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ABSTRACT The polarized absorption spectra, polarized fluo-
rescence spectra, and fluorescence decay curves of Pr3t ions
in anisotropic PbWOy single crystal, which was grown by the
modified Bridgman method, were measured at room tempera-
ture. The standard and modified Judd—Ofelt theories, extended
to anisotropic crystal, have been applied to analyze the spectra.
The spectroscopic parameters, including the Judd—Ofelt inten-
sity parameters §2; (t =2, 4, 6), spontaneous emission proba-
bilities, fluorescence branching ratios, radiative lifetimes, stim-
ulated emission cross sections, and fluorescence quantum ef-
ficiencies, were estimated. The good spectroscopic properties
show the possible application of the Pr3+-doped PbWOy crystal
as solid-state and self-stimulated Raman laser materials.

PACS 78.20.-e; 42.70.Hj

1 Introduction

Lead tungstate crystal PbWQO,, known as scin-
tillating crystal because of its high density, short radiation
length, and fast decay time, has been widely investigated [1].
Recently, the Raman spectra of the PbWO, crystal and
stimulated Raman laser action of this crystal pumped by
Q-switched Nd*t:YAG have been reported [2], in which be-
yond 50% total efficiency of Stokes conversion has been
achieved. Furthermore, much attention has been paid to the
crystal as promising solid-state and self-stimulated Raman
laser hosts [3—5]. The pulsed and continuous-wave funda-
mental laser emissions from the Nd**-doped PbWO, crys-
tal have been realized [4]. A passively Q-switched, self-
stimulated Raman laser with about 56% optical frequency-
conversion efficiency has also been realized in a laser diode
pumped Nd**:PbWO, /Cr**T:YAG system [5].

The Pr** ion has an intricate energy-level scheme with
an energy gap of various magnitudes and a rich emission
spectrum extending from the ultraviolet (UV), visible, to near-
infrared (NIR) regions. So, the Pr’*-doped materials are at-
tractive in optical fiber amplifiers [6], quantum cuttings [7],
up-conversion lasers [8], and tunable UV and vacuum UV
solid-state lasers [9].
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The optical spectra of Pr’*:PbWO, at 90 K have been
interpreted within the framework of the crystal-field the-
ory, and the crystal-field parameters and the Stark levels
have been calculated [10]. On the other hand, the influ-
ence of Pr** or other lanthanum doping ions on the scin-
tillation characteristics of PbWQO, has been studied [11, 12],
and the influence of oxygen vacancies and Pr’* impurity
ions on the scintillation properties of PbWO, has been in-
vestigated on the basis of the electronic structure calcula-
tions [13]. However, to our knowledge, the detailed spec-
troscopic properties of this crystal as solid-state and self-
stimulated Raman laser materials have not been analyzed
until now. Especially, PbWO; is a uniaxial crystal and be-
longs to the tetragonal system with space group of Cgh -
I4/a [2]. It is well known that there are considerable dif-
ferences between polarized and non-polarized spectra for
anisotropic crystal, so the analysis of polarized spectra is ne-
cessary for the evaluation of laser properties of Pr>*:PbWOy
crystal.

In this work, based on the polarized spectra recorded at
room temperature and the Judd-Ofelt (J-O) theory [14, 15],
the spectroscopic parameters of Pr’* in PbWO, crystal are
calculated and the laser properties of the Pr3*:PbWO, crystal
are evaluated.

2 Experimental procedure

PbWOy single crystal doped with Pr** ions was
grown by the modified Bridgman method in the State Key
Laboratory of High Performance Ceramics and Superfine Mi-
crostructure (Shanghai, China). The growth procedure is simi-
lar to that of Nd3+:PbWO, described in [3]. The density of the
crystal is 8.23 g/cm? [2]. The sample used in the spectral ex-
periments was cut from the grown crystal with dimensions of
1.56 x 0.79 x 0.21 cm?® and the c axis is perpendicular to the
face of 1.56 x 0.21 cm?. All the surfaces of the sample were
polished.

The concentration of Pr** ions in the sample was meas-
ured to be 1.67 x 10°cm™ (1.53at. %) by inductively
coupled plasma atomic emission spectrometry (ICP-AES,
IRIS Advantage, THERMO-JARRELL ASH).

The polarized spectra and fluorescence decay curves were
measured at room temperature. The absorption spectra were
recorded using a spectrophotometer (Lambda900, Perkin-
Elmer) with a spectral range from 340 to 2700 nm. When
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the sample was excited at 449, 590, and 1030 nm and tran-
sited to the 3P, ' D5, and !G4 manifolds, respectively, the
polarized fluorescence spectra in ranges of 470 to 1080 nm,
620 to 1500 nm, and 1250 to 1450 nm were recorded using
a spectrophotometer (FL920, Edinburgh), respectively. In the
measurements, the fluorescence signals were collected at 90°
from the excitation beam and focused on the entrance slit
of the monochromator. Polarization of the fluorescence was
selected by placing a prism polarizer between the focusing
lens and the entrance slit of the monochromator. To calibrate
the spectral responses of the detector and monochromator
for different polarizations, the sample was firstly oriented
with the ¢ axis parallel to the optical path of detection; by
keeping the sample and excitation beam fixed and rotating
the polarizer, the fluorescence spectra with vertical and ho-
rizontal polarizations were recorded. Due to both of them
being the o—(E Lc) polarized spectra, the emission intensi-
ties are equal at any wavelength and the two spectra with
vertical and horizontal polarizations can be used to calibrate
the spectral responses of the detector and monochromator for
different polarizations. Then the crystal was oriented with
the ¢ axis perpendicular to the optical path of detection and
the o—(E Lc) and n—(E//c) polarized fluorescence spectra
were recorded and calibrated using the method mentioned
above. The responses of the monochromator and detector
at different wavelengths were also corrected using a stan-
dard lamp (calibrated in the National Institute of Metrology,
Beijing, China). The spectral resolutions of both the absorp-
tion and the fluorescence spectra were 1.0 nm. The fluores-
cence decay curves at 490 and 706 nm, corresponding to the
3Py — 3H4 and ' D, — 3 Hj transitions, were recorded using
a spectrophotometer (FL920, Edinburgh). A nanosecond flash
lamp (nF900, Edinburgh) with pulse width of about 1.6 ns at
449 nm was used to excite the Pr3* ions to the 3 P, manifold
and then populate the 3 Py manifold quickly by non-radiative
relaxation; the fluorescence signals of the 3 Py — 3 H, transi-
tion were detected with a photomultiplier tube (PMT, R955,
Hamamatsu). A microsecond flash lamp (WF900, Edinburgh)
with pulse width of about 1 ps at 590 nm was used as the ex-
citation source for the ! D, — 3 Hs transition; the signals were
detected with a NIR PMT (R5509, Hamamatsu). Due to the
lack of an appropriate excitation source, the measurement of
the fluorescence decay curve from the 1G4 manifold was not
performed.

The ordinary and extraordinary refractive indices of
PbWOy crystal in a range from 375 to 700 nm were provided
in [16]. By fitting these data, a rough Sellmeier equation of the
refractive indices was obtained:
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In the following spectral analysis, the values of ordi-
nary and extraordinary refractive indices of PbWO, crys-
tal were used for o—(E_Lc) and m—(E//c) polarized spectra,
respectively.

3 Results and discussion

3.1 Absorption spectra

The room-temperature o- and sr-polarized absorp-
tion spectra for Pr3* :PbWO, crystal are shown in Fig. 1. The
base lines in the spectra, which are caused by the reflection
of the crystal surface and the defects in the crystal, have been
corrected. The absorption bands correspond to the transitions
from ground manifold  H, to various excited manifolds. It can
be seen from the figure that the absorption coefficients of the
m-polarized spectrum are larger than those of the o-polarized
spectrum except for the absorption peaks around 1500 nm,
corresponding to the 3 Hy; — 3 F; 43 F, transitions. It is worth
noting that there are some high-absorption peaks between 440
and 500 nm in both o- and w-polarized absorption spectra,
so that the Pr**:PbWOj crystal can be effectively pumped by
visible sources, such as an argon-ion laser and a blue diode
laser.

3.2 Judd-Ofelt analysis

The J-O theory [14,15] is the most effective
method in the analysis of spectroscopic properties of rare-
earth ions in crystals and glasses. By means of the calculation
of the J-O intensity parameters £2, (t = 2,4, 6) from the
absorption spectra, the spontaneous emission probability, flu-
orescence branching ratio, and radiative lifetime of excited
manifold can be estimated.

For Pr** ions, the magnetic dipolar contributions to the ab-
sorption and emission line strengths are very weak [17], so
the magnetic dipole transitions have not been taken into ac-
count in the J-O calculation of the ions. The absorption line
strength of a transition from ground manifold 3 Hy (J = 4) to
an excited J' manifold, Syea(J — J'), can be obtained from
the corresponding absorption spectral band measured at room
temperature by [18]
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FIGURE 1 Room-temperature polarized absorption spectra of Pr3* :PbWOy
crystal
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where N is the Pr3* concentration expressed inion/cm?, A,
is the mean wavelength of the absorption band, n is the re-
fractive index of the sample, c is the velocity of light, e is the
charge of an electron, and I is the integrated absorption coef-
ficient for the absorption band and is expressed as

I =

J—=J'

a () di, 4

where «(1) is the measured absorption coefficient as a func-
tion of wavelength A. In Fig. 1, seven bands can be distin-
guished from the absorption spectra. It must be pointed out
that when absorption bands of transitions from the ground
manifold to several excited manifolds overlap seriously and
display as one band in the spectra, the total integrated ab-
sorption coefficient of the band is treated as one experi-
mental datum. The values of the measured line strengths of
Pr3*:PbWO; are listed in Table 1. According to the J-O the-
ory, the absorption line strength can also be expressed in terms
of the parameters £2; (t =2, 4, 6) as

Sea (J = J')

= Y @ |dr st |uC |4 s L)), 6)
1=2,4,6

where the reduced unit tensor matrix elements

(afmlaSL1T |UO| 4fm [0/ S'L] J’>2 are approximately in-
dependent of the host crystal and the values of the elem-
ents can be found from [19,20]. Just as in [19-21], an
intermediate-coupling approximation is adopted and the wave
function |4 f" [@SL] J) is a linear combination of the Russell-
Saunders states |4 f"aSLJ). For the bands including more

o-polarized m-polarized
Transition S(J — J/)(IO’20 cm?) S(J — J/) (10720 cm?)
31'14 - xabs (nm) Simea Scal xabs(nm) Simea Scal
3p 449 2.38 - 450 2.88 -
3p 472 1.33 1.38 473 1.44 1.88
) 488 0.91 0.84 486 1.63 1.21
'D, 593 0.88 0.77 596 1.33 0.72
Gy 1025 0.22 0.11 1030 0.22 0.13
3SP43Fy 1554 8.89 8.89 1554 9.67 9.66
343 Hg 1986 9.56 9.56 1983 11.08 11.10
TABLE 1 Mean wavelengths and measured and calculated line strengths

of polarized absorption spectra for Pr3*:PbWOy crystal at room temperature
(a dash indicates that the datum is not available)

than two absorption transitions, the sums of the correspond-
ing matrix elements were used. By a least-square fitting
between (3) and (5), the J-O parameters $2, (t = 2, 4, 6) for
o and 7 polarizations could be obtained from the o- and
m-polarized absorption spectra, respectively. The root mean
square (RMS) deviation between the experimental and calcu-
lated line strengths is defined as

N 2
Z (Smea - Scal)

RMSAS= =

N-3 ©

where N is the number of experimental bands taken into ac-
count in the above calculation. The relative error is defined
as

RMS AS
RMS error = —— x 100% , @)
RMS §
where
N
Z S%lea
RMS §= | =

The values of the J-O parameters §2, (t =2, 4,6), RMS AS
and RMS error are listed in Table 2.

In the calculation of the J-O parameters, the difficulty
found by many authors in the Pr** ions [22,23], i.e. an un-
physical negative value for the parameter §2,, was not encoun-
tered for the Pr**:PbWOy, crystal.

Asinmostcases [22, 24, 25], the J-O parameters have also
been calculated while the hypersensitive > Hy — 3 P, transi-
tion is excluded in the fitting procedure. In Table 2, the values
of the parameters are listed and compared with those includ-
ing the 3 H; — 3 P, transition. The two sets of J-O parameters
do not have a large discrepancy, but the values of RMS A S de-
crease from 1.17 x 1072 cm? (0) and 0.95 x 1072 ¢cm? (7r) to
1.00 x 1072 cm? (') and 0.51 x 1072° cm? (i), respectively,
and the values of RMS error decrease from 23.1% (o) and
16.6% (1r) to 18.5% (o) and 8.3% (i), respectively.

There are several modified methods for obtaining the
J-O parameters [26—28] of Pr3t ions. In [27], the disagree-
ment between the calculated and experimental results was
attributed to the low-lying 4 f5d state in Pr’* ions, which
makes the probabilities of transitions from ground manifold
to high-lying manifolds in the 4 f? configuration more than
those calculated by the standard J-O theory. So, a modified J—
O theory has been introduced to take the effect of the lowest

The standard J-O theory The modified J-O theory

3Hy—3 Py 3Hy—3 Py SHy—3 Py SHy—3 Py
included excluded included excluded
o bid o b4 o b4 o T
2, 820 11.19 840 1325 1878 21.17 1894 21.39
£24 10.49 9.99  10.40 7.12 4.79 6.93 4.85 7.01
34 26 3.16 3.99 3.04 4.83 7.56 7.64 7.31 7.29
TABLE 2 J-O parameters of Pr:PbWO, crystal deter-  pygag 117 095 100 051 057 088 0.0 049
mined by different approaches and the corresponding root mean  parS error 231 16.6 185 8.3 113 15.3 1.9 8.1
square deviations RMS AS and RMS error (£2; (t =2, 4, 6) and (%)

RMS AS are in units of 1072 cm?)
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4 f5d state into account; the absorption line strength is rewrit-
ten as [27]

Seat (J = ')

=Y Q|4 St |U|4f [o'S'L] Tk
1=2,4,6

x (14 (5 + By ~2E) /(Bsa— )] ®

where E, E ;, and Es, are the energies of the initial manifold,
final manifold, and the lowest 4 f5d state, respectively, EJ? is
the average energy of all the optically accessible 4 f? states,
and other parameters have the same meaning as in (5).

This modified J-O theory was also used in this work
to calculate the J-O parameters and the values of Es; and
Ej?-, 60000cm~" and 10000 cm™', respectively, were taken
from [28]. Both calculations with and without the 3 Hy — 3 P,
transition were made. All the results are also listed and com-
pared in Table 2. It reveals that the modified J-O theory
without the 3Hy — 3 P, transition gives the best fitting re-
sults for the absorption line strengths. The values of RMS A S
are 0.10 x 1072 cm? (o) and 0.49 x 1072 cm? (7), respec-
tively, and the values of RMS error are 1.9% (o) and 8.1%
(7r), respectively. In the following analysis, the parameters
£2; (t =2, 4, 6) determined by the modified J-O theory with-
out the * Hy — 3 P, transition are adopted.

The calculated absorption line strengths are also listed in
Table 1. Luo et al. [29] have proposed that for anisotropic
crystal the corresponding effective J-O parameters should
be 2" = (202, + £2,)/3. So, the effective J-O parameters
of Pr**:PbWOy crystal are 25 = 19.76 x 10720 cm?, 25 =
5.57 x 107 cm?, and 28 = 7.30 x 10720 cm?.

3.3 Radiative transitions

The spontaneous emission probability for a transi-
tion from an excited manifold J to a lower manifold J', A,
can be calculated by

42 249 2
Ay (> 7)) = 64mte ) n(n*+2)
3h QT+ 1) A3, 9
x Y @(af1esL1T U | 4 [o/SL] TV
t=2,4,6
x [14(E;+E;—2E}) [(Esa — EY)] 9)

where Aep is the mean wavelength of the emission band and
the values of U (t = 2, 4, 6) have been proposed by Kamin-
skii [19, 20]. Then, the fluorescence branching ratios for the
excited manifold can be determined by

. A (I =)

T Y A=) (10)
J/

For anisotropic crystal, the total spontaneous emission proba-
bility should be A (J — J') = (2AZ,, + AT ,)/3, and the

total
radiative lifetime 7, of manifold J is expressed as

1
N ZAtotal (J_> J/) '
J/

11

Tr

Transition  Aem(nm) m-polarized o-polarized T (J1s)
ATh BB AT B%R)

3Py — 3.8

'p, 2564 84.12 0.028  74.48 0.041

1G, 926 2288 0.8 1582 0.7

3Fy 722 1513x10* 5.1 1.045x10* 4.3

3R 637 1.727x10° 584  1.529x10° 62.8

3 Hs 610 1.691x10* 57  1.694x10* 7.0

3Hy 484 8.879x10* 30.0  6.140x 10* 252

D, — 38.5

1G4 1483 3077 11.6 2982 11.6

3K, 1000 1.323x10* 50.0  1.294x10* 50.4

3F3 957 751.5 2.8 699.4 2.7

3k 844 1783 6.7 1493 5.8

3 He 797 1263 4.8 1009 3.9

3Hs 678 71.67 0.3 60.21 0.2

3Hy 595 6292 23.8 6502 253

1G4 — 460.4

3k 3279 66.51 3.1 65.28 3.0

33 2857 9473 04 10.00 0.5

3k 2041 8281 04 6.829 0.3

3He 1774 692.8 32.0 6588  30.6

3Hs 1296 1057 48.8 1086 50.5

3Hy 1013 330.0 15.3 324.6 15.1

TABLE 3  Spontaneous emission probabilities A =, fluorescence branch-

ing ratios B, and radiative lifetimes 7, of Pr3+:PbW()]4 crystal determined by
the modified J-O theory when the 3H, — 3 P, transition is excluded

The spontaneous emission probabilities A ;s (J —J /), fluo-
rescence branching ratios 8, and radiative lifetimes 7, of some
principal fluorescence manifolds for Pr’* ions in PbWOy
crystal are listed in Table 3. In this table, the branching ratios
and emission probabilities for o and 7 polarizations are listed
separately. For the > Py — 3 F3 and 3 Py — 3 Hs transitions, the
values of UY (r = 2, 4, 6) are zero, so the corresponding data
are not listed in the table.

34 Fluorescence spectra

Under excitation at 449 nm, the polarized fluores-
cence spectra of the sample were recorded in the spectral re-
gion 470-1080 nm at room temperature. Figure 2 shows that
the -polarized fluorescence is generally more intensive than
the o-polarized. In the m-polarized fluorescence spectrum,
there are two peaks located at 489 and 648 nm with the same
full width at half maximum (FWHM) of about 7.4 nm. In the
o-polarized fluorescence spectrum, the emission peaks are lo-
cated at 491 nm and 648 nm with FWHMs of about 14.7 nm
and 6.3 nm, respectively. It can also be seen from the figure
that under excitation at 449 nm the emission transitions are
mainly from the 3 Py manifold, such as the intensive emissions
from the 3Py — 3Hy4 and 3 Py — 3 F, transitions around 489
and 648 nm, respectively, and some weak emissions related
to other transitions from 3Pj (j =0, 1,2) manifolds. How-
ever, the room-temperature fluorescence lines are too broad
for precise assignment. Due to the low phonon energy of
the (WO4)?>~ group (about 900 cm™!) [4] and the large en-
ergy separation between the * Py and ! D, manifolds (about
3608 cm™1), the multi-phonon relaxation from the 3 Py mani-
fold to the next-lower ! D, manifold is weak. The fluorescence
branching ratios for the 3Py —! D, and 3Py — ' G, transi-
tions are also small (about 0.03% and 0.7%, respectively). So,
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FIGURE 2 Room-temperature polarized fluorescence spectra of Pri+:
PbWOy crystal under excitation at 449 nm

the fluorescence emissions from the ! D, and ! G4 manifolds
can hardly be observed in Fig. 2.

The room-temperature polarized fluorescence spectra in
the spectral region 620—1500 nm of this crystal under ! D, ex-
citation at 590 nm are shown in Fig. 3. Due to the absence
of an appropriate filter, the fluorescence emission from the
' D, — 3 H, transition around 600 nm cannot be detected. Fig-
ure 3 shows that under ! D, excitation the fluorescence is
dominated by the transitions from the ! D, manifold and the 7-
polarized fluorescence is generally more intensive than the o-
polarized. There are two main emission bands located around
900 nm and 1050 nm, corresponding to the ! D, — 3F, and
'D, — 3F, transitions in both o- and m-polarized spectra.
Weak fluorescence emission centered at 1336 nm and corres-
ponding to the ' G4 — 3 H; transition is observed because the
'G, manifold can be populated by the ! D, — !G4 transi-
tion and because of a nearly resonant cross-relaxation pro-
cess (!D,, 3Hy) — (1G4, 3 Fy), which will be discussed in
Sect. 3.5.

Fluorescence intensity (a. u.)

i

600 700 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

FIGURE 3 Room-temperature polarized fluorescence spectra of Pr3t
:PbWOy, crystal under excitation at 590 nm

FIGURE 4 Room-temperature polarized fluorescence spectra of Prit:
PbWOy crystal under excitation at 1030 nm

Figure 4 shows the room-temperature polarized fluores-
cence spectra in the region of 1250—1450 nm under ! G4 exci-
tation at 1030 nm. Due to the low power of the Xe lamp used
as excitation source at 1030 nm and the very weak absorption
of the !G4 manifold, the signal-to-noise ratios of the spec-
tra are quite low. The spectra are related to the !G4 — *Hs
transition. The fluorescence peaks and FWHMs of both o-
and r-polarized spectra are about 1336 nm and 50 nm, respec-
tively, and the w-polarized fluorescence is also more intensive
than the o-polarized.

3.5 Fluorescence lifetimes

The fluorescence decay curve of the 3Py — 3H,
transition at the wavelength of 490 nm is shown in Fig. 5 in
semilog scale. The linear relationship in the figure displays
a single-exponential behavior of the fluorescence decay and
the fluorescence lifetime of the 3 Py manifold can be obtained

14
£l
8
2
[72]
c
£ 0.1
8
c
8
3
[e]
3
% 0.014

0 2 4 6 8 10 12 14
Time (us)

FIGURE 5 Room-temperature fluorescence decay curve at 490 nm of
Pr3+:PbWOy crystal under excitation at 449 nm. The fitting result of single-
exponential decay is 2.8 s
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from the slope of the fitting line k, i.e. v = —1/(2.303k).
By fitting linearly, the slope is —0.1548, so the fluorescence
lifetime of the 3 Py manifold in Pr3*:PbWOy crystal is about
2.8 ws. Then, the fluorescence quantum efficiency n = t¢/t;
can be derived as 74%, which is comparable to 91% for
Pr3* in Sr5(PO4)3F [30] and higher than those of other Pr*-
doped oxide crystals [22—-24,31]. The main reasons for the
high quantum efficiency of Pr**:PbWOy crystal are the small
phonon energy of the (WO,)?>~ group (about 900 cm ™' [4])
in the crystal and the low Pr’* concentration in the sample,
which make the multi-phonon relaxation and the concentra-
tion quenching, respectively, weak.

When the Pr’* ions were directly excited to the ! D, mani-
fold at 590 nm, the fluorescence decay curve of the 'p, —»
3 Hs transition was measured at 706 nm. Different from that
of the 3Py — 3H, transition, the curve shown in Fig. 6 is
not a single exponential at room temperature. It implies that
the fluorescence emission from the ! D, manifold of Pr3* in
PbWOy crystal is strongly influenced by a nearly resonant
cross-relaxation process involving the !G4 and 3 F; mani-
folds (! D,, 3Hy) — (1G4, 3F4). The process has also been
observed in other Pr3+-doped crystals [22,23,31,32]. The
non-exponential character of the fluorescence decay curve of
the ! D, manifold can be analyzed using the continuum model
proposed by Inokuti and Hirayama [33], who assumed energy
transfer from an excited Pr** donor to the continuously dis-
tributed surrounding Pr** acceptors in the ground state. The
fluorescence intensity can be expressed as

3/s
1(¥) = I(0)exp [—%—F(l—%) ]Cv—z <TLO> ] , (12)

where I(¢) is the fluorescence intensity at the time ¢, 7o is
the fluorescence lifetime in absence of the energy transfer,
Ny is the Pr’* concentration expressed in ion/cm?, Cyp =
3/47R? is the critical concentration related to the critical

0
24
S
%’ -61 | g L
o N

0 25 50 75 100 125 150 175 200 225
Time (us)

FIGURE 6 Room-temperature fluorescence decay curve at 706 nm corres-
ponding to the ! Dy — 3 Hs transition of Pr3*:PbWOy crystal under excita-
tion at 590 nm. The points represent the experimental data and the solid curve
is the fitting results based on the Inokuti-Hirayama model with s =6

distance R. defined as the distance at which the rate of en-
ergy transfer between the acceptor—donor pairs equals the
spontaneous decay rate of the excited donor, I'(x) is the
gamma function of x, and s =6, 8, and 10 correspond to
electric dipole—dipole, dipole—quadrupole, and quadrupole—
quadrupole energy-transfer mechanisms, respectively.

In Fig. 7 the fluorescence decay curve of the ' D, — 3 Hj
transition is plotted as In[/(7)/1(0)]+ /7o against (t/70)/*
and linear fitting based on the Inokuti—-Hirayama model can
be made to get the best value of s. Considering that the radia-
tive lifetime t; obtained from the above J-O analysis does not
include the non-radiative transitions caused mainly by multi-
phonon relaxation and the fluorescence lifetime of a dilute

0 0
& 5
z £
S-2 S
<, s
5 & | 5
y ", 3
00 05 10 15 20 25 00 05 10 15 20
3/6
a (ti) b (t/ro):vs

L[IeN(0)]+t/x,

2
o)

0.0 0.5 1.0 1.5

FIGURE 7 Inokuti-Hirayama presentations with a s =6,
b s =38, and ¢ s = 10 of the room-temperature fluorescence
decay curve for the 1Dy — 3 Hs transition of Pr3T:PbWO,
crystal at 706 nm. The points represent the experimental re-
sults by plotting In [1(f)/1(0)] +t/to against (t/ro)3/3' and the
solid lines represent the Inokuti—-Hirayama presentations
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sample does not include the fluorescence quenching caused
by Pr* concentration, either of them is not exactly the flu-
orescence lifetime 7y in absence of energy transfer at the
practical Pr’* concentration. Therefore, different from [17,
24,32], 19, as well as Cp, was also treated as a variable pa-
rameter in the fitting process. Figure 7a—c show the fitting
results of s = 6, 8, and 10, respectively, and the experimental
curve had the best fitting with (12) when s = 6, correspond-
ing to an electric dipole—dipole transfer mechanism. From
the fitting, the fluorescence lifetime 7y in absence of energy
transfer for 1.53 at. % Pr**-doped PbWOy crystal is obtained
as 35.2 us, which is close to the radiative lifetime 7, of the
D, manifold obtained from the modified J-O theory (about
38.5 ws). The reason is that the multi-phonon relaxation from
the ! D, manifold to the next-lower manifold ' G is relatively
weak in tungstate crystal due to the low phonon energy of the
(WO,)?~ group and the large separation between them.

As shown in Fig. 6, the good agreement of the fitting
demonstrates that the cross-relaxation energy transfer caused
by the electric dipole—dipole transfer mechanism is respon-
sible for the non-exponential character of the fluorescence
decay from the ! D, manifold for Pr3* ions in PbWOy. From
the fitting, the critical concentration Cy = 3 /471R§ is derived
as 1.96 x 10%° cm™3 and the critical distance R, is 1.07 nm.
The average Pr—Pr distance in the crystal can be obtained from
Raye = (4Ny/3)~ /3 and Rave = 1.13nm, where Nj is the
Pr3* concentration expressed in ion/cm?>. Because the aver-
age distance Ry is close to the critical distance R, it is very
probable to find an acceptor (Pr’* ion in ground state) in-

Transition  Peak wavelength Polarization FWHM o
(nm) (nm) (10’1§ cm?)
3py—3 H,y 491 o 14.7 0.71
3py—3 H,y 489 T 7.4 1.15
3py =3 Hg 620 o 10.5 0.59
3py —3 Hg 619 T 7.4 0.63
3py =3 Fy 648 o 6.3 9.18
3py =3 Fy 648 T 7.4 10.23
3pp >3 Fy 731 o 7.4 0.66
3pp—>3 Fy 731 T 6.3 1.68
TABLE 4  Spectroscopic parameters of emissions from the 3 Py manifold

of Pr3*:PbWOy crystal

side the critical distance of a donor (Pr>T ion in excited state)
and the cross-relaxation energy transfer is significant. The
short R also indicates that the concentration-dependent flu-
orescence quenching may be strong for the ' D, manifold in
Pr3*t:PbWOy crystal [17,24].

3.6 Stimulated emission cross section

The stimulated emission cross section can be esti-
mated from the room-temperature fluorescence spectrum ac-
cording to [34]

N 2B 314 (1)
o. = )
¢ 8men’t [[21° (A\)+I7 (M]AdA

13)

where « is the o or 7 polarization and /(1) is the fluorescence
intensity at wavelength A. Due to the higher quantum effi-
ciency of the 3 Py manifold, especially the far more resistance
to concentration quenching than the 1 D, manifold [22], the
potential application of Pr>*:PbWOQy as laser crystal is mainly
related to the emission from the 3 Py manifold. The peak emis-
sion wavelengths and cross sections, and the FWHMs of emis-
sion bands corresponding to the transitions from the manifold,
are summarized in Table 4. It is worth noting that the peak
emission cross sections of the 3 Py — 3 F, red laser channel are
9.18 x 1079 cm? (o) and 10.23 x 1012 ¢cm?2 (i), which are
approximately 4.9 times larger than that of Pr’*-doped LiYF,
crystal, in which a red laser has been realized [35, 36].

In Table 5, the main spectroscopic parameters related to
the 3 Py manifold of some Pr3*-doped crystals are compared.
It reveals that the Pr>*:PbWOy, crystal is comparable to other
Pr3*-doped oxide and fluoride crystals in spectral properties,
so the Pr’*:PbWO, crystal is a good candidate as a medium
for solid-state lasers.

4 Conclusions

Polarized absorption spectra, polarized fluores-
cence spectra, and fluorescence decay curves of Pr** in
PbWO, crystal were measured at room temperature. The
polarized absorption spectra were analyzed by the stan-
dard J-O theory and the modified J-O theory proposed by
Dunina et al. [27], and the best fitting results were ob-
tained by the modified J-O theory without the *Hy — 3P,

Crystal 2,(10720 cm?) No (at. %) 3 Py manifold 0(1071% cm?) Ref.
T Tr n 3P() —)3 H4 3P() —)3 H6 3P() —)3 Fz
t=2 t=4 t=6 (s) (s) (%)
PbWO4 19.76 557 1730 1.53 3.8 2.8 74 1.15 (E/lc) 0.63 (E//c) 10.23 (E/fc) This
0.71 (ELc) 0.59 (ELc) 9.18 (ELc) work
Mg:SrAl;p019  0.84 219  6.86 1 38 61 63 1.05 (ELc) 0.30 (E/fc) 0.61 (ELc) [22]
0.39 (ELc)
KGd(WO4)2, 1950 731  4.86 0.1 5.8 0.06 1 - - - [24]
Sr5(PO4)3F 1.18 299  1.82 1 116 105 91 - - 0.42 [30]
CazScyGe3O1p 292 1.69  1.86 72 37 14 38 0.73 1.24 1.02 [31]
LiYF,4 0.00 8.07 7.32 1.2 - 36 - ~ 1.9 (E/lc) ~ 1.3 (E/lc) ~ 2.1 (Ellc) [35,36]
~0.2 (ELc) ~13(ELc) ~0.3(ELc)
YAIO; 200 6.00 7.00 1 - 8.8 - - 2.6 (E/fa) 1.5 (E/fa) [20,37]
6.4 (E//b)
5.1 (Elfc)
TABLE 5 Comparison of spectroscopic parameters of Pr>*-doped crystals (a dash indicates that the datum is not currently available)
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transition. The three effective J-O parameters were ob-
tained: 25" = 19.76 x 1072 cm?, 25 = 5.57 x 1072 cm?,
and 28T =7.30 x 1072 cm?. The stimulated emission cross
sections of the transitions from the 3 Py manifold were deter-
mined. The radiative lifetimes of some typical fluorescence
manifolds, including 3Py, ' D,, and !G4 manifolds, are de-
rived as 3.8 ws, 38.5 ws, and 460.4 s, respectively. The room-
temperature fluorescence lifetime and quantum efficiency of
the 3 Py manifold are 2.8 s and 74%, respectively.

The non-exponential character of the fluorescence decay
curve of the ! D, manifold can be attributed to a nearly res-
onant cross-relaxation energy transfer involving the ' G4 and
3 F, manifolds. In fitting the fluorescence decay curve of the
! D, manifold based on the Inokuti-Hirayama model, the fluo-
rescence lifetime 7 in absence of energy transfer is treated as
a variable parameter and derived as 35.2 ps.

Results of this work demonstrate that the Pr’*-doped
PbWOy crystal has good spectroscopic and laser properties
and is a potential candidate for solid state laser materials.
The 3 Py manifold of the Pr’*-doped PbWOy crystal is more
suitable as the upper laser level than the ! D, manifold. Fur-
thermore, it has been found that the largest Raman gain is
achieved when PbWOy crystal is excited by a laser with po-
larization parallel to the ¢ axis of the crystal, but no Raman
conversion is observed when the pump polarization is per-
pendicular to the ¢ axis [2]. For the Pr3*:PbWOy crystal, it is
shown that both the absorption and the emission cross sections
of the m-polarized spectrum are larger than those of the o-
polarized spectrum. Therefore, the Pr’*:PbWO, crystal may
also be an efficient self-stimulated Raman laser crystal in the
visible region.
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