes and phonon 
emission, these will cool down within some tens of picoseconds, as was also observed 
in alkali halides (151. The holes can become self-trapped, thus forming V, centres. 
Holes may also be trapped at  interstitial F ions, thus forming VH centres. The 
electrons are less likely to be self-trapped. Instead, they can be trapped at fluorine 
vacancies, thereby forming F centres. Also, we expect that electrons may be trapped 
near Ce3+ ions, yielding the centre denoted Cee in figure 1. 

During the short period in which free hot electrons and holes exist, CL centres 
can be created. These centres consist of a hole in the Ba(5pL) band, which may 
be considered as localized near one Ba ion [lq. This centre decays radiatively at 
the moment an electron from the F-(2p6) valence states recombines with the hole. 
Free electrons and holes may also come together to form a free exciton, which gets 
self-trapped at a later stage, yielding an SE. If free electrons and holes recombine 
near a Ce3+ centre, this centre may be excited (excited cerium centres are denoted 
by Ce' in figure 1). 

After the electrons and holes are (self-) trapped, the following processes may 
occur. Ttapped holes can diffuse through the crystal [17]. Depending on the trapping 
mechanism, the electron is also more or less mobile. If trapped electrons and holes 
meet, an STE may be formed. 

So far, we have considered the direct excitation processes shown in figure 1. We 
can also have energy transfer from the directly excited centres to cerium centres. The 
CL and STE centres can transfer their energy non-radiatively to the cerium centres, 
provided that the CL and STE emission spectra overlap the cerium absorption spectra. 
Then photons, emitted by CL and STE centres, can also excite the cerium centres 
(radiative energy transfer). Finally, once cerium centres are excited, energy transfer 
to other cerium centres plays a role. Since the decay of the CL, STE, and excited 
cerium centres are all dipole-allowed, non-radiative energy transfer between these 
centres will proceed through the dipoledipole interaction mechanism [lb20]. 
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Figure 1. Schematic of the centres and processes used in the model. dd = transfer 
through dipole4iple  interaction; hu = (emitted) photon. 

'Ib summarize, we distinguish four main contributions to the luminescence: 
(i) prompt luminescence due to emission by centres excited within the first few 
picoseconds by hot holes and electrons, (ii) delayed luminescence due to excitation 
of centres by (self-) trapped charge carriers, (ui) luminescence due to dipoledipole 
energy transfer, and (iv) luminescence due to absorption of photons emitted from 
other centres in the crystal. 

The contributions (iii) and (iv) can be calculated relatively straightfonvardly if 
absorption and emission spectra and the decay times of the relevant centres are 
known. The absorption spectra and decay times were obtained in the 'preparatory 
measurements' presented in section 3.1. In section 3.2, the emission and decay data, 
obtained from BaF,:Ce crystals irradiated with high-energy photons, are presented. 
In section 4.1 we present the method used for calculating contributions (iii) and (iv) 
to the luminescence observed in section 3.2. In sections 4.2 and 4.3 results from these 
calculations are compared to the experimental data. 

2. Experimental techniques 

The crystals investigated were grown using the Bridgman technique. The crystals 
were grown in a helium atmosphere, containing less than 0.1ppm of 0,. As 
starting chemicals, BaF, powder (Merck 1725 optipure) and CeF, (99.9% pure 
Hicol/Johnson Matthey/Ventron 21118) were used. For each crystal, about 7 g  of 
the chemicals were used, to which 0.lg up to 0.4g of PbF, (Merck 7337 suprapure) 
was added as an oxygen scavenger. After growth, the cylindrically shaped crystal 
boules, with a diameter of 7-8mm, were cut perpendicular to the symmetry axis and 
polished at the top and bottom faces. The cerium concentrations were calculated 
from the weighted-in amounts of CeF,. An exception to this is the 0.0012 mol.% 
doped sample, the concentration of which was determined from absorption spectra. 

Optical absorption and emission spectra were measured using an ARC VM5U2 
monochromator, an ARC 775 deuterium lamp and a Thorn EM1 9426 or a Philip 
XP2020Q photomultiplier tube. Excitation spectra were measured using a Spex 
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Figurt 2 Optical absorption or BaF2:Ce. The ccrium contents (mol.%) are (a) 0.0012, 
(b) 0.17, (e) 0.38, (d) 0.83, (e) 26. The crystal thicknesses d(mm) are (a) 43. (b) 1.88, 
(c) 1.88. (d) 0.38, (e) 0.35. The wavelength Te501ution is 3 A RVHM. 

Fluorolog spectrofluorometer. Luminescence decay of the different cerium centres 
was measured using light from an Edinburgh flash lamp filled with deuterium. The 
pulse width was 6 ns FWHM (full width at half maximum). The light from this lamp was 
made monochromatic using interference filters. High-energy photon excitation of the 
crystals was performed with an x-ray tube with a copper anode and operated at 35 kV. 
The resulting luminescence was recorded as a function of wavelength. Luminescence 
decay was measured using a 137Cs source, which emits 662keV gamma quanta. This 
measurement is based on the single-photon counting technique described by Bollinger 
and Thomas [Zl], and had a time resolution of 0.511s FWHM. AI1 experimentally 
obtained data were corrected using the calibration curves for the equipment. In the 
decay measurements, no correction was made for the wavelength dependence of the 
photomultiplier detection efficiency. 

3. Results 

In subsection 3.1, the preparatory measurements are discussed. In section 3.2, the 
luminescence due to irradiation of the crystals with x-rays or gamma rays is presented. 

3.1. Preparatoty nteasurentents 

3.1.1. Absotpiion. Figure 2 shows the absorption spectra of several cerium-doped BaF, 
crystals. The absorption coefficient was calculated as p = -(l/d)In(T/Tmax), where 
d is the crystal thickness, Tis the transmission, and T,,, is the maximum transmission. 
The latter was about 0.93, and not 1, which is due to reflective losses at the air-to- 
crystal interfaces. In the region between 220-270nm, one should not interpret c u m  a 
as giving the absorption coefficient of the bulk material. The main contribution here 
is related to surface absorption and to the wavelength dependence of the reflective 
losses. This was found by comparing crystals with different thicknesses. In the region 
between 300-700nm, which is not shown in the figure, p d  was less than 0.1 for all 
samples. 
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Absorption spectra similar to those in figure 2 were observed by Loh in Ce3+ 
doped CaF,, SrF,, and BaF, [22]. The absorption edge near 13Snm in figure 2, 
curve a, corresponds to F-(2p6) +BaZt(6s) charge transfer, which gives rise to STE 
formation [23]. Following the interpretation of Loh, the shift of this edge to longer 
wavelengths caused by cerium doping may be assigned to F (2p6)  + Ces(6s) charge 
transfer. This would yield excitons associated with Ce3+ ions. The shoulder at 148nm 
in figure 2, curves a and d, may be due to excitons associated with another impurity. 
This band was not observed in all samples. 

The absorption bands at 200nm and 290nm can be assigned respectively to the 
split 5d(Q and 5d(eg) levels of the Ce3+ ion at a cubic Ba2+ site. The splitting 
arises from spin-orbit coupling and the electric field caused by the neighbouring 
charge compensating F- interstitial [24]. In BaF,, this F- ion is mainly located at a 
next-nearest neighbour interstitial site [U,%]. Hence, the 13% - centre has C, 
symmetry. Also, in an appreciable fraction of the centres, the F interstitial is located 
at a nearest-neighbour site, yielding C, symmetry. The absorption bands near 245nm 
can be assigned to clusters of Ce3+ ions, in analogy with the CaF, case [22,24]. Note 
that this absorption is much less pronounced in BaF, than it is in CaF, at the same 
cerium concentration. Less pronounced clustering in BaF,, relative to CaF,, was also 
found in audio-frequency capacitance measurements [U]. The absorption shoulder 
at 310nm, which is most pronounced at the higher cerium concentrations, reminds 
one of the A band in CaF, [24], which is also located at longer wavelengths than the 
main Ce3+ 4f- %(eg) absorption. In analogy with Manthey’s interpretation of this 
band in CaF,, we may assign it tentatively to a C e z  - 0;- centre, with the oxygen 
at a nearest-neighbour substitutional F- site. 

In CaF,, beside the main C$+ 4f-3 5d(e ) absorption band, many others were 
found at slightly different wavelengths [24]. Their intensity differed between different 
samples. This indicates that each absorption band contains contributions from many 
more-or-less similar cerium centres. This is to be expected in BaF,, too. We could not 
distinguish between these centres. Therefore, we will denote all centres related to the 
200nm and 290nm absorption bands as Ce,. The centres related to the absorption 
near 310nm will be denoted as Ce, and those related to the absorptions near 245nm 
as C5. If one assumes that the Ce2 and Ce, absorption bands have a shape similar 
to that of the 290nm absorption band, and that they are equally strong (i.e. the 
same oscillator strength), then one can estimate the concentration of the Ce, and 
Ce, centres. This is shown in table 1. We stress the fact that the data in table 1 are 
rough estimates. The estimated centre concentration may differ from the real value 
by a constant factor. 

g .  . 

Table 1. Concentrations of the Cez and Ce, centres in our samples estimated using 
absorption data and assuming that the orillator strengths of these cenrres are the same 
as for Ce,. 

Cerium mnc. (mol.%) Cez conc (mol.%) Ce3 conc. (mol.%) 

0.0012 <4 x 10-5 <I x 10-4 
0.17 x 10-4 (3.3 * 0.3) x lo-’ 
038 <2 x io-‘ (mi I )  x 1 0 - ~  
0.83 
2.6 0.12 i 0.03 0.25 * 0.05 
4.9 0.18 i 0.07 >0.05 

(7 i 2 )  x 10-3 (3.9 0.3) x loM2 
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Apart from the absorption discussed above, which is for non-irradiated samples, 
an additional broad absorption peaking at 510nm emerges on x-irradiation of the 
crystals. This causes a pink colouration of these crystals, extending up to 0.2mm below 
the crystal surface. This colouration was reported earlier 1121. Figure 3 shows this 
absorption in the 2.6m01.56 doped crystal after irradiation with x-rays for 8OOs, which 
delivered a total energy of 4 x lox5 MeV per mz of crystal surface. In the 0.83 mol.% 
doped sample, this absorption was 0.27 times as strong as in the 26mol.% doped 
sample after the same dose. After x-irradiation, we observed a similar absorption 
in lanthanum-doped BaF, 161. In BaF, doped with 0.01 wt% of trivalent rare-earth 
impurities (except for Sm and Eu) a similar band was also observed by Vakhidov and 
co-workers 1271 at 77K after gamma-irradiation. 

300 400 500 600 
10‘’ 

200 300 400 SO0 600 
- d W h  (-4 vavelength (nm) 

Figure 3. Negative of Ihe natural logarithm 
of the optical transmission T of a 0.35 mm 
thick BaF2:Ce (2.6 mol.%) crystal. after x- 
irradiation. The wavelenglh m l u t i o n  is 
8 A FWHM. 

Figure 4. w-induced emission per incident lamp photon 
at different wavelengths A., of the exciting radiation. The 
cerium concentrations are (a) 0.0012, (b) and (c) 0.83 mol.%. 
Am = (a) 285, @) 310, and (c) 24Snm. Shown is the 
photon output per unit wavelength in arbitrary unils. The 
resolutions are AA, = 9A and AA- = S A  (FWHM). 

3.1.2 Emission. Emission spectra, obtained by exciting the crystals with w photons, 
are shown in figure 4. It is clear that different emission bands are excited by photons 
of 290nm, 310nm or 245nm wavelength. We performed excitation measurements to 
find out which absorption bands are related to each emission band. For this, we chose 
emission wavelengths A,,, at which the emission bands do not overlap too much with 
each other. These are 3Wnm for the 0.0012mol.% doped crystal, and 380nm and 
4 6 5 m  for the 0.83mol.% doped crystal. The results are shown in figure 5. The 
excitation spectra show clear similarities with the absorption spectra in figure 2 The 
excitation peak at 290nm in figure 5, curve a, corresponds to the Ce, absorption 
peak The excitation peak at 310nm in curve c corresponds to Ce, absorption, and 
the excitation structure near 245nm in curve d is assigned to %. Also shown in 
figure 5 is the excitation spectrum of the 0.0012mol.% doped crystal at A,, = 380nm 
(cuive b). This clearly shows the presence of Ce, in this sample, too. 

From the above, we can conclude that spectrum a in figure 4 is mainly due to Ce, 
emission, spectrum b to Ce, emission, and spectrum c to Ce, emission. By subtracting 
the contributions of Ce, and Ce, emissions to the spectrum a, we obtained the pure 
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200 250 300 350 400 450 
wavelength (m) 

10- 
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Figure 5. Excitation spectra of BaF2:Ce 
(a) and (b) apply IO a 1.85mm thick 
O.WlZmo1.8 doped sample, (c) and (d) 
to a 1.9" thick 0.83mo1.8 doped one. 
The emission wavelengths Xem (in nm) a x  
(a) 323, (b) 380, (c) 380 and (d) 465. The 
rerolutions AA,, A h  (FWHM, in A) are 
(a) 5, 9; (b) and (c) 9, 17; (d) 9, 9. 

Figure 6 The five bands that were present in the emission 
speclra. As displayed, the wavelength integral of each band 
is one. The resolution for the CL and STZ bands is 42& for 
the other bands it is 5 A  FWHM. 

Ce, emission band. In a similar way the Ce, emission band was obtained. The Ce, 
emission is somewhat of a problem. Whereas the Ce, and Ce, bands both show two 
peaks, which is due to the spinarbit splitting of the Ce3+ 4f1 states, curve c is more 
complicated. There is clearly a contribution from Ce, and Ce, in it, but even beside 
that it is probably due to several different centres. We subtracted only some Ce, 
conaibution. The resulting emission bands are shown in figure 6. Also shown are the 
sTE and CL emission bands, which were obtained by exciting the crystal with x-rays. 
The STE band was also excited using 133nm photons. 

From the emission spectra in figure 4, we determined the relative quantum 
efficiencies of the crystals. Using the absorption coefficients for 290nm, 310nm and 
245nm photons, we calculated the fraction of the incident photons that was absorbed 
in the crystals. Dividing the wavelength integral of the spectra in figure 4 by this 
fraction yielded the relative quantum efficiencies. Within an error of about U)%, 
these were the same. The absolute quantum efficiency was difficult to estimate. In 
any case it was high. High quantum efficiencies were also reported in Ce3+ doped 
LaB30, crystals and glasses, and in LiLaP,O,, glass, and no increase of the emission 
was found on cooling from room temperature down to 4.2K [2S,29]. Also, in several 
other crystal hosts, including CaF,, no thermal quenching of Ce3+ luminescence at 
room temperature was observed [30,31]. This suggests that the quantum efficiency of 
Ce3+ in BaF, is close to 1. 

For interpreting the luminescence decay under gamma irradiation, we needed to 
h o w  the l/e decay times of the Ce,, Ce, and Ce, centres. Therefore, we irradiated 
some samples with UV photons from the flash lamp. The wavelength A,, of the 
radiation was chosen such that either of the three centres was selectively excited. The 
emission was recorded at wavelengths A,, characteristic of either cerium emission 
band, as a function of time. The results are shown in figure 7. 

The decay curves can be described as I = I,exp(-t/r). The decay times r, 
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-50 0 100 200 300 400 
time (ns) wavelength (nm) 

rime 7. Tl~c decay o[ the luminescence of Figure 8. X-ray induced luminescence ai several 
the Centres Ce,. Cel in BaF2:Ce (O.COlZ%), BaF2:Ce mytals. The cerium concentration 
A, = W n m  and A, = 3Wnm; Ce2 in BaF2:Cc (mol.%) is (a) 0.0012, @) 0.17, (c) 0.38. (d) 0.83 
(0.83%), X ,  = 310nm and A, = 370nm; Ce, and (e) 4.9. The thickness of the my@k is 1.911" 
in B ~ F Z : C ~  (0.83%), = 245nm and A . ~  = The resolution is 42A WHM. 
4"n. The samples are 1.9mm thick The time 
resolution is 6 ns; the wavelength resolutions are 
lOnm (FWHM). The contribution of the Ce, centres, 
olhec than indialed. is k e y  than 1% for each CuIVe. 

determined from the curves in figure 7, are 272L3ns for Ce,, 42 f 3ns for Ce,, 
and 65 2L 5 ns for Cq. Due to radiative trapping, the experimentally observed dewy 
time may deviate from the intrinsic decay times of the centres. In the appendix 
we show that this is not the case for the above numbers. These decay times are 
typical of Ce3+ luminescence in a variety of environments. Among these are aqueous 
solutions 132,331, and a variety of crystals [13,30,31]. The increase of the decay time 
in the sequence Ce,-Ce,-Ce, w n  be related to the v3 dependence of the emission 
rate. 

3.2. Luminescence under x- and gantnta-ray ereifation 
Figure 8 shows the emission spectra obtained by irradiating BaF,:Ce samples with 
x-rays. The unit 'photonsMeV-' MI-'' denotes the number of photons emitted from 
the crystals per MeV of x-ray energy absorbed in the crystal and per nm wavelength. 
The calibration is based on a comparison with a sample of pure BaF,. The photon 
output of pure BaF, was reported to be 1.1 x 104 photons per MeV 1341. The 
luminescence bands of figure 6 can be recognized in the spectra of figure 8. Note 
that pan of %he emission is re-absorbed by the crystal (cf figure 2). Figure 8 shows that 
at low cerium concentrations, Q, STE and Ce, emission bands dominate. The higher 
the cerium concentration, the lower are the CL and SE emissions. Near 0.83mol.Z 
cerium concentration, Ce, emission appears, and at even higher concentrations it 
dominates the emission spectrum. The total emission intensity decreases at these 
higher concentrations. 

We are interested in the contribution of each centre to the observed x-ray induced 
emission spectra. Since exciting x-rays incident on one side of the crystal penetrated it 
by only about 0.1 mm, luminescence photons must be transmitted through the crystal 
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before detection of them is passible at the other side. The emission bands shown in 
figure 4 multiplied by the optical transmission spectra exp[-p(X)dj of the bulk of 
the crystal, then give the shape of the emission bands emerging from the detection 
side of the crystal (in the above expression, d is the crystal thickness and p( A) is 
the absorption coefficient; see figure 2). Comparing these bands to the emission 
spectra of figure 8 provides the contribution of each centre to the x-ray induced 
emission spectra. This is shown in figure 9 as a function of cerium concentration. 
Next, we corrected these contributions for the photons ‘missed’ beoluse of optical 
absorption in the crystals. This amounts to dividing the observed emission bands by 
the transmission spectra. This correction provides the ‘absorptioncorrected’ photon 
outputs shown in figure 10. 

The absorption correction is justified only if the absorbed photons from a centre 
‘A, say, are not re-emitted by another centre of type ‘K. This will be so for the 
CL and STE centres, because CL and STE emission cannot excite CL and STE centres 
respectively [23]. The CL and STE photon output curves in figure 10 represent the 
actual number of photons created by x-rays in the top layer of the crystals. The 
absorption correction is not justified for the Ce,, Ce, and Ce, centres, for which 
the emission and absorption spectra more-or-less overlap. Depending on the number 
of absorbed photons reemitted by the same type of centre, the number of photons 
actually created is somewhere behveen the curves shown in figures 9 and 10. 

0 0.1 1 2 5 10 
cerium conc. (mol%) 

Figore 9. The O & N ~  x-ray induced photon 
outputs due to the CL, STE and Cei bands. Most 
crystals are 1.9mm thick, except for the 1.6mm 
thick 2.6 mol.% and 4.2 mm thick 9.9 mol.% doped 
ones. The horizontal arrows indicate a 0.38mm 
thick sample. Downward pointing a m  mean 
that the point is an upper limit. The errors in 
most data points are about the symbol size, but for 
0.83moL% the error in the =E and the lowest a 
data is a b u t  a factor 2 C u m  are drawn to guide 
the eye. Nole the square mot scale of the abscissa. 

105 

ij 104 
-.. 

2 
g s 10’ 
e 
z 102 
g 

10’ 

10’ 

.E 

* 
* 

4 
0 0.1 1 2 5 10 

cerium connc. (mol%) 

Figum 10. The ahrplioncorrected x-ray induced 
pholon outputs due to the CL, STE and Ce, bands. 
Most nystals are 1.9” thick, except for the 
1.6mm thick 2.6mol.% and 4.2mm thick 9.9mol% 
doped ones. Half of lhe data at 0.83mol.% are 
due to a 0.38mm thick sample. Mosl m r s  are 
about the symbol size, but the error in the sre 
photon output in the 0.83mol.% doped sample is 
a factor 2. Downward pointing arrow mean that 
the point is an upper limit. For the pu’poses of 
illusrration, lhe CQ outputs were divided by 10. 
The full curves reprerenl the calculated STE and U 
photon outputs (see text). Nole lhe square rmt 
scale of the abscissa. 
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The luminescence decay was measured using I3'Cs gamma quanta with an 
energy of 662keV Different luminescence centres were selected by observing the 
luminescence decay at several specific wavelengths. The decay curves were calibrated 
by comparing the time integral of the decay curves to the experimentally observed 
photon outputs under x-ray excitation (see figures 9 and 10). This procedure may be 
followed since no emission could be observed at times beyond N lms Ill]. 

The decay results are shown in figure 11 for the O.l7moI.% doped sample. In 
this figure the decay of CL and STE luminescence recorded at 270nm wavelength is 
seen. Moreover, the decay of the Ce, luminescence at 323nm is shown. Figure 12 
shows results from the 0.83mol.% doped sample. Both Ce, luminescence, observed 
at 325 nm, and Ce, luminescence at 370nm are shown. Figure 13 shows the total 
luminescence from the 21mol.% doped sample, and the luminescence from the 
9.9mol.% doped sample at different wavelengths. The curves in this figure are mainly 
due to Ce, luminescence. 

4. Model calculations and discussion 

In this section the effects of dipole-dipole and radiative energy transfer on the 
luminescence are calculated. The equations used for the calculations are presented 
in subsection 4.1. In subsection 4.2 the experimental photon outputs (figures 9 and 
10) are discussed and compared to calculations. In subsection 4.3 the experimental 
decay curves (figures 11-13) are compared to calculated decay curves. 

4.1. Theory 

We summarize the equations used in our calculations. They apply to dipoledipole 
energy transfer and to radiative energy transfer processes. 

In the dipole-dipole interaction, the energy of a donor centre D is transferred 
to an acceptor centre A at a rate wdd(r) = ( l / iD,r)(G/r)6.  Here l / ~ ~ , +  is the 
radiative transition rate of the donor centre and the critical distance Ro is given 
by 1181 

where n is the refractive index of the crystal and n x n2 is the relative electric 
permittivity. The term dc is the electric field within the crystal and d that on an 
atom in a vacuum, such that both fields correspond to the same photon densities. 
The subscript A denotes the acceptor centre, and D denotes the donor centre. The 
term NA is the number density of acceptor centres and p A ( E )  is their absorption 
coefficient; f (E) is the emission spectrum of the donor centre, normalized in such 
a way that 

Our calculation of dipole-dipole interactions between the centres D and A is 
based on the following assumptions. (i) The centres are randomly distributed over 
the lattice; consequently they have no spatial correlation to each other. (ii) They 
are immobile. (iii) Their concentration is not too high. (iv) The minimal separation 
between centres D and A is much less than %. Assumptions (i)-(iii) seem to be 
reasonable, at least in lightly doped BaF,:Ce. Assumption (iv) is true. In BaF,, 

B dEf,(E) = 1. Like Dexter, we will approximate (d/fidc) = 1. 
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Fig- 11. Luminescence decay of 43mm thick 
BaF2:Ce (O.l7mol.%). &, are the emission 
wavelengths for which the experimental C U N ~  were 
measured (resolution: 16 nm FWHM). For calibration 
along the ordinate, the x-ray excited photon outputs 
were used. For this calibration, curve a shows 
the total absorptioncolTected SrE emission; curve 
b shows the total observed Cel emission (not 
abso rp t ionamed) .  Note the different scales of 
curvg a and b, as indicated by the n values. The 
fitting procedure leading to curve a1 is discussed in 
the ten. The calculated decay curves show m - 
Cet transfer by b l  dipole-dipole interaction and 
b2 photon absorption. Curve b3 is due to both 
dipole-dipole and radiative U - Cel transfer; b4 
= b l  t b2 + b3. The correspondence of curve b4 
to curve b can be improved by adding the broken 
c u m  which represents prompt Cel emission. 

10s 

til"= (ns) 

Figure U. Luminesrrnce decay of 4.4mm thick 
BaF2:Ce (0.83mol.%). &, are the emission 
wavelengths (resolution 16nm RKHM). Curves a 
and b are Ihe experimentally observed d a y  of 
Ce, and Cez centres respectively. X-ray excited 
photon outputs were used for calibration along 
the ordinate. For this calibration, curve a shows 
the total Cet emision after mrrection for 
ahsorption only (this is 1.5 times the not atsorption- 
corrected Cel emission) and curve b shows the 
observed Cez emission (not absorptioncorrected). 
The calculated c u m  a1 indudes a - Cq energy 
transfer ( d i p l e i p o l e  and radiative) and radiative 
m -+ Cel energy transfer. Curve a2 is calculated 
for sn + Cel dipole-dipole energy transfer. 
Curve bl is c u m  a convoluted by the Cez decay 
exp(-t/42ns) and subsequently multiplied by a 
factor to obtain the kt fit. The added exponential 
bZ represenls the decay of promptly excited CQ 
centres. 

the minimum possible separation between D and A centres is typically 3.& As we 
will see later, this is much less than the distances R, in the energy transfer processes 
considered. Under assumptions (i)-(iv), the photon emission rate L,( t )  from centres 
D may be written 

where 1,(2) is a function describing the number of D centres excited at time t by 
whatever means; 7, is the l/e decay time of the isolated D centre (i.e. not surrounded 
by A centres). The decay rate 1/7, is the sum of the radiative decay rate, l / ~ , , ~ ,  
and the (thermally activated) non-radiative decay rate, l/rD,,,. The convolution is 
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defined by 

f ( t ) * g ( t )  I dl 'f( t ' )g(t-t ' )  (4.3) I' 
where t = 0 is the time at which a gamma is absorbed by the crystal. The second 
factor in the right-hand side of (4.2) describes the decay of the D centres, once they 
have been excited. For dipole-dipole energy transfer, we have 

where nA is the concentration of A centres. This expression is a generalization of 
similar expressions holding in the case when no thermal quenching within the D 
centre is present, i.e. T~ = T ~ , ~  [19,20]. 

The (time-integrated) photon output from centre D is obtained by integrating 
(4.2). In the case of a dipoledipole interaction, (4.4), we obtain 

(4.5) 
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In words, the D photon output is the product of the number of D centres excited and 
a quenching factor. The quenching factor consists of two parts. The first is the factor 
rD/rD,,, which accounts for thermal quenching within the D centre. The second is an 
integral, which we will call the quenching integral. The quenching integral is governed 
by the quenching parameter $rR:nA. The larger this parameter, the smaller the 
quenching integral (and the light output). We observe that for $.RimA 4 0.8, the 
quenching integral can be approximated to within 20% accuracy by exp(-I $xR:nA). 

The photon emission rate from the A centre, excited by D centres through dipole  
dipole interaction, is given by 

The middle convolution factor on the right-hand side of (4.6) represents the excitation 
through the dipoledipole interaction. For excitation through the absorption 
of photons from D centres (radiative energy transfer), this factor would be 
fD (1/rD,+) exp[-t/rD - H D ( t ) ] ,  where the term fD is the fraction of D photons 
absorbed by A centres. The last factor on the right-hand side of (4.6) describes the 
decay of the A luminescence. If this is not quenched by energy transfer to other 
centres, H A ( t )  = 0. 

The (time-integrated) photon output from centre A is obtained by integrating 
(4.6). If HA(t)  = 0, then we have 

dt LA(t)  = (L-dt  I D ( t ) )  [1- 1 - 1  d l  - exp -- - H D ( t )  
TD ( lb 

Here, use has been made of (4.2) and the fact that H,(t) = 0 if nA = 0 (cf (4.4)). In 
words, (4.7) means that the A photon output in a crystal where the A concentration 
is nA, is equal to ~ ~ , ~ r ~ / r ~ r ~ , ~  times the photon output from the donor centre 
D in the pure crystal (nA = 0) minus that in the nA doped crystal. This applies 
to D -t A dipoledipole energy transfer. A similar calculation for radiative energy 
transfer yields the obvious result 

i.e. the A photon output is the number of D luminescence photons absorbed by A 
centres multiplied by the radiative quantum efficiency of the A centre. 

4.2 Photon ouput curves 

In this section, we discuss the photon output curves shown in figures 9 and 10. 
As shown in figure 9, the obsewed CL and STE photon outputs decrease rapidly 
on increasing the cerium concentration. This is partly due to CL and sm photon 
absorption by cerium centres. That this cannot explain all of the decrease is shown 
by the absorptioncorrected CL and sm output curves in figure 10. These curves 
are still decreasing as a function of concentration. If we assume that this is due to 
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dipole-dipole energy transfer from CL and STE centres to the main cerium centre, 
Ce, (d table l), then we can calculate these curves theoretically as well, using (4.5) 
with D = CL or STE and A= %. For this we have to calculate 23, values. From the 
experimental absorption (Ce,: the 200 and 290nm peaks in figure 2) and emission 
(figure 6) spectra, we first calculated R,, using (4.1). Next, 23, values were calculated 
according to (4.4). The results are shown in table 2 Knowing the R, values, the 
quenching integral in (4.5) was calculated as a function of the cerium concentration, 
for D = CL or STE and A = Ce, (note that rice, total cerium density). The factor 
J'dt ID($), i.e. the number of D centres created, is only known for pure BaF,. If 
we assume this to be the same for all cerium doped samples, then we arrive at the 
theoretical CL and SIZ photon output curves shown in figure 10. 

Tabk 2 Calculation of the RI values for D 3 A dipole-diple energy transfer. Use 
was made of (4.1) and (4.4) and aperimentally obtained absorption and emission spectra 
and decay limes. 

D A &(A) m (ns) m,' (ns) RI (4 
U ce, 12.5io.5 0.86 rt 0.04 0.86 f. 0.04t 12.5 i 0.5 
m Cel 1 6 . 4 i  0.7 63rt M 1300 f 2004 14.6 k 0.8 
Cei Cei 13.2+0.5 Uk38 27 * 35 13.2 It 0.5 
Ce, Cez 19f .2 27 k 3§ 27 i 38 19iZ 

t The absence of thermal quenching of U emission in pure BaFz [23,35] implies that 
T a r  = ra. 
t Determined from the temperature dependence of m emission in pure BaFz 1361. 
5 T, = w , ~ :  see section 3.1. 

These curves may decrease too slowly as a function of cerium concentration 
if Jd t  I&) decreases by increasing the cerium concentration, due to competition 
between cerium centres and CL or STE centra for the available electron-hole pairs. 
?bo slow a decrease also arises if, as well as the Ce, centres, other acceptor centres 
A are important as well. As can be seen, the calculated CL curve fits the data well. 
This suggests that, up to 1 mol.% concentration, J'dt I C L ( t )  does not depend on the 
cerium concentration, and that apart from cerium there are no important acceptors 
of energy from CL centres. On the other hand, the calculated STE curve decays more 
slowly as a function of cerium concentration than the experimental data. This may 
indicate that fewer STE are formed if cerium is added, or that cerium centres are not 
the only important acceptors of STE energy. We will return to this point in the next 
section. 

We now discuss the cerium photon output curves. At low cerium concentrations, 
Ce, and Ce, emissions are very weak This is due to the very low concentrations 
of these centres, as shown in table 1. The dominant emission is Ce,, which initially 
increases with cerium concentration. We note that by (4.7) and (4.8), CL -+ Ce, and 
S E  + Ce, energy transfer can account for a Ce, photon output of at most 

photonsMeV-'. 

Here the photon outputs at Omol.% of figure 10 and the decay times in table 2 have 
been used. As is clear from figure 10, the cerium photon output never exceeds the 
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above value. This is an indication that the cerium luminescence might be entirely due 
to energy transfer from CL and STE centres. In the next section this will be discussed 
in detail for the 0.17 and 0.83mol.% doped samples. 

At higher concentrations, the Ce, luminescence decreases, which is accompanied 
by an increase of the Ce, output (figure 9 and 10). This is ascribed to Ce, -+ 

Ce, transfer, either by radiative or by dipoledipole transfer. It is caused by the 
overlap of the Ce, emission and the Ce, absorption bands. At still larger cerium 
concentrations, the Ce, emission also decreases. In fact, the total luminescence 
intensity monotonically decreases above 0.2moI.% [ll]. In the next section this 
decrease will be discussed. 

4.3. Luminescence decay 

We now present our calculations of the decay of cerium luminescence as shown 
in figures 11-13. In the calculations we used the equations in section 4.1, thus 
considering only dipoledipole and radiative energy transfer. We will assume (i) that 
the number of CL and STE centres created is independent of the cerium concentration, 
and (U) that the cerium centres Ce, and Ce, have radiative quantum efficiency 1. In 
the previous section we already observed that assumption (i) may be wrong for the 
STE, but nevertheless we adopt it as a working hypothesis. At least for the < 1 mol.% 
doped samples, assumption (ii) (which is equivalent to T~ = T ~ , +  for D =a,, Ce,) 
is probably correct, as was discussed in section 3.1. Below we consider the results for 
the 0.17, 0.83, 2.10, and 9.9mol.% doped samples. 

4.3.1. ResuNs for 0.17mol.%. Figure 11 shows the decay of the STE emission (curve a) 
and of the Ce, emission (curve b) in the 0.17mol.% doped sample. We fitted the SE 
emission using (4.2). It turns out that H,(t) # 0, indicating the existence of energy 
transfer from STE centres to other centres (eg. Ce,). Using the fitting parameters 
obtained from curve a we could calculate the Ce, emission according to our model 
and compare this to curve b. Below, we first discuss the fitting of the STE emission. 
Then the calculation of the Ce, emission is presented. 

sTE For the fit of the STE decay c w e  a in figure 11 we use (4.2) and (4.4). Here 
D = SE and A is any centre to which the STE transfers its energy non-radiatively. 
In (4.2) no explicit expression for the S E  creation function Isn(t) is given. In 
our model (figure I), STE are created from e-h pairs at very short times, and from 
trapped electrons and holes at longer times. Therefore, the function I=( 1 )  consists 
of two contributions. The first is approximately a delta function of time, describing 
instantaneous creation. The second describes creation by recombination of two 
centres where diffusion plays a role. For this process, we assume d/df  nh = - a n i ,  
where nh( l )  is the concentration of either of the recombining centres. The centres 
may be trapped hole and electron centres. After solving the equation for the second 
contribution to Im( t ) ,  we arrive at 

(4.9) 

We found the parameter values nu = (1.3 f 0.1) x lo4 quanta per MeV, nh(0) = 
(6f 1) x 1Lf quanta per MeV, and a n,(O) = 8.3 x 10-4*u.3ns-' by fitting the STE 
luminescence (see figure 11, curve al). We will refer to the function I,@) of (4.9) 
with the above parameters as fE(t). 
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For the function H,, we found the quenching parameter value $rR!nA = 
1 . O i  0.2 from the fit. This value of the quenching parameter leads to the following 
two observations. First, in the 0.17 mol.% doped sample, the (absorption-corrected) 
SE photon output Jdt L,(t) is 0.29 times that in the Omol.% doped sample, 
which follows from the experimental data in figure 10. By ( 4 4 ,  this is caused by 
the number Jd t  IvE(t)  of SE created and/or the quenching integral being smaller 
in the O.l7moI.% doped crystal than in the Omol.% doped cystal. The quenching 
integral follows from the quenching parameter $r R:nA: if this is 1.0 f 0.2 then the 
quenching integral is 0.28 i 0.07. Within errors this equals 0.29, meaning that the 
number of STE formed in the O.l7moI.% doped sample does not significantly differ 
from that in the Omol.% doped one. In other words, assumption (i) made at the 
beginning of this section is confirmed for the 0.17mol.% doped sample. Second, 
we can calculate n, from the quenching parameter 1.0 f 0.2 using RI = 14.6A 
(table 2). Generally, such a calculation yields an efech concentration of acceptor 
centres, since for not all acceptor centres does RI = 14.6A necessarily hold. We 
obtain nA = (8 f 2) x loz5 m-3 = 0.46 i 0.12 mol.%, i.e. 2.7 i 0.7 times larger 
than the 0.17moI.% cerium concentration. This suggests that some SEquenchfflg 
process other than the SE -+ Ce, dipole-dipole energy transfer process exists. That 
this is not improbable becomes clear if we look at lanthanumdoped BaF,, which was 
considered in previous papers [6,36]. Lanthanum does not show absorption bands, 
which according to our model would mean that SE luminescence is not quenched. 
But on the contrary, SE quenching is observed in BaF,:La. A similar process (the 
nature of which is not clear) could be involved in BaF,:Ce tm, in addition to the 
ones taken into account by our model. 

Ce,. Figure 11, curve b, shows the decay of the Ce, luminescence in this sample. 
For comparing this to theory, we calculated the Ce, luminescence as being due to 
the following four cases. 

(i) CL -+ Ce, dipole-dipole energy transfer. For this, (4.6) was used for D = 
CL and A = Ce,. In(t) c( 6 ( t )  was taken because U centres are only created 
in the first short period of time when hot free electrons and holes exist. The 
function H,(t) (cf (4.4)) is determined by R, for D = CL and A = Ce , and 
rcL, which are given in table 2, and by nCe, = 0.17mol.% = 2.86 x 1025m-3. 
The function (t /ra,) + H c e , ( t )  is determined by the centres to which Ce, can 
transfer its energy. From the RI value for D = Ce, and A = Ce, (table 2) and 
the very small concentration of Ce, centres in this sample (table l), it follows that 
Ce, -+ Ce, energy transfer by dipoledipole interaction is very small. Indeed, hardly 
any Ce, luminescence was observed. Ce, -+ Ce, dipole-dipole energy transfer is not 
negligible, but does not affect the decay of the Ce, luminescence. Not negligible in 
the 4.3mm thick sample is Ce, -+ Ce, radiative energy transfer, i.e. by re-absorption 
of Ce, photons. This effectively augments the Ce, decay time (see the appendix). 
Hence, we put H,(t) = 0 and r-, = 37ns (the effective Ce, decay time in a 
relatively thick sample). 

The above procedure yields a decay curve, determined up to a proportionality 
constant. This constant was obtained using (4.7). For the 0 and 0.17mol.% doped 
samples, the integrals [dt L,--(t), which are the absorption-corrected CL photon 
outputs, were obtained from figure 10. The decay times of table 2 were used. In this 
way the Ce, photon output j”di L,,(t) due to the CL -* Ce, dipole4pole energy 
transfer process was obtained. This determines the above proportionality constant 
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(ii) CL -+ Ce, radiative energy transfer. The calculation is just as that of (i), but 
now (4.6) with the factor dHD(t)/dt replaced by f D / T D , ,  is used. Also, instead of 
(4.7), equation (4.8) was used. The term fer, the fraction of CL photons absorbed by 
Ce, centres, was obtained from the Q. emission and Ce, absorption spectra. 

(iu) sm -t Ce, dipole-dipole energy transfer. For this, (4.6) was used with D 
= STE and A = Ce,. The proportionality I, o( PA7(t) was taken, which function 
was discussed above. The function H,(1) in (4.6) is determined by R,  for D = 
sm, A = Ce, and by T~ (see table 2). and further by the concentration nA of 
sTE luminescence quenching centres. For nA we used the value 0.46 f 0.12mol.%, 
which was obtained above from the fitting of the STE decay curve. The terms T-, 

and H,, (1) are as in (i). 
The above determines the decay curve up to a proportionality constant. We could 

determine this constant from (4.7) for D = S E  and A = Ce,. However, the fit of 
the STE decay curve suggests that only a fraction 1/(2.7 5 0.7) of the SE energy 
transferred is received by Ce, centres, because of the presence of STE luminescence 
quenching centres (acceptors) other than Ce,. Therefore, we determined the Ce, 
photon output due to STE -* Ce, dipole-dipole energy transfer from (4.7), but with 
the right-hand side divided by 2.7. 

(iv) STE -+ Ce, radiative energy transfer. The calculation is as in (iii), but with 
the factor dHD(t)/dt in (4.6) replaced by fD/~D,,. Equation (4.8) was used instead 

The sum of the decay curves calculated above (i)-(iv) describes the rate & , ( t )  
at which photons are emitted from Ce, centres. In the 0.17mol.% sample, some of 
these photons are absorbed by other Ce, centres, but due to assumption (ii) at the 
beginning of this section they will be re-emitted. Hence, LGl( t )  should be compared 
to the observed, not absorptioncorrected, Ce, emission. Thls emission is shown by 
curve b in figure 11, the time-inregral of which equals the Ce, photon output for 
0.17mol.% doping concentration in figure 9. 

The results of the calculations are shown in figure 11 as well. The time integral 
of the total calculated curve @4 in figure 11) is (7.3 i 0.7) x IC? photonsMeV-I, 
whereas the time integral of the experimental Ce, photon output (curve b) is (1.32 f 
0.13) x lephotonsMeV-'. The difference between these two numbers is mainly due 
to the extra Ce, luminescence in curve b at long times. This may be caused by (self-) 
trapped electron and hole centres. It cannot be excluded that these centres are the STE 
luminescence quenching centres different from Ce,. This is because the total number 
of quanta transferred from CL and STE centres is (1.63 i 0.16) x 104 photons MeV-', 
which can account for all of the observed (1.32 i 0.13) x lephotonsMeV-' Ce, 
emission. The number (1.63 f 0.16) x 104 photons MeV-' was calculated using (4.7) 
and (4.8) for D = CL, STE, without dividing the right-hand side of (4.7) by 27. 

4.3.2 Results for 0.83nzo!.%. We will consider the Ce, emission, curve a in figure 12, 
and the Ce, emission, curve b, separately. 

Ce,. The Ce, emission due to energy transfer from CL and sm centres was 
calculated in the same way as discussed for the 0.17mol.% sample (i)-(iv). We 
used n,, = 0.83mol.% and rCe, = 3711s. Because no direct measurements of the 
sm decay were possible for the 0.83 mol.% doped sample, I=( t )  o( I&:( t )  was 
assumed. The $rR!nA value for STE -+ Ce, dipoledipole energy transfer was 
derived from the fact that the experimental SE photon output for the 0.83mol.% 

of (4.7). 
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sample in figure 10 is 0.086 x 10*0.3 times that in the 0% sample. The error in this 
value is due to the uncertainty in the very small STE photon output in the 0.83mol.% 
sample. Since for the Omol.% doped crystal the quenching integral in (4.5) is 1, the 
above means, if Jd t  I m ( t )  in the 0.83 and Omol.% samples are equal, that the 
quenching integral for the O.Bmol.% doped crystal is 0.086 x This means 
that i rR:nA = 2.4 x 

Using R, = 14.6 8, (table 2), from this quenching parameter the effective 
concentration of acceptor centres follows as nA = 1.8 x l@6*".2m-3 = 1.1 x 

mol.%. Within errors, this effective concentration equals the Ce, concentration 
of 0.83mol.%. Therefore, the existence of quenching centres other than cerium 
centres was neglected. In the calculation of the SE + Ce, decay curve use was 
made of (4.7) as it is (without dividing the right-hand side by some factor, as we did 
for the 0.17mol.% case). 

In the calculation, we did not take Ce, + Ce, energy transfer into account This 
means that the calculations should be compared to the C%-absorption-corrected Ce, 
luminescence, which is represented by curve a in figure 12 The neglect of non- 
radiative Ce, + Ce, energy transfer is not considered to have much impact on the 
calculated Ce, decay curve: under optical excitation we observed an effective Ce, 
decay time rea = 34 * 3 ns, which is not very different from the 37 If: 3 ns observed in 
the 0.17mol.% sample (see the appendix). 

The results of the calculation are shown in figure 12 (curves a1 and a2). We 
observe that a large part of the experimental Ce, curve is explained by CL + Ce, 
transfer and by radiative STE -+ Ce, energy transfer. Also we see that the calculated 
SE -* Ce, dipoledipole energy transfer component is much too large. This may 
be due to two reasons. First, Jd t  I m ( t )  in the 0.83 mol.% doped sample may be 
smaller than in the Omol.% doped sample (this is against our assumption (i) made at 
the beginning of the section). This implies that the experimental S E  photon output 
at 0.83mol.% should lie appreciably lower than the theoretical curve. Due to the 
large error in the experimental value, this cannot be excluded. Second, non-radiative 
decay processes are not included in our calculation. 

Ce, We now turn to curve b in figure 12, i.e. the Ce, luminescence. For the 
0.83mol.% doped sample, using tables 1 and 2 we calculate $rR&e2 = 0.034, for 
the Ce, 3 Ce, transfer. This means that only 5% of the Ce, centres would transfer to 
Ce, (equation (4.5) for D = Ce, and A = Ce,). However, for the Ce, + Ce, process 
we calculate ;YTR&~, = 1.34. This means that a Ce, centre has an 80% probability 
of transferring its energy to another Ce, centre, instead of decaying radiatively. The 
energy migration resulting from this enhances the Ce, -+ Ce, transfer. 

Apart from this non-radiative Ce, + Ce, transfer, Ce, centres will also be excited 
after absorbing a photon emitted by a Ce, centre (radiative transfer). For making 
an estimate of the relative importance of non-radiative and radiative Ce, + Ce, 
transfer, we compared the Ce, and Ce, photon outputs, under x-irradiation, for 0.38, 
1.88, and 4.4mm thick BaF,:Ce(0.83 mol.%) samples. By extrapolation, we found 
that in a O m m  thick sample, for which radiative Ce, + Ce, transfer is absent, the 
Ce,:Ce, ratio of the photon outputs is about 0.730.27. The photon output of Ce, 
due to direct Ce, excitation is expected to be very much smaller than the Ce, output, 
because of the low Ce, concentration (see table 1). Almost all of the Ce, photon 
output observed will therefore be due to Ce, - Ce, transfer. The above ratio then 
shows that about 27% of the Ce, excitation is transferred non-radiatively to Ce,. 
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For the thicker crystals, absorption of Ce, photons lowered the observed Ce, output 
and the Ce, output was observed to increase. In the 4.4mm thick sample, which was 
also used in the luminescence decay measurements, the observed Ce, : Ce, output 
ratio was about 0.330.67. If the Ce, centre has a luminescence quantum efficiency 
of 1, then the sum of the photons emitted by Ce, and Ce, centres is independent 
of the thickness of the crystal. The above ratios then show that in the 4.4mm thick 
sample, about (0.67-0.27)/0.67 = 60% of the Ce, luminescence is due to radiative 
Ce, - Ce, transfer. 

For ease of calculation, we assumed that, instead of 60%, 100% of the Ce, - Ce, 
transfer was radiative. Then the Ce, decay curve is proportional to the convolution 
of the experimental Ce, decay, curve a in figure 12, and the exponential Ce, decay 
function exp(-l/+%). Choosing the proportionality constant for the best fit to the 
experimental % curve b results in c w e  bl  in figure 12. This curve accounts for 
80% of curve b. As for the 0.17mol.% sample, the fit can be improved by adding a 
prompt decay component (curve b2) to curve bl. In the Ce, luminescence, curve a, 
such a prompt component may also be present. 

4.3.3. Results for ZlOmoL%. Due to the relatively high Ce, concentration in the 
2.10moI.% doped sample, energy transfer is fast. Therefore, we expect that the 
decay differs not too much from the intrinsic Ce, decay behaviour 0: exp(-t/42ns). 
As shown in figure 13, curves a and al ,  this is indeed the case. 

4.3.4. Results for 9.9nioL %. Also shown in figure 13 is the decay of the (mainly 
Ce,) luminescence in the 4.2 mm thick BaF,:Ce (9.9mol.%) crystal (curves b and c). 
Energy transfer is very fast in this sample, and can be considered as instantaneous. 
A reasonable fit to the decay measured at 370nm is described by the expression 
for dipole quenched luminescence, exp[-t/r- H ( t ) ] ,  with the Ce, decay time 
7 = 4211s. The term H ( t )  is as in (4.2), with $rR?nA = 0.2 obtained from 
fitting. The fit is shown by curve c l  in figure 13. At 340nm we observe a slightly 
steeper decay m e  in the short-time regime. A similar effect was also observed by 
Anderson in pure CeF, 1371. This may be due to the presence of Ce, luminescence 
at 340nm, which is absent at 370nm (cf figure 6). Note that the data of figure 10 do 
not exclude the existence of some Ce, luminescence at 9.9mol.%. This luminescence 
decays very quickly due to the Ce, - Ce, dipoledipole energy transfer, which 
would explain the steeper luminescence decay observed at 340nm. We note that Ce, 
luminescence cannot explain the differences in steepness of the decay as a function 
of wavelength. The contribution of Ce, emission (see figure 6) to the luminescence 
between 34&370nm, as estimated from the BaF,:Ce (9.9mol.%) emission spectrum 
under x-irradiation, is less than about 2%. If the effect were due to Ce,, this 
contribution should be at least 10%. 

5. Conclusions 

In this paper, we have shown that the emission from BaF,:Ce under high-energy 
photon irradiation is composed of five different emission hands. The CL and STE 
emission bands are due to the host crystal. The other three emission bands are 
dopant related. These bands, Ce,, Ce, and C%, are centred at about 320, 350 and 



380nm and their intrinsic decay times are 27, 42 and 65ns respectively. The nature 
of these bands was discussed. 

Under x-irradiation, for <lmol.% doped crystals, the main cerium emission is 
due to Ce,. Above 1 mol.%, Ce, is dominant in'our samples. By doping, the CL and 
STE emission bands are strongly reduced. These observations were explained by CL 
3 Ce, and sTE - Ce, energy transfer, dipoledipole transfer being the dominant 
process. At the higher cerium concentrations, Ce, + Ce, transfer becomes important. 

From a comparison of the photon outputs and the decay curves observed to model 
calculations, we arrive at the following interpretation of the luminescence in BaF,:Ce. 

First, it is possible that almost all cerium luminescence is due to energy transfer 
from CL and STE centres. But in the first few nanweconds, the observed cerium 
luminescence is too intense for this. This is ascribed to excitation of cerium by hot 
electrons and holes. 

Second, no indication was found of a decrease of the number of created CL 
centres as the cerium concentration is increased. These CL centres directly transfer 
their energy to the cerium centres, the energy transfer being faster and more complete 
at higher cerium concentrations. 

Third, the STE centres transfer their energy not only to cerium centres, but also 
to other centres. It can not be excluded that these other centres eventually excite the 
cerium centres. 

Fourth, at the higher cerium concentrations, the photon output decreases. This is 
ascribed to a decrease in the number of STE created and/or luminescence quenching 
processes not included in our model. 

For use of the crystal in a scintillation detector with timing capabilities, one 
desires a high light-yield, combined with fast luminescence decay. For BaF,:Ce, the 
former means that a concentration of about 0.2mol.% should be chosen. However, 
at this concentration the decay is slowest. Therefore, a higher concentration may be 
favourable. But beyond 1 mol.%, the emission decreases rather quickly as a function 
of concentration. As a compromise, one might choose 1 mol.%. If our interpretation 
of the Ce, centre, as being a Ce3+-02- centre, is correct, then such lmol.% 
doped crystals should be grown oxygen-free. Otherwise, the Ce, will dominate the 
luminescence and slow down the decay. 
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Appendix 

If one observes exponential decay of luminexence, the corresponding decay time is 
not always the decay time of the centre responsible for the emission. This is illustrated 
by a measurement of the Ce, decay time in a 1.9" thick BaF,:Ce (0.17mol.%) 
sample. The experimental conditions were the same as for the Ce, decay in figure 7, 
curve a. However, the observed Ce, decay time was not 27f3ns,  but 37i3ns.  After 
powdering part of the sample, up to a grain diameter of about 30pm, the observed 
Ce, decay time was 30 -f 3 ns, i.e. equal to the value found for the 0.0012mol.% 
doped sample, within errors. 
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The above is ascribed to re-absorption of Ce, photons by other Ce, centres in the 
crystal. This is possible due to the overlap of the Ce, emission and absorption spectra. 
By absorbing the photons, the Ce, centres are excited and can decay later. This leads 
to enhancement of the effective decay time, Le. the decay time of the observed 
luminescence. These processes were discussed by Sakai [38], with emphasis on the 
luminescence from rhodamine B. The formulation used by Sakai was rather general. 
Below we give a compressed argument, focusing on the case of Ce, luminescence. 

After excitation of a BaF,:Ce crystal with an exciting pulse at time t = 0, a 
fraction a" of the Ce, luminescence is absorbed by Ce, centres before reaching the 
crystal surface. The other fraction, 1 - a". emerges from the crystal. If the total 
amount of initial Ce, luminescence decays as exp(-t/i), then the light directly 
emerging from the crystal is given by (1 - a") exp( - t /r) .  The absorbed Ce, light 
creates excited Ce, centres. The luminescence from these centres is given by 

where q is the probability that an absorbed photon is reemitted as Ce, luminescence. 
The convolution * is defined by (4.3). Of this secondary light, a fraction a, will 
be absorbed by Ce, centres in the crystal, and the fraction escaping the crystal is 
described by (1 - al)aU?)(t/i-)exp(-t/7). The absorbed fraction a, yields Ce, 
luminescence described by 

of which a fraction (1 - a2) leaves the crystal, etc. Hence the total amount of Ce, 
light leaving the crystal is 

For not too lightly doped BaF,:Ce samples, (A3) can be simplified. Fbr these samples, 
in the wavelength region (ZWnm, 365nm) where the Ce, centres emit, the optical 
transmission is a sharp function of the wavelength. It is either practically zero or 
almost one for most wavelengths E (ZWnm, 365nm). Then all a, in expression 
(A3) are practically the same, a, = a say, and (A3) becomes a simple exponential 
(1 - a)exp(-t/r,,). The effective decay time is T~~ = 7/(1- aq). 

Using the above approximate relation for reR, an estimate can be made of the 
importance of the radiattve trapping effect for the curves in figure 7. For the BaF,:Ce 
(O.OLllZmoI.%) sample, we calculate that the fraction of the Ce, emission re-absorbed 
over 1.9 mm is a = 5 x IOe3. Hence, refi hardly differs from the intrinsic decay time 
7. For the Ce, and Ce, centres the same argument as given above for Ce,, holds. 
The fraction of Ce, emission, re-absorbed by a 1.9mm thick BaF,:Ce (0.83mol.%) 
is calculated as a = 3 x The fraction of Ce, emission re-absorbed by Ce, is 
a = 0.01 in this case. Both fractions are very small. We conclude that the observed 
decay times of figure 7 equal the intrinsic decay times of the respective cerium centres. 

We note that the equation 7e, = T / (  1-a?)) can explain the decay times re, from 
the O.l7mol.% doped crystals, discussed at the beginning of this appendix. For the 



1680 R Viser et a1 

1.9mm thick sample, the fraction of re-absorbed Ce, photons is a = 0.22. Since the 
luminescence efficiency, 7, is about one and r = 27&3 ns, we calculate refl = 35&4ns, 
which is within errors of the experimentally observed value, 37&3ns. Concerning the 
powdered sample, the absorbed fraction of Ce, photons over a distance of 30pm is 
a = 0.01. This means that the decay time of the Ce, luminescence from the p d e r  
should equal the intrinsic Ce, decay time, which is indeed observed. 
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