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Inhomogeneity studies of Pr3+-doped yttrium aluminium 
garnet using time-resolved spectroscopy 
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t Institute of Micmelectronin and Optoelectronics PW, d i t s  Koszykowa 75.00-662 Warsaw. 
Poland 
t institute of Eledronie Materials Technology, uliua Wdczy5ska 133.01.919 Warsaw. Poland 

Received 14 Deaemkr 1992. in Final form 13 May 1993 

Abstract. The mpd behaviour of the crcitatian lineshape of the '&(I )  level of YAG:@+ 
for three different fonsenmtions of P?+ (0.08.0.24 and 0.6 at.90) is investigated The satellite 
l i n e  smffllre in the vicinity of the main inhomagenearsly bmadened tansition is related to 
ions in different cytal-field sites. Studies of the selectively excited decay w e s  of the '& 
luminescence reveal an almost exponential decay only for the 0.08 at% sample after excitation 
of the absorption line centre. A non-exponential decay from the 0.24 and 0.6 at.% n y s t a l s  is 
interpreted in terms of direct donor-accep(or energy transfer by cross relaxation. The technique 
of fluorescence line narrowing is used to analyse the effect of phonon-assisted spear4  diffusion 
AntiStokes emission from the 'Po level following excitaoon of the 'D2 state is  studied as a 
function of P?+ concentration. It is concluded that the antiStokes fluorescence in the diluted 
YAG:O.O~ aL% P?+ rptem resulk fmm thc excited-state absorption process while in YAG:0.6 at.% 
P?+ this antiStolies emission is atrributed to upccnversioo by energy d e r .  

1. Introduction 

Recently, there has been a revival of interest in the optical properties of trivalent rare- 
earth ions (R3') in yttrium aluminium garnet (YAG) owing to advances in development of 
new solid state lasers operating in the near infrared [1-3]. Also a new class of visible up- 
conversion lasers pumped in the near infrared has received much attention and has stimulated 
new studies of the multi-photon and multi-ion processes responsible for the upconversion 
14,51. 

Trivalent-neodymium(d3+)-doped YAG is the most successful solid state laser material 
and it has been extensively studied during the last decade. A considerable amount of 
work has been undertaken to explain the effect of concentration-dependent fluorescence 
quenching and quantum efficiency variation [6]. It was shown that cross relaxation via 
the intermediate 4115/2 and 4113/2 levels plays the dominant role in relaxing the 4F3/2 Nd3+ 
state [7,8]. Recently Devor and co-workers [9-111 and Lupei el a1 [12,131 pointed out the 
role of non-equivalent crystal field sites, line broadening and latticedefect interactions in 
quenching the Nd3+ fluorescence. 

heodymiumdoped YAG crystals exhibit interesting luminescence properties. Room- 
temperature emission of P?' ions can originate hom tlwee metastable states: 3 P ~ ,  3 P ~  and 
'4. Recently, laser action at A = 690 nm was observed on the 3 P ~  + 3 F ~  transition [141 
and a detailed understanding of the physics of this system is essential to further improvement 
of its lasing properties. 

0953-8984/93/356469+14$CV.50 @ 1993 IOP Publishing Ltd 6469 
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This paper deals with the spectroscopic investigation of the microscopic disorder in 
praseodymium(d+)-doped YAG crystals. In YAG the R3" impurity substitutes predominantly 
for Y3+ ions in dodecahedral sites; the degree of lattice perturbation is strictly related to 
the difference between the ionic radii of the two ions. It is known that ions from the 
beginning of the lanthanide group such as Ce" and P?+ have larger ionic radii than Nd3' 
and Y3+ itself. As a consequence we would expect that the crystal-field distortion due. to 
the presence of a P8+ neighbour is larger than that produced by a Nd3+ neighbour in the 
YAG lattice. This also explains the fact that d + d o p e d  gamet crystals do not exist for 
all $'. concentrations [151. Thus, this system seems to be a good choice for studying 
inhomogeneity effects. 

Recently, the complex structure of the absorption and emission spectra of Pr-doped 
gamet crystals YAG, GGG and YGG was investigated by Antic-Fidancev er a1 [16,17]. 'They 
concentrated on analysing the fluorescence from different ion sites after selective excitation 
of the 'PO state. Antic-Fidancev er a/ [18] have also studied this system using a CW laser to 
excite the 'Dz fluorescence. They showed that at least three different sites were responsible 
for the observed emission. It is known that, in all HC systems investigated [19-21], the 
'9 level emission is affected much more strongly by quenching than is 3P~. Hence, to 
study the ion-ion interaction we focus our attention on the ID2 level and its fluorescence 
dynamics. From our previous studies of Y A G : ~ '  I221 it is known that the ID2 emission is 
much stronger and that its lifetime is about one order of magnitude larger than that of the 
?Po state. In lh is paper we present and reanalyse site-selective spectra obtained in a series 
of Prdoped YAG crystals. The influence of concentmion on the absorption and emission 
specm and on the excited-state kinetics has been investigated and is presented below. 
The nature of the inhomogeneous broadening of the lowest component of the ID2 state is 
studied. The energy levels involved in this study are shown in figure 1 [231. Some additional 
information conceming the ion-ion interaction processes was obtained by means of time- 
resolved (TR) fluorescence line narrowing (FLN) spectroscopy 1241 and by observations of the 
anti-Stokes (AS) 'PO fluorescence after selective excitation of the '&(I) level. Observation 
of AS emission, originating from cooperative energy transfer and multi-photon processes, 
has proven to be a powerful spectroscopic tool complementary to one-photon spectroscopy 
[25,261. Interest in studying these multi-photon processes is also motivated by the practical 
significance of up-conversion pumping of high-energy rare-earth excited states for use in 
blue and UV lasers. 

2. Experimental methods 

Y A G : d +  samples with concentrations of 0.08, 0.24 and 0.6 at.% as determined by x-ray 
fluorescence analysis were grown parallel to the (1 1 I )  direction by the Czochralski technique 
at the Institute of Electronic Materials Technology labordtory in Warsaw. Most experiments 
were canied out with a Displex closed-cycle He cryostat. The P?' ion luminescence was 
excited with a 500 kW nitrogen pumped Hansch-type dye laser, dispersed with a 1 m 
double-grating GDM 1000 monochromator and was detected with an RCA C 31034-02 
cooled GaAs photomultiplier tube. The dye laser, equipped with a Jobin-Yvon holographic 
grating with 600 grooves mm-' , provided pulses of 7 ns duration and 0.05 cm-' linewidth. 
Data acquisition was canied out with a Stanford Research SR 400 gated photon counter 
controlled with a PC AT computer. Some decay curves were taken from the MCS I1 
Multichannel Scaler Card from Oxford TeMekC/NUCleuS. 
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3. Results 

3.1. Absorption and excitation specrra 

In most of the experiments the P?' ions were excited through the 'Dl state centred at 
approximately 16400 cm-'. The ions that substitute for Y3+ have 4 site symmetry 
and each of the free-ion levels IJM)  is split into 2J + 1 Stark components. The energies of 
the five components of the 'Dz level have been given by Gruber er al [23] and are shown 
in figure 1. To avoid additional broadening by spontaneous phonon emission, our linewidth 
studies concentrated on the lowest 16399 cm-' Stark component of the 'Dz manifold. 
The next higher-lying level 'Dz is separated by 9 cm-' and at 10 K is thermally populated. 
Figure 2 shows the concentrationdependent and, in the case of the 0.6 at.% @+ crystal, the 
temperame-dependent absorption spectra around the chosen transition. The inhomogeneous 
width of the IDz(1) absorption Line in the low-concentration YAG:O.OS at% @+ sample 
is 1.5 cm-': in the 0.6 at.% Pr crystal the lines are much broader and several additional 
lines appear. With increasing temperature, transitions from the thermally populated higher 
components of the ground 3Hq state arc clearly observed. In figure 3 the IO K excitation 
spectra of the total 'Dz + 'Ha non-resonant fluorescence in three investigated samples are 
presented. The laser was tuned through the 3H4(l) + '&(1,2) absorption lines. This 
conKguration is favourable because of the large branching ratio for this transition [22], the 
wide spectral separation from the exciting radiation, and the absence of any reabsorption. 
From figure 3 it can be seen that the investigated absorption lines consist of four peaks c, 
d, f and g centred at about 16400 cm-I and several less intense additional satellite lines. 
' b o  major lines at 16399 cm-I and 16408 cm-' (lines f and d) arise from the transitions 
of regular P?+ ions in 4 sites. It is interesting to note that the character of the spectra 
changes with concentration. In the diluted ~ ~ ~ 0 . 0 8  at.% E@+ sample the two regular ion 
transitions d and f and line g at 16 390 cm-' dominate, but in the YAcO.6 at.% @+ crystal 
the lines became much broader and difficult to resolve and two strong additional mansitions 
1 and i at 16338 cm-' and 16355 cm-I, respectively, appear. Line a at 16478 cm-I is 
observed for all samples investigated but its relative intensity is concentration dependent. 
A weak satellite svucture e is observed on the high-energy side of line d at 16408 cm-I 
and for YACO.6 a t %  pr" at 16381 cm-' (line h) and at around the 16 338 cm-' transition 
j, k and m. The half-width of the regular ion mansition f a t  16399 cm-' is 1.8 cm-' for 
the 0.08 at.% @"-doped sample. 

3.2. Fluorescence specrra 

In order to associate the observed excitation lines with corresponding fluorescence 
frequencies, the excitation spectra of monochromator-filtered emission transitions and the 
selectively excited fluorescence spectra were recorded. To avoid thermally activated 
fluorescence transitions starting from the '412) Stark level these measurements were 
performed at T = 5 K. The ID?(I) -+ 31&(14) spectra as a function of excitation energy 
are presented in figure 4. After excitation of the centre of the absorption line at 16 399 cm-' 
the regular ion fluorescence dominates and severaI intense emission lines at 12094, 12060 
and 11 840 cm-' are clearly observed. With the dye laser tuned to the satellite absorption a 
new set of fluorescence lines is observed, slightly shifted in energies from the intrinsic ion 
values. We have identified six characteristic fluorescence spectra resulting from excitation 
at lies a, be, cg, df, i and I from figure 3. 
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Figure 1. Schematic energy level diagram of P?+ ions 
in h sites of YAG. 

Figure 2. Concentrationdependent zbsorptim spectra 
ofYAeP?+ araundthc3H4(l) -+ 'D1(1,Z)transition 
(au., arbitrary units). The tempcrarurr depadence of 
the nbsa@on of U A G : ~ . ~  at.% P?+ is aim shown. 

3.3. Time-resolved spectra andfluorescence dynamics 

The temporal variation in the ID? fluorescence of YAG:O.OS at.% e+ is shown in figure 5. 
Total 'H6 fluorescence was detected for a b e d  time window of 100 ps while the wavelength 
excitation was scannedacross the 3 ~ ( 1 )  + ID2 absorption lies. Thus, we had wavelength 
selectivity in excitation but not in emission. Excitation spectra recorded at a 500 ps delay 
show a noticeable linewidth narrowing and contain only two lines representing the regular 
ion emission. A similar situation has been observed for 0.24 and 0.6 at.% d+-doped 
YAG crystals. This indicates that ions responsible for the additional transitions have a 
significantly shorter lifetime. Thii was also studied directly by monitoring the emission 
decay afler selective excitation (figures 6 and 7). The temporal dependence of the emission 
was non-exponentid for the 0.24 and 0.6 at.% samples. oniy for the YAC:O.O~ at.% e+ 
sample did excitation of the regular ions at the line cenm result in an almost exponential 
decay; the decay rate increased gradually at later times, indicating the isolated ion lietime 
70 of 245 ps. Satellite decay times were determined after subtraction of the isolated ion 
lifetime from the signal. 

Finally, the broad-band excited 'Dz fluorescence decay was measured. The results of 
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Figure 3. Excitation spectra of the '&(I) fluorescence observed in three samples of YAWP?+ 
of different nominal concentrations. Well resolved lines are labelled by lowercrae leuen; 
T = 10 K. 

the Pr" fluorescence decay experiments are presented in table 1. 

3.4. Fluorescence line-narrowing studies 

In order to study the microscopic disorder in YAG&+ crystals we used the technique 
of FLN within the inhomogeneously broadened lDz(1) transition. The 3H4(l) -P 'Ddl) 
excitation l i e  of the YAc:O.O8 at.% P?+ crystal is presented in figure 8. For pumping 
the high-energy wing of the 'Dz(1) line the non-resonant fluorescence corresponding to 
the 'Dz(1) + '&(I) radiative transition was successfully line m w e d  and its spectral 
evolution as a function of time was measured at 15 K (see figure 8). The spechlm at 
t = O f i s  shows a narrowed line shifted relative to the fluorescence centred at 12094 cm-I. 
Later scans indicate a spread to the frequencies at the l i e  centre. and the broadening of the 
line. This reflects spectral diffusion from the initially excited ions to other ions across the 
crystal. 
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YAG:O24% Pr3+ 

Figure 4. Fluorescence spectra of the  'DZ(1) -+ 3H6 transition of UAG:~?' after selective 
excitation at vsliws wavelengths; T = 5 K. 

35, Anli-Stokesfiuorescence 

It was found that the blue lines resulting from the 3 P ~  -+ 3Hq iransitions were generated 
through the excitation of the ID2 state. A quadratic dependence of the blue fluorescence 
on the laser input power was determined. The excitation specw of this blue AS emission 
were recorded when collecting the total 3Po (20534 cm-') fluorescence and tuning the laser 
frequency over the 'D2(1.2) absorption band (figure 9). For comparison, an excitation 
specmm of the yellow ID1 fluorescence is also shown. For YAG:O.O8 at.% P?+ the time- 
integrated excitation spectra of the )PO and 'Dz fluorescence have the same form. The 
majority of the AS signal appears after excitation of the regular ions (lines d and f). Less 
intense AS emission results also from the excitation of two additional Lines c and g. The 
effecl of narrowing of the AS fluorescence could also be observed. The excitation specbum 
of the blue emission of YAG:0.6 at.% P?+ exhibits different features; the AS signal is 
produced mainly by the wings and the satellites of the regular lines, the 'Dz(l) is salurated 
or 'reversed'. The Iemporal evolution of the blue emission of YAG:0.08 at.% P?+ is non- 
exponential with an initial time constant of about 15 ps and the lack of any observable rise 
time. For the 0.6 at% dt sample the AS emission decay is also non-exponential but slower 
than under direct excitation and a fast rise time of about 1 f i s  was observed (figure 10). 

4. Discussion 

From the complexity of the absorption spectra presented in figure 2 it is evident that the P?+ 
ions occupy several kinds of crystal site. The two strongest lines at 1 6 3 9 9  cm-l (6098 A) 
and 16408 cm-' (6095 A) are assigned to transitions of et ions occupying Y3+ sites of 
Dz symmetry. Several weak peaks observed in the excitation spectra of the '9 emission 
presented in figures 3,5 and 8 are interpreted in terms of some perturbed ions whose energy 
is shifteci from that of the intrinsic ions. The specmm of mese minority sites extends in 
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I 1 YAG :O,OS s P r3+ T= I o I.C 

I DELAY - 300 U- 

Figure 5. ?hem excitation spenra of the ' % ( I )  fluorescence of YAC:O.OS aL% P?: T = 10 K. 
The excitation wavelength was scanned BCTOSS the '&(I) + 'Ih(1.2) absorption lines when 
detecting the told 3H6 fluorescence far a fixed time delay. 

YAGO.6 at.% P?' over 140 m-l, indicating that the crystal-Beld distortion is comparable 
in magnitude with the crystal field itself. A similar situation has been observed for other 
YAG:R3+ materials [27,28]. The large inhomogeneous linewidths in the 0.6 at.% P?" SaInple 
suggest a high degree of lattice suain. It is also observed that, with an increased doping 
level, several strong new lines h. i, j, 1 and m appear whose intensities are concentration 
dependent. We think that the main source of Lattice distortion responsible for the large-scale 
shift in P?+ lines [ l l ]  lies in departures from stoichiometry; some of the P?+ ions enter the 
octahedral sites normally occupied by AI3+ ions and perturb the regular dodecahedral Y3+ 
sites. The microscopic lattice imperfections such as strains, dislocations and unintentional 
impurities result in a small-scale crystal-Beld perturbation of the order of 1 cm-l, responsible 
for the irregular shape of the excitation specid profile for the 3H4(l) + '&(I) uansition 
shown in figure 9. It is also observed that the spectral profile of this transition is nearly 
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Figure 6. fluoresance decay observed fm the sample of 0.08 at.% P?+.doped YAG after 
selective excitation amund the %(I) + 'Dz(l,2) transitions (a.u.. arbitrary unils). The 
lowerease letters refer to lhe lines from figures 3 and 5: T = 10 K. 

time independent for the 0.08 at.% Pr)+ crystal, while it changes markedly with time for 
the 0.6 at.% R-'+ sample. At longer delay times the "(1) -+ 'Dz(1) excitation specr" 
reduces itself to that of the dilute crystal. An additional source of satellites comes ffOm 
pairs or multi-ion complexes of activator ions. As shown by Lupei er a1 [13], the pair 
lines have been spectrally isolated for the YnG:Nd3' syslem. On analysis of  our spectra, 
the quadratic intensity dependence on F'?+ concentration was found for the well resolved 
satellite h, suggesting its pair origin. However, the 18 cm-' sWt &om the cental line is 
unexpectedly large even for pairs of ions in the first-neighbour position. 

Sets of fluorescence lines recorded after selective excitation (see figure 4). which 
represent the distinct spectra, are assumed to correspond to ions in different sites. Six such 
spectra were identified. This is consistent with ObSeNatiOnS of Lupei et ul I131 and Devor 
and De Shazer 1111 who ObSeNed four and five non-equivalent Nd3+ sites, respectively, 
in Czochralski-grown YAG crystals. Mares er a1 [29] reported nine Nd3+ crystal sites in 
doubly doped YAG:Nd'++C?+. 

Since elecuic-dipole transitions between Stark levels of the same symmelry are 
forbidden, the absence of radiative transitions from the Dz( I )  level which has r1 symmehy 
to the 3HdZ. 4) Stark components is consistent with the assignments of Gruber er ul [23]. 
However, the observation of regular ion emission at 11 940 cm-' leads to a Stark level at 
4459 cm-' (see figure 1) which is in good agreement with the work of Ryabchenkov [301 
but was not observed by Gruber er ul [23]. 

Figures 6 and 7 show the time evolution of the 'Dz state emission. The fluorescence 
decay for YAC:o.o8 at.% F++ observed in this work is faster than reported for YAG:0.12 at.% 
et 1311 at 77 K. This could result from some energy transfer processes induced by the 
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figures 3 and 5: T = 10 K. 

Table 1. Summary of the fluorescence decay of h e  OZ slate of P?+ ions in YAG after selective 
excitaticn at 10 K. 

Energy 
E A E  

Energy shift Lifetime z OLs) at the following P?+ concentrations 

Satellite (a-') (ax-') 0.6 at% 0.24 at% 0.08 at.% 

a 16478 79 57 72 Sot200 
b 16420 21 75+2W 90 130 
c 16417 18 100 115 175 
d 16408 9 130 160 Mo+245 
e 16406 7 86 94 140 
f 16399 0 130 160 uxK245 
g 16390 -9 I15 1 26 188 
h 16381 -18 I 1.2 - 
i 16355 -44 70 1W - 
I 16338 -61 62 90 - 

unintentiond Nd3+ impurity detected in the 0.12 at.% *+-doped crystal. 
From figures 6 and 7 it is seen that the ID2 decay depends on the excitation wavelength 

and is generally nonexponential especially for higher p+ concentrations. When the less 
intense additional Lines were pumped, the emission decay was faster and non-exponential 
at an early lime; at later times it approached the value for isolated regular ions. Since the 
radiative decay rates are assumed to be the same for ions in all major types of site, the 
observed fluorescence dynamics are an indication of fast energy transfer by cross relaxation. 
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As shown by our FLN studies, energy diffusion is absent at 10 K in the investigated system. 
From figures 6 and 7 it can also be seen that the excitation of line a at 16478 cm-’ results in 
a fast non-exponential decay and the strongest selectivity of the fluorescence (see figure 4). 
This is evidence for the presence of stmngly permibed ion sites in Y A G : ~ + .  From table 1 
it also follows that excitation of line h at 16 381 cm-’ produces a very fast (of the order of 
1 ps) decay. As discussed earlier, this l i e  could be related to some ion complex. On the 
assumption that the reduction in its lifetime is due to cross relaxation between an excited 
and unexcited ion, the transfer rate for such an ion pair is given by Xb = l/c, - yo, 
where yo = 4.1 x lo3 s-’ is the isolated ion decay rate (yo = ]/to) measured for a low- 
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Figure 10. 'Po emission of 0.6 at% P?'doped YAG after resonant 'PO exdtatian and resulting 
fm the upcanversionprocess afterencitation d the '&(~)Icvd .  

concentration sample. When the measured value of TI, was taken to be 1 ws, Xh was found 
to be 9.96 x Id s-'. 

Decay of the Dz state of $+ in YAG measured under broad-band excitation was also 
analysed. Since at 10 K the donor-donor transfer is negligible, as confirmed by our FLN 
studies, the time dependence of the P?+ intensity I ( f )  in the presence of H+ traps can be 
described by the Inohti-Huayama [321 equation 

[ ( I )  /oeXp[-fyo -4X/3X~R&(Wol f~ '~ ) ]  (1) 

where XA is the number of $+ acceptors per unit volume, and Rol and Wol are the nearest- 
neighbour separation and transfer rate, respectively. s identifies the nature of interaction. 
We plotted ln I + l yo against 1"' putting TO = 24s ws, XA = x i  x 1.385 x 10% ~ m - ~  
(XI = 0.006, xz = 0.0024 and x3 = 0.0008) and Rol = 3.7 A. From figure 11 it is 
seen that for the 06 at.% Pr)+ crystal the plot can be best Etted for s = 6 by a straight 
lime, confirming the validity of the lnokuti-Huayama model and the elecaic dipoledipole 
inlaction mechanism. From the slope of the plot, 49 s - ~ / ~ ,  and according to equation (1) 
we found the nearest-neighbour transfer rate to be Wol N 2.46 x lo6 s-'. This value is 
higher than the IDz quenching rates in most $+-doped materials [33] but is in reasonable 
agreement with the transfer rate for line h determined earlier and confirms its pair origin. 
The dependence of Wol on $+ concenhation is presented in table 2. The high value 
of the nearest-neighbour quenching rate for '9 fluorescence of YAG:$+ results probably 
from the quasi-resonant or phonon-assisted (less than 100 cm-' phonons) character of the 
cross-relaxation process which is atfributed to the following transitions between two et 
ions: 

f3  b ( 1 )  -+ ['Gd1-5)1, 35(14)1. (2) 
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Figure 11. Plot of In(l/la) ftn againat l3Ir fors = 6,  8 and 10 for 0.6 ai% P?+dopcd YAG. 
The straight-line fit fors = 6 data indicates a near-neighbour transfer mc WO, = 2.46 x IO6 s-'. 

Table 2. Encrgy transfer rates Wm BS B function of P?' ion mantration for YAG. 

Pr mcentrarion Wnr -. 
(at.%) (C-' 

0.08 3.5 x 1 0 s  
0.24 1.8 x 106 
0.6 2.46 x lb 

Because of the quadratic dependence of the AS fluorescence on excitation energy it could 
be concluded that we are dealing with a second-order process. It is known that two 'Dz 
ions which couple behveen themselves can also undergo an upconversion process [191 

(3) 

According to equation (3). only ion pairs can participate in Ihe upconversion transfer. 
This is consistent with our experimental data on YACO.6 at.% M' presented in figures 9 
and 10. The ion pair character of the 3P0 excitation spectrum measured as a function of 
'&(I) energy, the observed rise time of the 'Po signal and its longer Lifetime than under 
direct excitation are indications that the energy transfer process is responsible for the AS 
fluorescence of YAcO.6 at% P?+. The long part of the decay suggests that the lower levels 
of neighbour F?+ ions continually feed the 3 P ~  levei after the end of Ihe excitation pulse. 

A different situation has been observed for YAG:01)8 at.% P?+ where in figure 9 it 
appears that the AS signal is mainly associated with regular ion Lies d and f and In a smaller 

I'Dz(1) + 'Dz(1)l  + L'Pz(l-5) + 'G4(8,9)1. 
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degree also with lines c and g, giving rise to a low emission. This is a clear indication that, 
for this very diluted Ps+ system, the excited-state absorption (ESA) mechanism is responsible 
for populating the 'PO level. This is also consistent with the lack of any observable rise 
time of AS blue fluorescence. However, the ObSeNed 15 j ~ s  lifetime of the AS 'PO emission, 
which is slightly longer than the 'Po radiative lifetime of 12 ps, indicates that some energy 
transfer is Still present. These observations are consistent with the work of Malta et al [34] 
who have proposed that the ESA process involving 'Ha as the intermediate state is dominant 
in popuhting the 'pO level of YAG:*+ at 300 K. 

The TR FLN spectra presented in figure 8 show that the liewidth and spectral prohle 
change with t i e ,  indicating the presence of donor-donor energy transfer in YAG:O.O8 at.% 
et at 15 K. It is known [351 that, owing to accidental coincidences with resonant 
transitions, this type of FLN has additional broadening and the observed linewidth does 
not represent the real homogeneous width of the msition. In our case, although the 
FLN resolution is monochromator limited, the FLN clearly demonstrates the crystal-field 
dependence on excitation energy. 

The p r  spectral isolation of the FLN component from the main line made the 
determination of the donor-donor transfer rate imprecise. Detailed Studies of the donor- 
donor transfer in YAG:* crystals are under way and will be presented in a separate paper. 

5. Conclusions 

The P?+-doped YAG crystals have been investigated by means of high-resolution pulsed- 
dyelaser spectroscopy. Our site-selective FLN and decay studies have enabled us to improve 
our knowledge of the Pr site distribution and energy transfer processes between P?+ ions. 
The non-equivalent crystat-field effects were observed on a large and on a small energy 
scale and six non-equivalent crystal-held sites have been specimlly resolved. Fluorescence 
dynamic studies provide evidence for the donor-acceptor energy nansfer between ions. 
The results of preliminary FLN measurements on a YAG crystal with 0.08 at.% e+ show a 
narrowing of the '9 + 'Ha fluorescence and the absence of donor-donor transfer at 10 K; 
onset of spectral migration was observed at 15 K. We have observed the AS emission from 
the 'Po state after excitation of the 'Dz level. The concentration dependence of the 'Po 
excitation spectra and the temporal evolution of the blue fluorescence indicate that the AS 
emission resulls from the ESA process in the 0.08 at.% &+-doped crystal. In the 0.6 at.% 
H" sample the non-exponential decay of this fluorescence and the observed rise time are 
indications of upconversion by energy transfer. 
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