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We report on the growth, spectroscopic properties and visible laser operation of Pr®*-doped LaMgAl;;0;5 (LMA)
crystal. The absorption and emission spectra were recorded in visible wavelength range and the decay time of
3P, manifold was measured to be about 34.5psat room temperature. Using an InGaN laser diode as pump
source, continuous-wave laser operation of Pr:LMA crystal have also been demonstrated in red at about 645 nm
and deep red at about 725 nm, which provide new linearly polarized sources for various potential applications.

1. Introduction

Visible lasers have attracted a great deal of attention due to their
important applications, such as data storage, display technology,
medical treatment and indoor optical communication [1,2]. Trivalent
praseodymium (Pr**) ions doped materials have proved to be attractive
active media for visible laser output when excited by cheap and com-
pact InGaN laser diodes [3-5]. They can offer various laser transitions
from the 3P, upper laser level into the lower lying manifolds. The
corresponding emissions have been demonstrated in blue, green, or-
ange, red and deep red spectral regions [6].

Up to now, a great deal of Pr®* lasers has been developed based on
various host materials such as fluoride crystals LiYF4 [7], LiGdF, [8],
LiLuF,4 [9], KYF, [10], KY3F;o [11], BaY3Fg [12] LaF3 [13], and CaF,
[14], oxide crystals YAIO; (YAP) [15], LaMgAl;;0,9 (LMA) [16],
SrAl;,019 (SRA) [171, CaAl;7,019 (CAIO) [18], and
Sro.7Lap 3Mgo.3Al11.7019 (ASL) [19]. Fluoride crystals are good host
materials for visible lasers due to their low phonon energies and com-
parably low crystal field strength, which prevent non-radiative decay of
the 3P, upper laser level and excited state absorption (ESA) to the 4f5d
configuration [1]. Compared with fluoride crystals, oxide crystals pos-
sess better thermomechanical properties and can be easily grown by the
Czochralski method. Unfortunately, many Pr*>*-doped oxide crystals
exhibit ESA in the visible spectral region. Nevertheless, several highly
coordinated oxide host materials have been found to be suitable for
visible lasers.

A very interesting system is the strontium hexa-aluminate
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SrAl;5019, which has the magnetoplumbite structure PbFe;,0;9 and the
space group P6s/mmc [20-22]. The large divalent Sr?* cationic sites
can be partially or totally substituted by La** ions and charge com-
pensation will be accomplished by Mg?* ions, which substitute the
small trivalent host cations Al** [23-25]. In Pr®*-doped crystals, Pr°*
is supposed to substitute the twelvefold coordinated Sr**/La®* site.
Because the Pr’* ions are exposed to a relatively weak crystal field, the
ESA from the ®P, upper laser level to the 4f5d configuration should not
take place, at least in the visible region [26]. In 2012, Marzahl et al.
[16] demonstrated an optically pumped semiconductor laser (OPSL)
pumped Pr:LMA laser, yielding a maximum output power of 63.7 mW at
729.1 nm with slope efficiency of 12%. However, visible laser based on
Pr:LMA crystal pumped by blue laser diodes has never been reported, to
the best of our knowledge. In this paper, we have successfully grown a
Pr:LMA crystal by using the Czochralski method. Furthermore,
pumping with a 444 nm laser diode, laser operation of the Pr:LMA
crystal in continuous-wave regime has been investigated.

2. Experiments
2.1. Crystal growth

The Pr:LMA crystal was grown using the Czochralski method from
an iridium crucible heated by middle-frequency inducing generator
under an atmosphere of high-purity N,. According to the formula
Prg o3lag oyMgAl;1019, the 99.999% grade raw materials of LayOs,
MgO, Al,O3 and PrgO,; were weighted. In consideration of the fact that
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the La,O3 powder can absorb water rapidly from the air [27], the La;053
powder was heated and placed in a dry condition. After the compounds
were ground and mixed, they were pressed into pieces, and heated to
1300 °C for 24 h in the air. The charge was then loaded into an iridium
crucible for crystal growth. A seed with a < 100 > orientation was
chosen to obtain a high quality crystal. The crystal was grown at a
pulling rate of 0.8 mm/h and a rotation rate of 10-30rpm. After
growth, the crystal was cooled to room temperature slowly for more
than 60 h.

2.2. Spectra measurements

Samples for spectroscopic measurements were cut from the as-
grown Pr:LMA crystal, and the surfaces perpendicular to the <100>
growth axis were polished. Room temperature polarized absorption
spectra were measured with a UV-VIS-NIR spectrophotometer (Model
Cary-5000, Varian, USA) at room temperature. The fluorescence spectra
and the decay curve at 643nm were recorded by using Edinburgh
Instruments FLS980 spectrophotometer under 444 nm excitation.

2.3. Laser experiments

Laser experiments were carried out at green, orange, red and deep
red with the following setup schematically shown in Fig. 1. Finally,
green and orange laser emissions have failed to oscillate, while red and
deep red laser operation have been successfully demonstrated. The
pump source is an InGaN blue diode laser with maximum output power
of about 2W and emitting wavelength of about 444 nm. The pump
beam was focused by an aspherical plane-convex lens with focal length
of 50 mm. The laser resonator was a two-mirror nearly hemispherical
configuration with resonator length of about 50 mm. For laser oscilla-
tions at red and deep red as achieved in the present experiments, two
input mirrors (IMs) were used with transmissions of about 95% (for
red) and 85% (for deed red) at pump wavelength. Moreover, the red IM
has a transmission of about 50% at deep red, while the deep red IM has
a transmission of about 18% at red, which ensures single-wavelength
oscillation occurrence. At the two laser wavelengths, the two IMs have
high reflections of more than 99.9%. Several output couplers (OCs)
were used to explore the best laser performance with different trans-
missions and all these OCs have curvature radii of 50 mm. For both
laser oscillations (red and deep red), two OCs were used subsequently
with transmissions of about 0.3% and 0.9% for red as well as 1.2% and
3.3% for deep red.

The laser gain medium is a 3 at.% doped Pr:LMA crystal cut along a
crystalline axis. Its dimensions are 3 X 3 X 10 mm?® (10 mm in thick-
ness along the cavity axis). The crystal mounted just after the IM was
protected from thermal fracture by a circular water system with tem-
perature set at 14 °C.

3. Results and discussions

The room temperature polarized absorption spectra of Pr:LMA
crystal in a range from 400 to 2500 nm are presented in Fig. 2. The
observed absorption bands are assigned to Pr’* transitions from the
3H4 ground state to 3P2, 3P1 +1165 3P0, 1D2, 1G4, 3F4+3F3, 3F2, and 3H6
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Fig. 1. The schematic of blue-diode-pumped continuous-wave a-cut Pr:LMA
lasers. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 2. Polarized absorption spectra of Pr:LMA crystal.

excited states, respectively. The peak absorption cross sections were
calculated to be 1.2 X 10"° cm? for o polarization at 444 nm and
0.65 x 102 cm? for & polarization at 471 nm, respectively, with full
width at half maximum (FWHM) of 9.0 and 5.5nm. The peak cross
section is much lower than the value of 1.6 x 10~2° cm?at 443.8 nm
reported for Pr:LMA crystal [16], but is comparable with that of
Pr:CAIO (1.1 x 10" cm?at 444.6 nm [181), Pr:ASL
(1.3 x 107 cm?at  444nm  [19]) and Pr:SRA  crystal
(1.3 x 10"2°cm?at 444.5nm [21]). The peak located at 444 nm is
suitable for commercially InGaN available pump sources and a rela-
tively large FWHM permits high conversion efficiency when pumped by
InGaN laser diode.

The polarized fluorescence spectra of Pr:LMA crystal in the range of
450-800 nm under 444 nm excitation are shown in Fig. 3(a). The
emission bands correspond to the transitions mainly from the me-
tastable P, manifolds to the lower energy level. The stimulated emis-
sion cross sections were calculated by the Fuchtbaue-Ladenburg for-
mula [28] using the radiative lifetime of Pr:LMA crystal, as presented in
Fig. 3(b). In order to obtain the radiative lifetime, the Judd-Ofelt (J-O)
theory [29,30] was used to calculate the spectral parameters based on
the polarized absorption spectra of Pr:LMA crystal, then the radiative
lifetime of the P, emitting level of Pr** ions in LMA crystal was de-
termined to be 38.5 ps. The highest emission cross sections at 488 nm
(cyan), 625 nm (orange), 647 nm (red) and 728 nm (deep red) were
calculated to be 5.6x 1072 3.7x107%°, 23x10"2° and
3.3 x 10~ 2 cm? for o polarization, respectively. The values of emission
cross sections are comparable with those of Pr:LMA crystal [16]. The
FWHM of the emission band centered at 488 nm, 625 nm, 647 nm and
728 nm was calculated to be 5.5nm, 11.0 nm, 6.6 nm and 8.5 nm for o
polarization, respectively, which indicates that the tunable laser op-
eration and/or the generation of ultrashort pulses by mode locking
might be achieved.

Fig. 4 shows the room temperature decay curve of the 3P, excited
state under 444 nm excitation. The measured decay curve shows singly
exponential decaying behavior. The fluorescence lifetime of the 3P,
level of Pr** was determined to be 34.5 ps, which is comparable with
that of 2% Pr:ASL (38 us [19]) and 4% Pr:ASL (33 us [19]). The results
indicate that Pr:LMA crystal could be very promising for visible laser
generation.

Fig. 5 shows results of the blue diode-pumped continuous-wave
Pr:LMA lasers at deep red. Using the 1.2% OC, a maximum output
power up to 30.2mW was achieved with laser threshold of about
300 mW of absorbed power, which leads to a slope efficiency of about
11.2%. Using the 3.3% OC, the threshold reasonably increased to about
350 mW, while the maximum output power was about 24.3 mW with
slope efficiency of about 11.4%. The main factor restricting the power
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Fig. 3. (a) Polarized fluorescence spectra of Pr:.LMA crystal in the range of 450-800 nm; (b) the polarized emission cross sections of Pr:LMA crystal.
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Fig. 5. (a) The dependence of output power on absorbed power and (b) the
corresponding laser spectrum peaking at 725.15 nm.

scaling to higher level is the obvious saturations of the output powers
for the two OCs and output power rollover can be clearly observed
when the absorbed power exceeded about 530 mW, as shown in
Fig. 5(a). Fig. 5(b) shows a typical laser spectrum of the present deep
red emission with a peak wavelength at 725.15 nm.

Fig. 6(a) shows the dependence of output power on absorbed power
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Fig. 6. (a) The dependence of output power on absorbed power and (b) the
corresponding laser spectrum peaking at 645.27 nm.

of the blue diode-pumped continuous-wave Pr:LMA lasers at red. Using
the 0.3% OC, a maximum output power reached about 9 mW with
threshold of about 300 mW and slope efficiency of about 1.4%. The
maximum output power increased to about 16 mW with slope efficiency
of about 3.5%. The typical laser spectrum is shown in Fig. 6(b) with
peak wavelength of about 645.27 nm. It should be pointed that for the
725 nm laser obvious rollover of output power can be observed while
the rollover phenomenon is not so obvious for 645 nm laser. The output
power saturation should be mainly ascribed to thermally induced len-
sing effect inside the Pr:LMA crystal. Relatively, the 725 nm laser suf-
fers severer thermal effect than the 645 nm laser because of a larger
quantum defect of the 725-nm laser than the 645-nm laser.

Since the Pr:LMA crystal is uniaxial, like Pr:YLF, the two laser
emissions at red and deep red were also checked to be both linearly
polarized, as expected. It should be pointed out that the present lasers
at about 645 and 725 nm indeed provide new linearly polarized sources
at these specific wavelengths, which cannot be provided by other Pr®™-
doped laser sources.

4. Conclusion

In summary, a Pr:LMA crystal was grown by the Czochralski
method. The polarized absorption spectra, emission spectra and fluor-
escence time of Pr:LMA crystal at room temperature were investigated.
A number of material parameters relevant to laser operation were de-
termined. The radiative and luminescence lifetimes of 3P, level were
38.5 ps and 34.5 ps, respectively. The maximum emission cross sections
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at 488nm, 625nm, 647nm and 728 nm were calculated to be
56 x 1072, 3.7 x107%°, 2.3 x 1072 and 3.3 x 10"2°cm? for o
polarization, respectively. Continuous-wave operation of the Pr:LMA
laser pumped by a 444 nm blue diode laser have been demonstrated at
red and deep red wavelengths. For red laser at about 645nm, the
maximum output power reached 16 mW with slope efficiency of about
3.5%, while for deep red laser at about 725 nm the maximum output
power was about 30 mW with slope efficiency of about 11.2%. The
present experiment results could be improved by optimizing the quality
of the laser crystal on the one hand. On the other hand, the Pr:LMA
crystal was experimentally found to have a strong thermal effect.
Therefore, in the near future, power scaling could also be achieved by a
better thermal management.
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