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Abstract 
Pr^-doped SrAl12Oa9 has been investigated spectroscopically as a visible 
laser material. Its 3P0 fluorescence lifetime is rather long for an oxide: about 
35 us. This excited state exhibits only mild concentration and temperature 
quenching, so that concentrations high enough to give good ground-state 
absorption into the 3Pj manifolds still give strong, long-lived emission. 
Ground-state absorption into the 4ßd configuration begins at relatively high 
energy, so that excited-state absorption into this configuration is less likely 
to be significant at laser wavelengths in Sr A112019 than in many other oxides, 
such as Y3A15012. The stimulated emission cross sections of major emission 
lines have been estimated, and are quite reasonable for laser operation. 
Laser-pumped laser operation has been demonstrated in the red (3P0->

3F2) 
at room temperature and in the blue-green (3P0-»

3H4) at cryogenic 
temperatures. 
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1. Introduction 
Among rare-earth ions capable of visible laser emission, Pr3"1" is particularly 
attractive because of the strong absorption transitions to and fluorescence 
transitions from the closely grouped 3P0,3Pi, 3P2, and \ manifolds. Laser 
operation has been reported for several Pr-doped solids [1-6]. Two limita- 
tions of Pr3+ are the scarcity of excited states above 3P2/ making lamp 
pumping inefficient, and the short upper-state lifetime concomitant with 
the large fluorescence linestrengths, making energy storage difficult. 
Ongoing progress in upconversion pumping of rare-earth lasers and in 
wide-bandgap diode lasers raises the prospect of alleviating the pumping 
problem. It is therefore of interest to investigate new crystalline hosts in 
which Pr3"1" may exhibit a longer 3P0 fluorescence lifetime. Not surprisingly, 
fluorides such as Pr:YLiF4 exhibit longer lifetimes than oxides such as 
Pr:Y3Al5012 (Pr:YAG) or Pr:YA103 [6]. However, in view of the generally 
superior thermomechanical properties of oxides, it is worthwhile to seek 
oxide hosts that may make the 3P0 lifetime longer. 

We present here results of the spectroscopy of such a host for Pr3+, 
SrAl12019. Because this strontium aluminate crystal has the magneto- 
plumbite structure, we refer to it by the acronym SAM. It has space group 
P63/mmc, and rare-earth dopants are believed to enter the Sr site, which 
has point group D3h [7,8]. Its three-fold axis is parallel to the crystallo- 
graphic c-axis, and the Sr ion's nearest neighbors are six oxygens in the 
«-plane containing the Sr, plus sets of three oxygen ions above and below 
that plane [9]. These nearest-neighbor oxygen ions are significantly farther 
from the cation nucleus in this site than in the Y site of YAG, suggesting 
that the dopant may encounter a relatively weak crystal field [7,10]. This 
crystal has been studied as a host for Nd3+, and is very similar to 
LaMgAln019, which has proven to be a good laser material when doped 
with Nd3+ [11,12]. 

This report summarizes our study of the spectroscopy of Pr,Mg:SAM, por- 
tions of which have been published elsewhere [13,14]. Section 2 describes 
the growth of the crystals used in the study and outlines our experimental 
apparatus and techniques. We then present the absorption spectroscopy, 
fluorescence spectra, and lifetimes (sect. 3 to 5). In section 6, we analyze the 
absorption strength and fluorescence branching ratio data, based on the 
theory of Judd and Ofelt. We performed simple laser experiments at both 
cryogenic and room temperatures; the results of these are reported in sec- 
tion 7, as are estimates of the stimulated emission cross sections for the 
most prominent emission lines. We draw conclusions concerning the 
promise of this material in the final section. 



2. Crystal Growth and Experiments 
We doped the SrAl12Oi9 by codoping the starting materials with equal con- 
centrations of Pr and Mg; this approach facilitates the introduction of the 
trivalent Pr into the divalent Sr site. Samples were grown with 1,5, and 10 
atomic percent (at.%) of each dopant, in terms of the stoichiometric Sr con- 
centration. Powders of SrC03 (supplied by Cerac at 99.999-percent purity), 
A1203 (Cerac 99.999 percent), Pr203 (Cerac 99.9 percent), and MgO 
(Johnson Matthey 99.999 percent) were dried at 200°C for 12 hours in air so 
that any water was removed. Stoichiometric amounts were then weighed, 
mixed together in a ball mill, and pressed to about 15 tons with a hydrau- 
lic press. The pellets formed were 1 in. in diameter and 1/2 in. high. They 
were then sintered at 1400°C for 12 hours in an 80-percent Ar, 20-percent 
02 atmosphere. The resulting ceramic pellets were hard and white. 

Crystals were grown by the Czochralski method in an iridium crucible 1.25 
in. in diameter and 1.25 in. high. Power was supplied by a 7.5-kW Pillar rf 
generator, controlled by an optical pyrometer aimed at the lower half of 
the crucible. Ceramic pellets were placed in the crucible and melted, and 
the melt was allowed to homogenize for about 15 minutes. For the initial 
growth, a pointed iridium rod with a vertical slot at the tip was used as a 
seed. A piece of the crystal grown from the iridium rod was then oriented 
and used as the seed to grow the next crystals. The seed was rotated at 80 
rpm. A growth rate of 2 mm/hr was used at first, but later crystals were 
grown at 3 mm/hr with similar results. The atmosphere for growth was 
99-percent N2 and 1-percent 02. 

Several crystals were grown in two orientations: (001) and (100). They were 
allowed to cool slowly overnight and were about 2 cm long, 1 cm in diam- 
eter, and light green. The crystals grown in the (001) direction faceted into 
a hexagonal shape during growth, and on cooling, they cleaved in several 
places perpendicular to the growth direction. Crystals grown along (100) 
had an elliptical cross section with facets on the sides perpendicular to the 
c-axis. Several cleaves also formed along the growth direction perpendicu- 
lar to the c-axis. All crystals contained some precipitate. We reduced this 
problem somewhat by growing the crystal with 15-percent excess SrC03 

by weight, but some precipitate remained. Samples were cut from the core 
of the crystals, which was usually free of precipitate. 

Three samples have been analyzed for Pr concentration by Galbraith Labo- 
ratories in Knoxville, TN. Two were grown from melts containing 10-at.% 
Pr and 10-at.% Mg, and one from a melt containing 1 at.% of each dopant. 
The results indicate a distribution coefficient of 0.91 ± 0.05, surprisingly 
close to unity for a system that requires charge compensation. This must 
depend sensitively on ionic size, as two related host crystals, BaAl12019 

and CaAl12Oi9, grown from melts containing up to 8-at.% Pr and Mg, 
incorporated very little Pr. 



In this study of Pr,Mg:SAM, we measured optical absorption and fluores- 
cence spectra, took fluorescence lifetime data, and performed laser- 
pumped laser experiments, all at both cryogenic and room temperatures. 
Absorption spectra were taken on a Perkin-Elmer Lambda-Nine spectro- 
photometer. Polarized spectra were taken from 300 to 2600 nm at room 
temperature, and unpolarized spectra extended to 190 nm. Because of the 
size of the CTI cryogenic refrigerator dewar tail used for low-temperature 
spectroscopy, we had to remove the spectrophotometer's depolarizing and 
polarizing crystals; thus, at low temperatures, absorption spectra were un- 
polarized except between 425 and 825 nm, where a thin-sheet polarizer 
could be used. We took fluorescence spectra using a Spex F222 spectrom- 
eter with prism polarizers and a selection of differently blazed gratings. 
The signal was detected by a Hamamatsu R928 photomultiplier tube or a 
North Coast liquid-nitrogen-cooled Ge detector, depending on wave- 
length. We corrected the detection system for its dependence on wave- 
length and polarization using an Optronic Laboratories standard lamp 
traceable to NIST (National Institute of Standards and Technology) stan- 
dards. Fluorescence was excited by an Xe short-arc lamp, a Laser Science 
Inc. nitrogen laser-pumped dye laser, or the H2 Raman-shifted output of a 
Continuum dye laser pumped by a Q-switched and frequency-doubled 
Continuum Nd:YAG laser. 

These same pulsed lasers were used as excitation sources for the fluores- 
cence lifetime measurements. In this case, the transient fluorescence was 
detected by the photomultiplier tube and recorded on a Tektronix DSA 
602A digitizing oscilloscope. For the laser experiments, the samples were 
pumped by the Raman-shifted output of the doubled-Nd:YAG-pumped 
dye laser using Rhodamine or by a tripled-Nd:YAG-pumped dye laser 
using Coumarin dye. 



3. Absorption Spectroscopy 
Figure 1 shows the room-temperature absorption spectra for both re and a 
(electric field parallel and perpendicular to the crystalline c-axis, respec- 
tively) for a 5-percent Pr,Mg:SAM crystal. The actual Pr concentration in 
the sample is about 1.54 x 1020 cm-3. The small step near 860 nm and the 
baseline drift are alignment and polarization artifacts. The a-polarized 
transitions tend to be stronger than the ^-polarized, probably because of 
the high symmetry of the D3h site along the c-axis. (There is a reflection 
plane perpendicular to the c-axis.) The groups of peaks correspond to tran- 
sitions from the 3H4 manifold to the following manifolds: 3H6 (about 2100- 
2400 nm), 3F2 (1900-2000 nm), 3F3 (1500-1600 nm), 3F4 (1400-1500 nm), *G4 

(950-1050 nm), aD2 (580-600 nm), and the closely grouped 3P0,3Pi, % and 
3P2 (440-500 nm). The strong 3P3 a-polarized peak at 1554 nm has an effec- 
tive cross section of at least 8 x 10~20 cm2, large enough to be of interest for 
saturable absorption Q-switching [15]. Disappointingly, however, at 1530 
nm, the wavelength typical of eyesafe Erglass lasers, the cross section is 
much smaller, about 9 x 10-21 cm2. 

Figure 2 shows that the onset energy of strong ultraviolet (UV) absorption 
is substantially higher in Pr,Mg:SAM than in Pr:YAG, and somewhat 
higher than in Pr:Ca5(P04)3F. This is desirable, as this energy onset may 
cause the excited-state absorption transitions from 3P0 to these higher 
states to move to short enough wavelengths not to compete with stimu- 
lated emission. Excited-state absorption at visible wavelengths is substan- 
tial in Pr:YAG [16,17]. 

Since it is thought that the strong UV absorption in Pr:YAG terminates on 
the lowest 4/5d energy level, we suspect the same origin for the absorption 
in Pr,Mg:SAM. We can test this possibility by comparing the host depen- 
dence of the peak energy with that of the energy separation between 4/2 

Figure 1. Room- 
temperature 
polarized ground- 
state absorption of a 
Pr,Mg:SAM sample 
with 5-percent 
nominal Pr and Mg 
concentrations. 
Actual Pr concen- 
tration is about 1.54 x 
1020 cm"3. Baselines 
are offset for clarity. 
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Figure 2. Room- 
temperature 
unpolarized 
absorption spectrum 
ofPr,Mg:SAM 
compared to those of 
Pr:Ca5(P04)3F and 
PnYAG. Baselines 
are offset for clarity. 

and 4f5d predicted by a simple model proposed by Morrison [18]. This 
model calculates the change in the 5d to 4/energy difference due to the 
polarizability of the ligands: 

(^-^LM-i^-^keeion- ^M^^ < (1) 

where a* is the polarizability of the ith ligand and R{ is the distance between 
the rare earth and that ligand. The factor a2 is the difference in expectation 
value of r2 between the 5d and 4/wave functions, and is treated as the sole 
adjustable parameter. Table 1 gives results for a best-fit a2 value of 3.10 Ä2, 
where (E5d - E4/)free ion = 61,171 cm-1 [19]. The variation among the hosts 
agrees well enough with the model results for us to assign the UV absorp- 
tion to transitions from the 4/2 ground state to 4/5d states. Thus the rela- 
tively high onset energy of the UV absorption in Pr,Mg:SAM has another 
advantage: It should result in weaker mixing of the even-parity 5d 
wavefunctions with the odd-parity 4/wavefunctions, potentially yielding 
a relatively long 3P0 fluorescence lifetime. 

Figure 3 shows the ff-polarized absorption of 5-percent Pr,Mg:SAM in 
greater detail for the 3P0, 3Pa, 

3P2, and lI6 manifolds at room temperature 
and 17 K. The strongest absorption peak in this region is attributable to a 
transition from the ground state of 3H4 to a state of 3Pi, and the data of fig- 
ure 1 indicate that the peak's effective cross section at room temperature is 

Pr:YAG(1% nominal) 

T ' r 
Room- 
temperature 
absorption 

Pr:Ca5(P04)3F (1 %: 1.19 x 1020 cm-3) 

Pr,Mg:SAM (10%: 3.24 x 1020 cm-3) 

200 300 400 500 
Wavelength (nm) 

600 

Table 1. Observed 
and predicted 
energies of lowest 
energy ultraviolet 
absorption band in 
three Pr-doped 
crystals. 

Material Observed lowest energy 
UV absorption band 

(cm"1) 

Best-fit energy of 
lowest 4/15d1 band 

(cm"1) 

Pr:YAG 
Pr:Ca5(P04)3F 
Pr,Mg:SAM 

35,500 
40,000 
47,000 

35,200 
40,900 (Ca I site)" 
46,400 

"For Pr in Ca II site ofCa5(P04)3F: 42,200 cm <-i 



Figure 3. Temperature 
dependence of 
c-polarized 
absorption of a 
4.3-mm-thick 
5-percent Pr,Mg:SAM 
sample in region of 
^P^P* and ^ 
manifolds. 
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about 1.6 x 10-20 cm2. Interestingly, the second strongest room-temperature 
line, at 486 nm, is absent at low temperature and thus is a "hot band." Its 
position and temperature-dependent strength indicate that it originates 
about 190 cm-1 above the ground state, and thus its intrinsic line strength 
must be rather large to yield the observed room-temperature effective 
cross section of 1.2 x 10~20 cm2. 

Low-temperature absorption data have been used to locate some of the rel- 
evant excited states in Pr,Mg:SAM. This process is somewhat complicated 
by the weakness of many of the transitions in 1-percent Pr,Mg:SAM and by 
the likelihood of Pr-Pr interactions in the more heavily doped samples. 
Also, the Mg charge compensators may give rise to perturbed sites at all 
concentrations. Nevertheless, some transitions can be discerned, and their 
overall pattern is satisfactorily consistent with the selection rules for elec- 
tric dipole transitions among D3h irreducible representations. Thus, these 
selection rules provide some help in the identification of specific transi- 
tions. It seems clear that the 3P0 state, which transforms as the ra represen- 
tation, lies above the ground state by about 20,785 cm-1 at low tempera- 
ture, and the polarization of the absorption lines terminating on it 
indicates that the ground state and 190 cm"1 excited state both have repre- 
sentation T6. The weak a-polarized absorption peaks evident in figure 3 at 
479.1 and 476.6 nm could represent transitions to 1I6 states, transitions to 
the 3P0 level in perturbed sites, or vibronic transitions associated with the 
481.1-nm 3P0 line. These peaks are stronger relative to the 481.1-nm absorp- 
tion line in 5-percent Pr,Mg:SAM than in 1-percent samples, which is con- 
sistent with either of the latter two possibilities [20]. (The dependence 
of vibronic transition strength on concentration is attributed [20] to ex- 
change effects between nearby Pr ions.) The existence of very similarly 
spaced peaks above the energy of the higher energy (440.9 nm) of the two 
CT-polarized 3P2 lines favors the vibronic interpretation. Strong transitions 
near 466 nm mark the position of the 3Pa manifold, and weaker transitions 



between 454 and 469 nm are probably due to % states, although vibronic 
and perturbed site electronic transitions to 3Pi may also be present. In 
addition to the 486-nm o^-polarized hot-band absorption line, several other 
hot bands in both polarizations are consistent with the 190-cm-1 T6 initial 
state. Other hot bands indicate the presence of at least one level about 200 
to 250 cm-1 above the ground state, probably a T3, whereas for still other 
hot bands, the levels are more difficult to identify. 



4. Emission Spectroscopy 

Figure 4. Room- 
temperature 3P0 
fluorescence of a 
1-percent 
Pr,Mg:SAM sample, 
corrected for 
instrument response. 
Baselines are offset 
for clarity. 

Figure 4 presents the room-temperature a and % emission spectra of 
1-percent Pr,Mg:SAM upon Xe lamp excitation at 455 nm. These spectra 
have been corrected for the wavelength and polarization response of the 
detection system, and are thus proportional to power emitted per unit 
interval of wavelength. The position and polarization of the strongest peak 
makes it clear that it is the reverse of the room-temperature "hot band" 
absorption at 486 nm. This line dominates the emission from 3P0 (and 3Pa, 
3P2, and H6) to the 3H4 manifold, which is in turn stronger than emission to 
the 3H5, 

3H6, and 3F2 manifolds. The fluorescence at wavelengths longer 
than 665 nm (detected by photomultiplier tube, Ge detector, or both) is so 
much weaker as to be negligible. 

Figure 5 shows the unpolarized room-temperature emission from 
1-percent Pr,Mg:SAM upon excitation into the 1D2 manifold. This weak 
emission is attributable to the 1D2-^

3Hi transition. Transitions from lD2 to 
other manifolds are too weak for reliable detection. Comparison of figures 
4 and 5 indicates that emission from 1D2 makes a negligible contribution to 
the spectra of figure 4. 

The 3P0 fluorescence from samples with 5- or 10-percent Pr is quite similar 
to these data, except that the fluorescence line near 486 nm is much less 
strong relative to the other lines than in the 1-percent sample. In view of 
the room-temperature absorption at that wavelength, this reduced 
strength is attributable to reabsorption. Estimates of the percentage 
absorbed at that peak wavelength for light emitted from the center of the 
5.9-mm-thick 1-percent Pr,Mg:SAM sample indicate that reabsorption 
should not be significant in that sample. To further reduce the problem, we 
took the data of figure 4 by exciting the surface facing the detection system, 
in such a geometry that only the front millimeter or less was excited. 
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The fluorescence branching ratios from the 3P0 (and thermally populated 
higher levels) to the lower manifolds may be estimated from these data. 
The signal for the fluorescence terminating on each manifold was inte- 
grated over wavelength, averaged over polarizations by the addition of 
two-thirds of the a signal to one-third of the TT signal, then multiplied by 
the average wavelength of the band to give a result proportional to transi- 
tion rate rather than emitted power. Division by the sum over all emission 
bands yielded the experimental branching ratios reported in table 2. The 
predominance of emission to the 3H4 manifold is clear, but the emission to 
3H6 is also substantial. 

Figure 5. Unpolarized 
room-temperature 
fluorescence of 
1-percent Pr,Mg:SAM 
upon pulsed 
excitation at 595 nm. 
Signal detected 30 \ls 
after laser pulse, 
corrected for 
instrument response. 

Table 2. Branching 
ratios and predicted 
radiative lifetimes for 
room-temperature 
fluorescence from 
Pr,Mg:SAM 3P„ and 
nearby manifolds to 
lower manifolds. 
Predictions are based 
on modified Judd- 
Ofelt model and 
parameters from final 
column, table 3. 
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5. Decay Kinetics 

Figure 6. Room- 
temperature 
fluorescence decay 
curves for two 
different excited 
states of Pr,Mg:SAM, 
3P0 (plus thermally 
populated 3P\ and H6 
states) and ■'D^ and 
two different Pr3"1" 
concentrations. 

Figure 6 shows the room-temperature fluorescence decay waveforms of 
the 3P0 and lD2 manifolds for 1- and 5-percent Pr samples. The 3P0 decay 
waveforms do not deviate greatly from single exponential at any tempera- 
ture, even at 10-percent concentration. That is, the "effective lifetime"— 
defined as the time-integrated fluorescence signal divided by the initial 
signal—is shorter than the exponential that dominates at long times by 
only 10 to 30 percent. Further, the 3P0 effective lifetime decreases only 
modestly with increasing concentration. 

The XD2 decay behaves quite differently. The nearly single exponential 
decay observed in 1-percent Pr,Mg:SAM becomes highly nonexponential 
with a much shorter effective lifetime in 5-percent Pr,Mg:SAM. No lD2 

fluorescence has been detected in the 10-percent Pr samples, indicating 
even more severe quenching. The decay behavior of both 3P0 and aD2 

manifolds is summarized in figure 7. 

The sharp difference in concentration dependence of decay from these two 
manifolds indicates that the 3P0 state is far more resistant to concentration 
quenching than the aD2. One possible reason for this would be strongly dif- 
fering degrees of energy mismatch for cross relaxation between Pr ions. 
However, the observed absorption lines of Pr3* in SAM indicate that nearly 
perfect resonance (energy mismatches of only several wavenumbers) 
exists for both the (3P0,3H4)->(1G4, aG4) and the (aD2,3H4)-^(1G4,3F4) cross- 
relaxation processes. We initially suspected spin selection rules of causing 
the strong difference in susceptibility to concentration quenching [14]. This 
explanation suggested itself because in the above processes, which are 
much more nearly resonant than any other cross-relaxation channels from 
these initial states, the aD2 decay can occur in such a way as to involve 
spin-allowed transitions on both ions, whereas the 3P0 decay process 
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requires a spin-forbidden transition (to first approximation) on each ion. 
However, the total spin for the two-ion system can be conserved in the 
(3P0,3H4)->(1G4, aG4) process, so this explanation must also be rejected. A 
much more detailed understanding of the linestrengths for the specific 
transitions involved in each cross-relaxation process may be required for 
us to understand the differences in concentration-dependent quenching. 
Such detailed investigation is beyond the scope of the present study. 

Figure 7 also shows that the temperature dependence for decay of both 3P0 

and XD2 is relatively weak, suggesting that intraionic radiationless relax- 
ation from either manifold is not strong, at least up to room temperature. 
This perhaps is not surprising in view of the large energy gaps separating 
both 3P0 and *D2 from the next lower manifolds. It should be remembered, 
however, that for the samples with higher Pr concentration, reabsorption 
of the strongest 3P0 emission line becomes substantial at room tempera- 
ture. Since this reabsorption can lengthen the observed lifetime, it is pos- 
sible that the 3P0 emission quenches somewhat more strongly with tem- 
perature at high concentrations than the data indicate [21]. Given the lack 
of such reabsorption at low temperature and its weakness in the 1-percent 
sample, it seems reasonable to take the single-exponential tail decay time 
for the 1-percent sample as an estimate of the radiative lifetime of the 3P0 

state in Pr,Mg:SAM. This value is about 38 jxs for all temperatures up to 
room temperature. 

We have also measured the room-temperature fluorescence decay wave- 
forms of the 3Po state (plus any thermally populated 3Pi and 1I6 states) for 
Pr,Mg:BaAl12019 (Pr,Mg:BAM) and Pr,Mg:CaAl12019 (Pr,Mg:CAM). De- 
spite the 8-at.% Pr and Mg concentrations in the starting materials, so little 
Pr3"1" entered these samples that absorption spectra exhibit no Pr3"1" features, 
and only crude, low-resolution fluorescence spectra have been obtained. 
However, with pulsed dye laser excitation near 470 nm and wide mono- 
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chromator slits, we could obtain lifetime data. The decay waveform of 
Pr,Mg:BAM is approximately single exponential with a lifetime of about 
19 us. That of Pr,Mg:CAM is discernibly nonexponential, with a tail decay 
time of about 23 us and an effective lifetime of about 20 us. These lifetimes 
are shorter and thus less attractive than that of low-concentration 
Pr,Mg:SAM. As a result, we have done no further study of Pr,Mg:CAM and 
Pr,Mg:BAM. 
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6. Judd-Ofelt Analysis 
The theory of Judd and Ofelt, which has been applied and conveniently 
summarized by Lomheim and DeShazer [22], provides a useful way 
to characterize the room-temperature absorption data and to predict 
excited-state radiative lifetimes. The data must first be averaged over 
polarizations, which we have done simply by integrating the absorption 
coefficient over a given absorption band for each polarization, then taking 
two-thirds of the value for c-polarization plus one-third of the value for n- 
polarization. This is more accurate than the more complicated expression 
used by Lomheim and DeShazer, which depends on a macroscopic prop- 
erty (sample thickness) [22]. 

Difficulty is often encountered in applying Judd-Ofelt theory to Pr3+, 
namely, the appearance of an unphysical negative value for the parameter 
Q2. Indeed, in Pr,Mg:SAM we obtain Q2 = -6 x 10"22 cm2, fi4 = 1.68 x lO"20 

cm2, and Q6 = 3.62 x 10-20 cm2. This difficulty is often caused by stronger 
3H4-*3P2 absorption than can be accommodated by the Judd-Ofelt theory, 
yet in our case deletion of the 3P2 absorption from the data set changes the 
fl's only negligibly. 

Recently two very different approaches have been used to address this dif- 
ficulty [23,24]. Dunina et al [23] attribute the Q2 problem in part to the rela- 
tively low energy of the lowest 4/5d state, whose mixing with the 4/2 states 
in noncentrosymmetric sites breaks down the parity selection rule for/-»/ 
transitions. Its low energy tends to make absorption transitions to high- 
lying 4/2 states, including 3P2, stronger relative to transitions to low-lying 
states than predicted by Judd-Ofelt theory, which neglects the energy of 
the opposite-parity states. We express the modification made by Dunina et 
al to account for the finite 4/5d energy as follows: 

5(^ = 1^,4,^^/1 Uk\jf[\ +(Ei+Ej-2Ef°)(E5d-Ef
0)} . (2) 

Here S (/,;') is the linestrength for the transition from manifold i to manifold 
;', (i| Ux\j) is the same squared, reduced-matrix element used in the stan- 
dard Judd-Ofelt theory [25], E,-, E;, and E5d are the energies of the initial 
state, final state, and lowest Af5d state, respectively, and Ef is the average 
energy over all the optically accessible 4/2 states. Q^ for X = 2,4, and 6 are 
the Judd-Ofelt fitting parameters for this modified theory. Using this modi- 
fied theory, we obtained a positive value for each ß{. The results are pre- 
sented in table 3. 

Quimby and Miniscalco [24] report that the inclusion of fluorescence 
branching ratio data in the Judd-Ofelt fitting procedure improves the qual- 
ity of the fit by increasing the number of data points to be fit and decreas- 
ing the relative importance of ill-behaved transitions such as 3H4-»

3P2. We 
have used the textbook relationship between linestrength and transition 
rate to relate the observed fluorescence branching ratios to the line- 
strengths predicted by the Judd-Ofelt theory and published reduced ma- 
trix elements for emission [22,25,26]. The matrix elements for emission 
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Table 3. Absorption transition strength data and results of fits to modified Judd-Ofelt 
theory. For modification of Dunina et al [23], E5ä is taken to be 47,000 cm-1 and Ef to be 
11,570 cm"1. Method of Quimby and Miniscalco [24] fits 3P0 fluorescence branching 
ratios as well as absorption linestrengths. 

Average 

Linestrength (10"2° cm2) 
Fit using 

wave- Dunina fit, Quimby fit, both mod's, 
Final length Observed, S(i,f)t4 S(i,f)t,q S{i,f)t4cf 
manifold (nm) S(i,f)e and Q's andfl's and Q's 

Q2'     1.38 0.15 0.84 
fi4' — — 1.53 1.52 2.19 

"6 — — 7.03 3.64 6.86 
RMS error — — 0.10 0.09 0.10 
Absorption to— 

3H6 2450 0.425 0.496 0.559 0.495 
3F2 1910 1.073 1.072 1.118 1.059 
3h + % 1500 4.937 4.870 4.932 4.901 
XG4 1000 0.128 0.127 0.108 0.127 
*D2 600 0.217 0.328 0.215 0.328 
3Po 485 0.223 0.248 0.262 0.350 
3P1 + H6 471 0.513 0.519 0.426 0.618 
3P2 444 0.716 0.992 0.549 0.991 

Emission from 3P0 to— 
3H4 487 — — 0.26 (0.28)" 0.37 (0.50) 
3H6 620 — — 0.26 (0.19) 0.49 (0.34) 
3F2 645 — — 0.04 (0.12) 0.26 (0.21) 

"Parenthetical values were obtained by conversion to relative linestrengths and multiplication by 
best-fit 3P0->3F2 linestrength. Other emission entries are Judd-Ofelt predictions from best-fit Q.{ 
parameters. 

from the 3Pj and % manifolds indicate that if % levels lay as low as the ob- 
served 476.6- and 479.1-nm absorption lines, then emission to the *G4 and 
3F3 + 3F4 manifolds would be as strong as that to the 3H4 and 3H6 manifolds, 
contrary to the observed pattern. We therefore assume that those absorp- 
tion lines are due to 3P0 transitions, whether vibronic or minority site elec- 
tronic, and that the \ levels do not extend below the energy of the absorp- 
tion lines near 469 nm. This means that at room temperature, most excited 
Pr3+ ions are in the 3P0 state, and for simplicity, only that excited state was 
considered in the Judd-Ofelt fitting of fluorescence data. Only the three 
strongest emission bands (those terminating on 3H4, 

3H6, and 3F2) were 
used in the fitting, and to relate observed branching ratios to calculated 
linestrengths, we treated the linestrength of the 3P0-*

3F2 band as a fitting 
parameter. We then adjusted this parameter and the three Q.{ values to 
minimize the sum of the squared differences between observed and pre- 
dicted absorption and emission linestrengths. 

Table 3 presents the results of fitting the experimental data using only the 
Quimby-Miniscalco approach, and also the results using both this and the 
Dunina et al modification. The emission entries not in parentheses are the 
Judd-Ofelt predictions using the best-fit Q{ parameters. The entries in 
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parentheses are those obtained from the observed branching ratios by con- 
version to relative linestrengths and multiplication by the best-fit 3P0->3F2 

linestrength. In the quoted root mean square deviations between theory 
and experiment, we include the absorption transitions only, to facilitate 
comparisons among the different fits. This deviation is about the same for 
all three approaches. 

These three approaches to Judd-Ofelt fitting give different predictions for 
the radiative lifetime of the 3P0 state. The fit using only the Dunina et al 
modification predicts a lifetime of 39 us, that using only Quimby and 
Miniscalco's approach predicts 61 us, and that incorporating both modifi- 
cations predicts 36 us. If we compare with the data of section 5, it appears 
that the Dunina et al correction for finite 4/5d energy is necessary to 
achieve a reasonable prediction of the radiative lifetime. The fit including 
both the Dunina et al and Quimby and Miniscalco modifications appears 
to give the best overall fit to absorption, branching ratio, and lifetime data. 

Table 2 (sect. 4) shows the predicted fluorescence branching ratios and ra- 
diative lifetime obtained with that fit. Two cases are considered: one with 
all excited ions in the 3P0, and the other with room-temperature thermal 
population of the 1I6 manifold (its states assumed to be equally spaced 
between 21,330 and 22,000 cm'1) and of the 3PX (taken to lie at 21,420 cm"1). 
The agreement between observed and predicted branching ratios is fair at 
best, indicating that the Judd-Ofelt model, even as modified, still describes 
Pr3+ only poorly. We may somewhat alleviate the too-large predictions for 
branching ratios to the *G4 and 3F3 + 3F4 manifolds when 3Pa and XJ6 are 
included, and the underestimate of fluorescence to 3H5, if we place the bot- 
tom of the \ manifold above the 3PV The large discrepancy in the branch- 
ing ratio to 3H4 may result from the fact that the strongest transition 
between 3P0 and 3H4 involves a 3H4 state 190 cm-1 above the ground state. 
As a result, its thermal population at room temperature is modest, reduc- 
ing the effective cross section for absorption from this state but not that for 
emission to it. Thus, fitting the room-temperature 3P0 absorption tends to 
favor a smaller value of Q4'/^2 than would be required to fit the large 
^PQ-^H^ branching ratio. 
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7. Laser Parameters and Experiments 
With the fluorescence data of section 4 and the estimate of the radiative 
lifetime from section 5, it is possible to estimate the effective stimulated 
emission cross sections of the main emission peaks. The standard relation- 
ships between radiative decay rate and stimulated emission cross section 
give the following: 

l/T^Z.-I.-W, 'rod 'raiir^i^^se^p^j^effl^kvaJn^ (3) 

Here l/rrad is the total radiative decay rate, and the sums over i and j 
extend over all final manifolds to which fluorescence occurs and the three 
possible electric-field polarizations (two cr's and one n), respectively. For 
emission band i and polarization /', Wradiij is the radiative decay rate, 
ase(vpk)jj is the stimulated emission cross section at the frequency of peak 
intensity, %iiVac is the vacuum wavelength corresponding to that frequency, 
and rijj is the index of refraction at that wavelength. Avejf is the effective 
width of the f/-th emission band, defined as the fluorescence intensity inte- 
grated over that band, divided by the peak intensity. 

As in the Judd-Ofelt calculations, we here approximate the index versus 
wavelength A for both polarizations by n{X) = 1.75 + (12,700 nm2)/A2; we 
obtain this value by fitting the published n versus A data on the closely 
related crystal LaMgAln019 [27]. The experimental branching ratios from 
table 2 and the estimated radiative lifetime from section 5 permit the elimi- 
nation of the sum over final manifolds. The relative intensities for the dif- 
ferent polarizations can then be used to obtain the W,y values for the stron- 
gest emission transitions. These, the effective linewidths, and the resulting 
effective stimulated emission cross sections are given in table 4. 

Extraction of the actual cross sections from the observed "effective" cross 
sections requires correction for thermal population of the initial state, 
which can at present only be estimated because of our incomplete knowl- 
edge of the energy levels. For the 3P0 state, we use the two different cases 
of table 2 for this estimate. Thus, for example, the actual stimulated emis- 
sion cross section for the 486-nm c-polarized peak is estimated to be 1.0 to 

Table 4. Room- 
temperature effective 
stimulated emission 
cross sections of   
Pr,Mg:SAM, estimated 3H4 

from fluorescence 3H5 

data. Decay rates refer 3H6 

to total emission in 
given polarization to 
given final manifold. 
In each case, initial 
state is 3P0 (plus 
thermally populated 
3Pi and aI6 states). 

Final Peak Polar- Decay       Effective Peak 
manifold     wavelength      ization rate        linewidth        Gsetff 

(nm) (s-1) (1012Hz)      (10-20cm2) 

486.0 
541.5 
618.5 
623.5 
644.0 

3H6 
3F2 

a 6180 7.2 10.5 
K 670 9.2 1.1 
n 1470 9.5 3.0 
a 1990 10.2 3.9 
a 1020 3.6 6.1 
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1.5 x 10~19 cm2. Note that if the observed low-concentration fluorescence 
lifetime is shortened by nonradiative processes (thus giving a fluorescence 
quantum efficiency substantially less than one), the above cross-section es- 
timates will be too large. 

This result can be checked if one estimates the stimulated emission cross 
section at the 486-nm peak from the absorption data. Polarization data in- 
dicate that the lower level of this transition is the doubly degenerate T6. 
The thermal population of this 190-cm-1 T6 state has been estimated for 
two simple models, constrained by the observation of at least one addi- 
tional 3H4 state near 200 to 250 cm-1. Each model assumes that about half 
the 3H4 states other than the T6 states lie near the 190-cm-1 state, but one 
model places the other half near the ground state, so that their thermal 
population at room temperature is high, and the other places them too 
high to be significantly populated at room temperature. The resulting 
estimates of the fraction of Pr ions thermally populating the 190-cm-1 state 
are 0.15 and 0.20. With these estimates, the observed effective ground-state 
absorption cross section of the 486.5-nm peak at room temperature, 1.2 x 
10-20 cm2, indicates a true absorption cross section of 6.0 to 8.0 x 10-20 cm2. 
In view of the degeneracies of the states, this yields a stimulated emission 
cross section of 1.2 to 1.6 x 10-19 cm2 predicted from the absorption data. 
The agreement with the estimates based on fluorescence is quite satisfac- 
tory, and supports the assumption that the 3P0 fluorescence quantum effi- 
ciency in the 1-percent Pr sample is high. 

Simple laser-pumped laser experiments have been performed on samples 
of 5-percent Pr,Mg:SAM. Early experiments were performed on samples 
with poorly polished, uncoated surfaces. These samples did not exhibit la- 
ser action at room temperature, but did so at cryogenic temperatures 
where narrowing of the emission lines provided higher stimulated emis- 
sion cross sections. A 0.46-cm-thick sample was placed in an optical cry- 
ostat with uncoated fused silica windows inside a laser cavity about 23 cm 
long. One cavity mirror was flat, coated for high reflectivity between 600 
and 640 nm, with about 90-percent transmission between 450 and 510 ran 
to permit end pumping. The other mirror had a 25-cm radius of curvature 
and was coated to give about 99-percent reflectivity at 620 nm. The sample 
was pumped through the flat mirror by 466-nm, cr-polarized pulses 
obtained by high-pressure H2 anti-Stokes Raman shifting of the output of 
the Continuum Nd:YAG-pumped dye laser system. The pump light was 
focused into the sample by a lens of 8-cm focal length. Laser output was 
observed for temperatures up to 120 K at about 641 nm, which table 4 
shows to have the highest stimulated emission cross section in the spectral 
region of the mirrors. The laser performance at 15 K is shown in figure 8. 

Blue-green laser oscillation at 15 K was also occasionally observed. This 
output did not depend on the presence of the cavity mirrors, indicating 
that the gain was high enough to support oscillation with the feedback 
from the uncoated sample surfaces. Since a crude wavelength measure- 
ment showed the output wavelength to be near 480 nm, this must surely 
be due to the strong emission peak at about 486 nm. 
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We also carried out laser experiments at room temperature on samples of 
5-percent Pr,Mg:SAM with surfaces better polished and antireflection 
coated for 620 nm. So that larger pump energies could be obtained, the 
sample was end-pumped by a dye laser operating with Coumarin dye and 
pumped by a frequency-tripled Nd:YAG laser. The dye tuning range 
required pumping the 486-nm absorption peak. As in the low-temperature 
experiments, considerable care was needed to find regions of the sample 
that would support laser action, because of inhomogeneities in the crys- 
tals. For this reason, better room-temperature performance was obtained 
with a sample only 0.2 cm thick than with a thicker sample, despite the 
smaller fraction of pump light absorbed. In fact, when room-temperature 
laser action was obtained in a thicker sample, the very bad (many-lobed) 
beam quality made it clear that sample inhomogeneities were substantial. 
Figure 8 shows the room-temperature laser performance for the 0.2-cm- 
thick sample. 

We made attempts at room-temperature blue-green laser action using cav- 
ity mirrors coated for high reflection and 99-percent reflection at 480 nm. 
The pump beam was directed onto the sample at a sufficient angle to miss 
the cavity mirrors. No laser output was observed, probably because of the 
large room-temperature absorption at 486 nm. Estimates based on the 
effective absorption and stimulated emission cross sections indicate that a 
population inversion of about 12 percent would be needed to reach thresh- 
old on this transition, and that this would require several millijoules of 
pump energy under our experimental conditions. 

Figure 8. 5-percent 
Pr,Mg:SAM laser 
performance for red 
output (approxi- 
mately 641 nm). For 
15 K data, sample was 
uncoated and pump 
wavelength was 466 
nm. For room- 
temperature data, 
sample was anti- 
reflection coated and 
pumped at 486 nm. 
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8. Conclusions 
The spectroscopic properties of Pr,Mg:SAM relevant to laser action are, on 
the whole, quite favorable. As anticipated based on the large Sr-O dis- 
tances in this host, the Pr3* 3P0 radiative lifetime is rather long for an oxide, 
almost as long as that of Pr:YLiF4 [6]. Of course, for Q-switched laser 
operation it would be desirable to have a still longer lifetime, requiring a 
still weaker crystal field or a site with higher symmetry. However, 
Pr,Mg:SAM represents a very promising step in this direction as compared 
to Pr:YAG or Pr:YA103. Despite the long lifetime, the estimated stimulated 
emission cross sections of the stronger 3P0 emission lines are reasonable. 
The minimal concentration and thermal quenching of the 3P0 even at sev- 
eral percent replacement of Sr by Pr makes it possible to dope the crystal 
heavily enough for good pump absorption. 

Laser operation in the red has been demonstrated at room temperature 
and in the blue-green at low temperature, indicating that excited-state 
absorption from the 3P0 state must not be prohibitive at these wavelengths. 
This is consistent with our expectation based on the relatively high onset 
energy for ground-state absorption to the 4/5d states. The laser efficiency 
observed thus far is very low, however, and excited-state absorption 
cannot be ruled out as a cause. In view of the observed inhomogeneities in 
the samples, though, this inefficiency may be due in large part to bulk scat- 
tering losses. Thus, further refinement of the crystal growth parameters 
may permit substantially improved laser performance. 
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