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The decay kinetics of PhWOd luminescence and scintillation is investigated in a broad time scale 
lo-' to lo-" s rnairily at  room temperatiire using a selected set of PbW04 crystals. The light suin 
released in different time gates is estimated showing rather high content of slow rcconibinatioii pro- 

es related rnaiiily to the green PbWOl emission component. Correlations are found 
olute green emission intensity, crystal light yield, arid the amplitude of very slow p 

the PbWOA scintillation decay. 

Das Ahkliiigeri tler Liirnineszeriz urid der Sciritillat,iori vori PbWO 1 wirtl iri eiriem breiten Zeit,t)ereich 
von lo-' his s vor allem bei Zirnmertemperatur untersucht. Die in vcrschicdcnen Zeitsparineii 
entstchende Lichtsumme wird abgeschiitzt, wit1 cs wird gezeigt. daB sie einen holien Gehalt VOII 

laiigsameii Rekornbinationsprozessen urnfafit, dic vor allern auf die griiiie LumineszenzkompoIicnte 
bezogen ist. Es wird eirie Korrelation zwischen der wirklichen Intensitat der griinen Emission. dem 
Kristallichtertrag iind der Amplitude der larigsarrien Prozesse des Sciritillationsahklingeris von 
PbWOd gefundcn. 

1. Introduction 

Luminescence of PbWO4 (PWO) was investigated in the past by several authors [l to 31. 
At present, there is again an increased interest in tlie optical and especially in the scintil- 
lation properties of this material, as PWO was found to satisfy the requirements for fast 
scintillation detectors in the GeV arid TeV energy range in high energy physics [4, 51. 
Furthermore, PWO was recently approved as scintillating material for the electrornag- 
iietic calorimeter (ECAL) in the Large Hadron Calorimeter (LHC) project in CERN. Its 
high density (e = 8.28 g/cm3) is the main advantage comparing to previously favoured 
material - CeF:3 [6], because PWO enables to reduce the volume of  tlie calorimeter detec- 
tor (about twice with respect to CeFS), which means a strong reduction in price as well. 

Photolurniriescence (PL) of PWO is composed of two components - the blue one 
peaking about 410 to 420nm and the green one at 480 to 520rim. The blue emission 
was ascribed to the regular WO4 group [I], while the green one is related to the defect 
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WOs group [ a ] ,  possibly with F centre nearby [7]. Also red emission of PWO is reported 
[7], which is ascribed to Pb3+ and depends strongly on the purity and stoichiometry of 
the starting material and the growth technology. PL decay kinetics [l] shows rather 
complicated nonmonotonic temperature dependence of decay times in both blue and 
green PWO emission components. 

The scintillation spectrum at room temperature (RT) under y (Na22 isotope, 511 keV 
phot,ons) or X-ray excitations shows also both blue and green emission components 
[5 ,  71. The scintillation decay measured within 500 ris TAC time gate at RT was ap- 
proximated by the sum of three exponentials showing the decay times z1 = 5.1 ns, 
z2 = 14 ns, and r3 = 110 ns [7]. 

Very recently it was shown that apart from ns decay components, much slower pro- 
cesses appear in PWO decay both under selective hand-to-hand UV and 511 keV y ex- 
citations [8,.9] and that these processes are related mainly to the green PWO emission 
component. Furthermore, pronounced differences were found in the shapes of the ernis- 
sion spectra of PWO grown by different producers [8]. 

Using a selected set of PWO single crystal samples, it is the aim of this paper to 
evidence the general occurrence of so-called “superslow” components in the scintillation 
decay of PWO and to show that correlations exist among the steady-state scintillation 
emission spectra shapes (and intensity), the amplitude of the superslow components in 
the scintillation decay, and also the light yield (LY) of the PWO crystals studied. As 
the amount of light extracted from the PWO scintillator within the first 100 ns is most 
important for LHC application, an estimate of the contribution of fast (0 to 100 ns) and 
slow (> 100 ns) processes to the PWO photolnminescence decay is calculated and a sirni- 
lar parameter is roughly estimated from the scintillation decays, too. 

2. Experimental Methods and Sample Preparation 

UV and X-ray excited steady-state spectra and PL decays were measured at the modi- 
fied spectrofluoronieter 199s [lo], scintillation decays were measured using the radioiso- 
tope “Na and the classical coincidence method [ll]. PWO decay under laser excitation 
was measured using a LISS-Multilaser, model 780U excimer laser with nitrogen-helium 
mixture (EE:: = 1 mJ, Ae,, 337.1 nm, FWHM 1 7 ns) with a Hamamatsu R1398 photo- 
multiplier (PMT) detection coupled to the Tektronix 2440 digital memory oscilloscope. 
All the spectra are corrected for the set-up spectra characteristics and a deconvolution 
procedure is applied to the decay curves in ns time scale to remove the instrumental 
response influence and to obtain the true decay times. LY measurements were performed 
with a Co radioisotope measuring in ac mode the photopeak position with MCHA regis- 
tration and 1 ps shaping time. 

Recent PWO samples grown by the Czochralski method were used for the measiire- 
ments, namely: PWO grown by Bogoroditsk Technicochemical Plant, R.ussia (No. 1168, 
1174, 1181), by Shanghai Institute of Ceramics, China (No. 1180, Bridgman grown), and 
by K. Nitsch in collaboration with the Institute of Crystal Growth, Germany (No. 
1185). More detailed description of the growth technology is given in [7] as for Russian 
samples which were grown from typically 4N raw materials. At least 5N PbO and grade 
A1 WOs (Gppm of total metallic impurities) were used in the case of PWO 1185, the 
detailed description of the growth procediire is given elsewhere [la]. 3N WO3 and 4N 
PbO materials were used in the case of PWO 1180, more details are given in [13]. 
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3. Experimental Results 

The blue and green PWO emission components (Fig. 1, curves t i ,  e) can be well re- 
solved at 4.2 K using selective UV excitation enabled by the different excitation spectra, 
Fig. 1, curves a, c. The excitation peak at 295 nm (4.2 K)  broadens and moves to lower 
energies with increasing temperature (Fig. 1, curve b). On the contrary, the excitation 
peak of the green emission at about 310 nm only little depends on temperature. At  RT, 
the excitation spectra of both spectral components are very similar. Using the knowl- 
edge from PL as to shape and position of the blue and green component spectra, a 
consistent decomposition of X-ray excited steady-state PWO emission was made in the 
80 to 300 K temperature interval (inset of Fig. 2) showing strong quenching of both 
components at RT. The mutual intensity ratio between the blue and green components 
is strongly sample dependent, see Fig. 2. The steady-state emission spectra in Fig. 2 are 
measured under the same experimental conditions and with samples of similar shape 
(typically plates about 8 x 10 x 2 mm3), so that they can be mutually compared also in 
absolute scale as done in Fig. 3, i.e. they can serve to obtain information about the 
steady-state LY. 

The temperature dependence of the PL decay times is given in Fig. 4. While at the 
lowest temperatures both emission components show a single exponential decay, a 
slower tail appears in the green emission decay above 180 K even under 313 nm excita- 
tion, which is actually in the PWO band edge well below the band-to-band transition 
(green emission decay times above 180 K are obtained using a single exponential fit of 
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Fig. 1. Excitation (curves a, b, c) and emission (curves d, e )  spectra of PWO crystal (sample intle- 
pendent). (a) a,,,, = 400 nmi T = 4.2 K ;  (b) A,,, = 400 nm, T = 295 K (solid line); (c) L,,,, = 560 mi, 
T = 4.2 K (dashed line); (d) A,,, = 290 nm, T = 4.2 K ;  ( e )  A,,, = 315 nrn, T = 4.2 K (a.u. means 
arb. units) 
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Fig. 2. X-ray excited steady-state emission spectra of PWO cryshls at 295 K. All spectra are nor- 
malized to unity. In the inset, the temperature dcpendcncc of steady-statc X-ray cxcited PWO 
emission is givcn, (a) hluc and (b) green Components, (c) overall emission intensity 

the initial part of the decay curve). An example of the blue and green emission decays 
at 220 K is given in Fig. 5. The effect of the increased ba.ckground level with respect to 
the true dark PMT count rate in the green component, decay was noticed (Fig. 5b) - 
the level appropriate to the dark photomultiplier (PMT) counts was considered in the 
decay approximation by a solid line. Apart from the effect described below in Fig. 9, 
also iincorrelated thermostirnulated luminescence (TSL) could increase the background 
level, because the TSL peak was reported at 216 K [14] and these decay measurements 
were made at a single temperature run starting from 80 K and even higher background 
level was observed in the decay measurement at 200 K. 

Furt.hermore PL decay was measured under UV band-to-band excitation at 230 nm 
using an intense xenon ps-pulse flashlamp (FWHM = 2 ps, 0.2 J/pulse) for the excita- 
tion to reveal the time dependence of the radiative processes involving free carrier re- 
combination. It comes out that. in both spectral components of PWO emission very slow 
components are present as well, and an example of the decay is given in Fig. 6. The 
mean decay time 
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Fig. 3. X-ray excited steady-state emission spect,ra of' PWO crystals at 295 K. The spectra are given 
in absolute scale (i.e. the intensities are mutually comparable) 

can be calculated for different PWO crystals at  RT showing values 5, E (0.59, 0.99) Iris 
at A,,,, = 400 nm and (1.22, 1.89) ins at  A,,,, = 500 nm. Using the advantage of a low 
repetition rate (about 2Hz)  of the excitation produced by the ns intense N2-laser line 
arid very fast PMT detection in the bias regime, PWO 1180 decay at  500nm (and the 
spectral width of 30 nm) was measured at  RT in different time scales arid oscilloscope 
sensitivities under otherwise the same experimental conditions. Pasting the decay curves 
enables to obtain the decay through as much as six orders of magnitude in time and 
about four orders of dynamic range, Fig. 7. By the integration of the decay curve in the 
time gates (lop9 to s (fast component I f )  and (lop7 to lop3) s (slow component 
I s ) ,  the estimate of the amount of light released in these two time gates can be obtained, 
namely 

If A 1.0 x l op8 ,  I ,  = 66 x l o p 8 ,  (2) 

i.e. 1, 1.5% of the overall emission intensity within the coriditioris given for this parti- 
cular measurement. The time gate (0, 100) ns was chosen according to the expected 
time gate to be used in the LHC experiment. Furt.hermore, it was found that the rela- 
tive amplitude of the decay tail (time gate 400 11s) is strongly dependent on the excita- 
tion intensit,y, Fig. 8. 

An example of a PWO 1180 scintillation decay is given in Fig. 9 (curve a). The decay 
is fitted by the sum of three exponentials convoluted with the instrumental response and 
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Fig. 4. Temperature dependence of the PL decay times of the blue (A,,, = 400 rim) and green 
(a,,,, = 520 rim) coniponents (PWO 1174). The excitation wavelengths were chosen at any tcmpera- 
ture near the maxima of excitation spcctra ( ~ ~ ~ ~ ” ” 1  = 295 to 310 nm, d;”’”’’ = 310 nm) 

calculating the background level from the signal before the rising edge of the decay 
pulse. However, as was already noticed [8] ,  the amplitude of the signal in a PWO scintil- 
lation decay measurement preceding the rising edge of the decay iself, is higher than 
that expected from the dark photomultiplier (PMT) count rate. So-called “no crystal” 
decay is given in Fig. 9, curve b (measured at the same experimental conditions, accu- 
mulation time, etc., but without the PWO sample). The “no crystal” decay shows the 
true background level valid for the displayed PWO decay curve. The sharp peak caused 
by the direct interaction of y-quanta with PMT can be taken as the instrumental re- 
sponse of the set-up to a &excitation. The mentioned increased amplitude of the signal 
preceding the decay pulse can be thus explained only by the existence of decay processes 
slow in comparison with the average rxcitation rate of the sample, i.e. repetition rate of 

T a h l e  1 
The coefficient a derived from scintillation decay measured at dem = 400 nm, 500 nm and 
spectrally unresolved, light sum in the superslow component IS, and the light yield LY 
for the set of PWO crystals; T = 295 K 

sample w (400 nm) a (500 r im)  a (unres.) IS, LY 
[%I 1% [%I [%I [p hot ./MeV] 

PWO 1168 0.63 1.86 1.1 98.9 171 
PWO 1174 0.84 4.5 2.0 99.2 214 
PWO 1180 0.94 8.5 3.5 99.6 378 
PWO 1181 0.44 4.1 1.8 99.5 
PWO 1185 not meas. not meas. 0.85 98.7 153 

not nieas 
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Fig. 5. PL decay of the a) blue and b) green components of PWO 1174 at  220 K. a) A,,,. = 300 nm; 
a,,, = 400 nm; b) ,I,,, = 313 nm, &,,, = 520 nm. Convolution of instrumental response (indicated in 
the figure by smaller dots) with single exponential approximations are given by the solid lines show- 
ing decay times of 58 and 84 ns, respectively. The true background level determined only by dark 
PMT counts is considered in the fits 
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Fig. 6. PL decay of the blue component of PWO 1185 under band-to-hand UV excitation at RT, 
A,,, = 230 nm, A , ,  = 400 nm. Four exponential approximations are given by tlic solid line with rela- 
tive prc-exponential factors A, and decay times t,: A1 = 4.5, z1 = 0.035 ms; A2 = 0.073, 
z2 = 0.284 ms; A3 = 0.018, t3 = 1.38 XIS; A4 = 0.0014, t4 = 6.6 ms 
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Fig. 7. N2-laser line (337.1 nm, Epuls = 1 m J )  excited PL decay of PWO 1180 at RT and 
A,,,, = 500 nin showing at the same time fast and slow compoiients of the decay (for the construc- 
tion see the text) 
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Fig. 8. P\VO 1180 PL decay at R T  arid &,,, = 500 nm excited by thc Nz-laser line 337.1 nm. 
a) E,, = 1 rnJ, b) 10 pJ 

the start,ing PMT pulses (about 40 kHz in this case). Actually, such processes are clearly 
demonstrated in the PL decays of Fig. 6, 7. The coefficient a is defined in Fig. 9 to give 
a quantitative measure of such a “superslow” process amplitude in PWO scintillation 
decay. The values of a are given for several PWO crystals in Table 1 measured at 400 
and 500 nm using interference filters (FWHM about 20 nm) and at a spectrally unre- 
solved mode, too. 

To obtain an estimate of the superslow decay component content in the case of y 
(511 keV) photon excitation, the slowest processes responsible for the nonzero values of 
a were considered to be single-exponentially decaying. In other words, the overall decay 
function is supposed as 

3 

i = l  
I ( t )  = c A, exp [-t/tzI + A, exp [-%I, (3) 

where Ai, t, (i = 1 to 3) are obtained in a sub-ys time scale (Fig. 9) and A,, and t,, are 
the amplitude and decay time of the superslow processes, respectively. The true ampli- 
tude A,, is related to the observed quantity Is, in Fig. 9 as follows: 

As, = L(1 - exp [ - t i / t s s I ) ,  (4) 

where l / t i  equals to the excitation frequency. Equation (4) can be derived in a simple 
way from a similar procedure used in [15]. The value of the decay time t,, was deter- 
mined from two averaged points ( t l ,  t 2  in Fig. 9) on the decay curve considering their 
difference in time, namely 
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Fig. 9. a) Scintillation decay of PWO 1180, spectrally unresolved, at RT and b) “no crystal” decay 
measured at the same cxperimcntal conditions without the sample. The solid line is the convolution 
of the instrumental response (derived from “no crystal measurernent”, see the text) and three expo- 
nential approximations with the relative prc-exponential factors A, arid decay times z,: A1 = 0.521. 
tl = 3.0 ns; A2 = 0.072, 52 = 12.1 ns; A3 = 0.008, t:( = 102 ns 

The values of z,, for all the crystals studied fall into the interval (100, 300) ps, which is 
of the same order as the values of r,, calculated from PL decays above. In the frame- 
work of this simple approximation, the intensity (light sum) IS, of superslow processes 
can be calculated as IS, = A,,z,, and its contribution to the overall decay approximated 
by (3) is given as 

1 = 1  

The calculated values are given in Table 1. 

rather small samples of dimensions from 9 x 9 x 8 mm3 up to 1 8 x 1 8 ~ 1 8  rnm3. 
Furthermore, the values of LY are also given in Table 1 for the same crystals using 

4. Discussion 

As for the general PL characteristics of PWO, most of the measurements presented here 
(performed on single crystal samples of good quality) confirm the results already pub- 
lished in [l, 21. Noticeable differences were found only in the case of the temperature 
dependence of PL decay times, where we measured a more simple monotonically decreas- 
ing dependence in contrast to the complex nonmonotonic dependence reported in [l]. 
The reason might be given by the fact tha.t in [l] the author used also powder samples 
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obtained by solid state reaction. Different and more complicated defects related to the 
grain surfaces and interfaces possibly arise in such a case, which can complicate the PL 
characteristics. 

Using the spectra in Fig. 3, it can be derived that while the PWO blue component 
scintillation intensity is essentially sample independent, huge differences exist in the ab- 
solute intensity of the green component, which are determined by the crystal growth 
technology (green centre concentration obtained). Actually, the difference in the abso- 
lute intensity at 500 nm is about two orders of magnitude, when samples 1180 and 1185 
are compared. At the same t'ime, comparing the values of a in Table 1 and the spectra 
in Fig. 3, one can state that clear correlation exists between the absolute green compo- 
nent intensity and the value of a,,,,,. The more intensive the green component is, the 
higher is the value of aunres calculated. Furthermore, Table 1 shows that superslow pro- 
cesses are mainly related to the green emission component. However, they are always 
present also in the blue PWO emission where aqOOnlrl  E (0.44, 0.94)%. 

The existence of nonexponential PL decays down to the ms time scale for both PWO 
emission components demonstrates the ability of the related emission centres to capture 
free electrons and holes and serve as radiative recombination centres. The recombination 
nature of these slower decay processes is further confirmed by their superlinear ampli- 
tude dependence on the excitation intensity, Fig. 8. The intensity of the free carrier 
recombination process is quadratically dependent on the excitation intensity [ 161, which 
leads to the relative increase of the recombination-related amplitudes in the decays with 
respect to the components of the first order. In our case being discussed, the component 
represented by the decay time 51 (Fig. 9) is probably of first order arising at impact 
excited (not ionized) emission centres, because its value is always very close to the decay 
time value observed in photoluminescence (Fig. 4). The systematic difference between T , , ~  

calculated for the blue and green PWO emissions indicates the differences in the recom- 
bination mechanism. Radiative recombination at the blue emission centres can be con- 
sidered as the most simple case - free carrier recombination [ lsa] .  An efficient autoloca- 
lisation of electrons and/or holes at regular Pb2+ ions or WO4 groups is rather 
improbable, because even higher intensity of recombination processes is observed at the 
green emission centres. The latter are of defect origin having concentrations at least two 
to three orders of magnitude lower comparing to the regular lattice sites. This means 
that efficient transport of electrons and holes to the green emission centres takes place 
and the carriers become deeply localized only here. Different mechanisms of recombina- 
tion processes are appropriate in this case, namely recombination of free carriers at lat- 
tice defects [16b]. This is further supported by the fact that the therrnostimulated lumi- 
nescence spectrum of PWO is situated in the green spectral region [14] very close to the 
position of the green photoluminescence component. 

The higher intensity of slow recombination processes in the green emission comporient 
is possibly further enhanced by the effect demonstrated in the observed departure from 
the single exponential course of PL green component above 180 K (Fig. 5b  at 220 K). 
This phenomenon might show that there is a nonzero probability of thermal decomposi- 
tion of the green emission centre in the excited state, which (followed by another free 
carrier (electron) capture at, a later stage and radiative recornbination afterwards) in- 
creases further the intensity of recombination processes in the decay. The observed effect 
might also be induced by the observed PWO structure instabilities and the anomalous 
behaviour at temperatures of 200 to 300 K [17]. 

21 pliysica (ti) 195/1 
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Another distinct correlation exists between the values of u and the observed LY of the 
PWO crystals studied. In fact, an increase of the LY cannot be explained directly by in- 
creasing u, superslow processes do not contribute significantly to the LY measured, be- 
cause the measurement is performed in ac mode. However, the increase of CI is always 
accompanied by the increased intensity of the processes represented by 5 2  and 53 in Fig. 9, 
which contribute to the increase of LY measured. The just mentioned simultaneous in- 
crease of a and the processes approximated by z2 and 53 most probably means that all 
these characteristics are related to the same process, the recombination of free electrons 
and holes at the blue and green emission centres. Recombination kinetics thus show tem- 
poral dependence in a very wide time scale, namely lop8 to lop1 s. In other words, radia- 
tive recombination of free electrons and holes gives a positive contribution to the LY even 
for a time gate less than 100 ns. However, the slowest components of the same process give 
rise to the overlap of scintillation responses from many preceding events even at an (exci- 
tation) event frequency of several tens of kHz, which is characterized by the coefficient u. 

The light sum released in the first 100 ns after excitation and its fraction in the over- 
all photoluminescence intensity ( (a ) ,  1, & 1.5%) is determined quite precisely from Fig. 9. 
However, because of the simple approximation of the superslow component decay course 
in the scintillation decay the values obtained for IS, have to be taken with caution. 
Nevertheless, the estimate shows that probably the major part of the scintillation light 
in PWO crystals is released at times t > 200 to 400 ns at least in the PWO samples with 
strongly enhanced green emission component. 

It is also to note that the values of the coefficient a might be slightly overestimated, 
because the 22Na radioisotope produces (apart from 511 keV photons) also 1274 keV 
phot,ons, which are uncorrelated in space to the 511 keV ones. However, this fact does 
not change any of the conclusions drawn in this paper. 

From the physical point of view, the existence of recombination processes in PWO 
emission can explain its generally nonexponential course through several orders of mag- 
nitude in time. The widely used decay curve approximation by a sum of exponentials 
can be hardly interpreted in the case of PWO. Beside 51 (fit in Fig. 9), which is close to 
the decay time values observed also in PL decay (Fig. 4), there are no excited state 
levels available to offer appropriate transition dipole moments to justify the existence of 
several decay times from about 10 ns down to 10 ms obtainable from a multi-exponential 
approximation of the decay. 

5.  Conclusion 

The correlations among the absolute value of PWO green emission component intensity, 
the amplitude of superslow processes in the scintillation decay, and related values of the 
LY were put into evidence. The existence of recombination processes in PWO decay was 
proved as a general phenomenon in this material, which shows temporal dependence 
down to the ms time scale. These processes are present mainly in the green PWO emis- 
sion, however, the blue emission centres are also taking part in the radiative free carrier 
recombination, even if the nature of recombination processes is probably different from 
the situation in the green PWO emission component. The calculated estimates allow to 
conclude that at room temperature the major part of the PWO light is released at times 
greater than some hundreds of ns both in the photoluminescence and scintillation decays 
in the case of PWO crystals with a strongly enhanced green emission component. 
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