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Abstract: We report continuous-wave (CW) laser operation of Pr®*-doped
LiLuY,, LiYF, and KY3Fy single crystals in the Red, Orange and Green
spectral regions by using a new pumping scheme. The pump source is an
especially developed compact, slightly tunable and intracavity frequency-
doubled diode-pumped Nd:YAG laser delivering a CW output power of
0.9W at 469.12 nm. At this pump wavelength, efficient room temperature
laser emissions corresponding to the *Po—°F,, *Po—>>Hg and *P;—*Hs Pr*
transitions are observed. While a maximum slope efficiency of 45% is
obtained in the red with Pr:LiYF,, the demonstration is made for the first
time of the orange laser operation of Pr:KY sFy, at about 610 nm.
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1. Introduction

It has been known since a long time that Pr®* doped crystals and glasses and, among them,
Pr¥* doped fluorides [1], thanks to more efficient radiative transitions, can be used to produce
multicolor laser emissions for RGB (Red, Green, Blue) applications.

Still few years ago, however, the use of such laser active materials was somewhat limited
by the lack of efficient and/or practical pump sources in the blue region. For example, the first
Pr-laser, based on a Pr:YLF crystal, was pumped by a pulsed dye laser at 444 nm [2]. Then,
demonstration was made of pulsed laser operation of the same Pr:YLF laser material under
flash-lamp pumping [3], as well as of CW and/or femtosecond laser operation of Pr:YLF by
pumping with an Argon ion laser [4,5].

In fact, the situation has improved a lot these last years thanks to significant progresses in

the development of pump sources such as GaN laser diodes and optically-pumped and
frequency-doubled semiconductor lasers (OPSLs) operating in the same spectral range as
specific Pr** absorption peaks (see in the Fig. 1), and thanks to a series of very encouraging
results with these pump sources. Laser operation of several Pr-doped crystals and glasses,
including those already mentioned, has been demonstrated, for example, by pumping around
444 nm, with a GaN laser diode, into the *H,—*P, absorption band of the materials [6-9].
Several interesting results were also reported by pumping the same materials directly into the
®p, emitting level (°*H,—°P, absorption transition) by using an especially developed
intracavity frequency-doubled OPSL operating around 477 nm [10].

So, all-solid visible lasers based on Pr¥*-doped crystals and glasses are motivating again
much attention and their utilization in the new generation of color displays, for data storage
techniques and medical imaging is becoming a reality.

Nevertheless, the GaN semiconductor diodes, although offering the most compact and
simple solution for the development of such lasers, are still limited to about 1W (without any
improvement in the last two years) and their beam quality is seriously degraded for powers
higher than 500 mW. On the other hand, frequency-doubled OPSLs, although offering the
possibility of higher pump powers with a better beam quality, remain on-demand, non-
commercially available thus rather expensive laser devices.

This is the reason why we have examined a third (alternative) solution, which is the
purpose of the present communication, which consists in pumping the materials (see in the
Fig. 1) around 469 nm with the aid of an easier to built, efficient and potentially powerful
solid-state laser based on a diode-pumped and intracavity frequency-doubled 3-level
Nd-doped crystal such Nd:YAG. This new pumping configuration, which addresses the
*H,—°P1, !l absorption transition of the Pr** ions, has not been exploited so much, except by
using an Argon ion laser at 465.8 nm [4], thus far from the considered absorption peak(s), and
also by using a frequency-doubled Nd:YAG laser, but at 473 nm, thus again far from the
absorption peak [11].

So, in this paper, we present a series of laser results obtained in the Red, Orange and
Green spectral regions by pumping Pr¥*:LiLuF, (Pr:LLF), Pr¥:LiYF, (Pr:YLF) and
Pr¥*:KY3Fyo (Pr:KYF) crystals with the aid of an home-made and especially developed diode-
pumped and intracavity frequency-doubled Nd:Y AG laser with improved laser performance.
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Fig. 1. Room temperature absorption spectra of Pr:LLF, Pr:YLF and Pr:KYF in the blue
spectral range.

2. Experimental conditions
2.1 Pump source characteristics

Several blue solid-state laser sources based on the frequency-doubling of the infrared three-
level laser emission transitions of Nd** around 900-950 nm have been reported in the recent
years with output powers up to several Watts [12,13]. These laser sources, however, have
been operated either around 473 nm [12] or 456 nm [13], thus at laser wavelengths where the
Pr¥* absorption is very weak. Indeed, as it is shown in the Fig. 1 for Pr:YLF and Pr:KYF, but
which remains true for most of the Pr-doped materials, the *H,-°%P, U absorption transition
have peaks between about 467 and 470.5 nm, which means frequency-doubling (SHG) of
infrared laser emissions ranging between 934 and 941 nm, thus around 938 nm. The Nd-
doped materials which could be used to obtain such a suitable lasing wavelength have been
identified and are reported in the Tablel.

Table 1. Nd** doped materials for infrared laser emission around 938 nm.

Nd** laser *lara(cm™) *Fap(cm™) AE(cm™), References
materials Z1~75 R1, R2 Wavelength(nm)
YSGG 0,97,168,252,778 11439,11489 10661, 938 [14] p137
{Y3SC2G33012}
YGG 0,79,179,246,784 11443,11478 10659, 938.2 [14] p138
{YsGa5012}
YAG 0,130,199,308,857 11427,11512 10651, 938.5 [14] p133
{Y3A|5012}
GGG 0,93,178,253,772 11442,11485 10670, 937.2 [14] p149
{GdgGﬁsOu}
GdCOB 0,72,302,441,662 11344,11539 10682, 936.2 [15]
{Ca,GdO(BOs)3}
YCOB 0,73,300,451,680 11347,11537 10667, 937.5 [16]
{Ca,YO(BO3)3}

Because of the wavelength matching but also because of the possibility to get cheap and
commercially available crystals, the choice has been made, for this first approach, of
exploiting the *Fa, (Ry) — “lga(Zs) laser emission transition of the Nd:YAG laser system at
938.5 nm. Diode-pumped CW laser operation at this wavelength was first published by Koch
et al [17] and extra- as well as intra-cavity frequency-doubling at 469 nm was demonstrated
by Bjurshagen et al [18], but with a maximum output power of 200 mW, by using a PPKTP
doubler and a Z-type laser resonator.



The laser used here for pumping our Pr-doped crystals is an optimized version which
allowed us to reach nearly 1W at 469 nm. It is based on a V-shaped cavity in which diode-
pumped intra-cavity SHG is achieved with a properly oriented LBO nonlinear crystal and the
required emission transition at 938 nm is selected with the aid of an (glass plate) etalon. More
details are given in a separated paper [19] in which we consider both intracavity frequency-
doubling (SHG) and sum-frequency mixing. By adjusting the inserted glass plate and the
phase matching angle of the LBO crystal, such a system allows us to tune the laser
wavelength from about 469.05 to 469.34 nm and to get corresponding output powers of 800
up to 930 mW. Figure 2 shows this blue laser output power for different lasing wavelengths.
In order to obtain a maximum absorbed pump power in the Pr-doped samples, we have set the
pump wavelength at 469.12 nm, and maintained an output power of about 910 mW.
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Fig. 2. Output power of the blue Nd:YAG pump laser versus laser wavelength (left) and beam
waist diameter near the focal point (right) in the x and y directions

Power fluctuations are better than 3.4% rms and measurements of the M? factor with the
aid of a Beamscope-P7 indicate an output beam with the transversal values M?% = 1.3 and
M?, = 2.0 (see in Fig. 2).

2.2 Praseodynium laser cavity

The length and the nominal doping level of the Pr-doped crystals used in the experiments are
reported in the Table 2. The table also gives the percentage of absorbed pump power at 469
nm for a single pass in the crystal. These absorbed powers could be larger for 4-levels laser
systems; it means that the length and the doping concentration of the samples were not
optimized.

Table 2. Parameters of the Pr¥*-doped fluorides in laser experiments

Material Pr:LLF Pr:YLF Pr:KYF
Concentration 0.1 at% 0.8 at% 0.35 at%
Length (mm) 9 5 4.2
Absorbed power (Single 0 0 0
pass) 33% 48% 34%

The schematic experimental laser setup is shown in Fig. 3. The laser cavity is a simple
plano-concave cavity. The flat dichroic input mirror M; has a high transmission for the
469 nm pump wavelength and it is highly reflective either in red, the orange or in the green
region around 640, 610 and 525 nm. The output curved mirror M, has a 50 mm radius of
curvature and various transmissions depending on the considered laser wavelength. The pump
laser is focused inside the laser crystals, without reshaping, with a lens having a focal length
of 75 mm. The pump beam inside the crystals has a beam-waist radius of about 75 and 65 um
in the X and Y orientations respectively. By using the ABCD matrix formalism, a laser waist
radius of 70 um is found. The laser crystals having uncoated, flat, parallel and polished end-
faces are mounted on a simple copper plate, without any additional cooling.
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Fig. 3. Experimental setup for the Pr** cavity.

3. Laser results
3.1 Red emission

Figure 4(a) gives the maximum laser output power versus absorbed pump power for the 3Py —
*F, red emission transition of the investigated samples. The emitting wavelength is around
640 nm for Pr:LLF and Pr:YLF, which corresponds to a ¢ polarization and around 645 nm for
Pr:KYF (isotropic crystal). Several output couplers with different transmission values were
experimented both to optimize the laser output power and to determine the optical losses in
the cavity.

With a output mirror transmission of 4.2%, the power curves show maximum output
powers up to 60, 137 and 65 mW for absorbed pump powers of about 290, 420 and 305 mW
in the 9mm-long Pr (0.lat.%):LLF, 5mm-long Pr (0.8%):YLF and 4.2mm-long Pr
(0.35%):KYF, crystals, respectively. The corresponding slope efficiencies are 41%, 45% and
40% (see in Fig. 4(2)).

It is worth noting that due to the relatively high transmission of the output coupler, it is
found relatively high absorbed pump power thresholds, 148, 120 and 145 mW, respectively.
With a 0.3% transmission output coupler, these threshold values reduce to 40, 25 and 33 mW.
The laser beam at the maximum output power was found to be nearly diffraction-limited, with
a M? factor equal to 1.1.
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Fig. 4. (a) Optimized output power versus absorbed pump power curves for the 3P, — °F, red
laser emissions of the investigated crystals. (b) Findlay-Clay analysis of the *P, — °F, red laser
emissions of the investigated crystals.

The optical losses in the cavity were estimated by using the Findlay-Clay method [20].
The total round-trip cavity losses, including absorption and scattering losses inside the laser
medium and at the resonator mirrors as well as diffraction losses, are derived by measuring
the absorbed pump power thresholds Py, s for different output mirror transmissions T and by
plotting -In(R), with R = 1-T, versus Py as. The curves are reported in the Fig. 4(b). From
these curves, it is derived total round-trip losses of 1% for Pr:LLF, 0.6% for Pr:YLF and 0.9%
for Pr:.KYF.

3.2 Orange emission

Figure 5(a) gives the maximum output power versus the absorbed pump power for the *P, —
*Hg orange laser transition of the three studied crystals. The emitting wavelength is around
607 nm for Pr:LLF and Pr:YLF, and around 610 nm for Pr:KYF. Using the output mirror



transmissions of 2%, 2% and 1.8% for Pr:LLF, Pr:YLF and Pr:KYF, respectively, we
measured maximum output powers of 37, 72 and 22 mW and associated slope efficiencies of
21%, 23% and 18%, respectively. To the best of our knowledge, it is the first demonstration
of an orange laser emission in a Pr:KYF laser crystal. Lower transmission output couplers led
to significantly lower output powers.

It is also worth noting that for the three considered Pr** doped crystals, there is a small but
non-negligible spectral overlap between the *H, — 'D, absorption and the *P, — *H, orange
emission. These reabsorption effect likely accounts for the reduced efficiency of the orange
laser emission compared to the red one.
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Fig. 5. (a) Optimized output power versus absorbed pump power curves for the *Py — °He
orange emissions of the investigated crystals. (b) Optimized output power versus absorbed
pump power curve for the 3P; — *Hs green laser emissions of the investigated crystals.

3.3 Green emission

Figure 5(b) gives the maximum output power versus absorbed pump power for the *P; — Hs
green laser emission of the investigated samples. The emitting wavelength is around 522.5 nm
for Pr:LLF and Pr:YLF. Here again better results were obtained with the Pr:YLF laser crystal.
A maximum output power of 50 mW and a 28% slope efficiency were measured with a 2.2%
transmission output mirror. For Pr:LLF, the best result, i.e. an output power of 12 mW and
13% slope efficiency, was obtained by using a 0.7% transmission output coupler.

A Findlay-Clay analysis was also performed in the case of Pr:YLF. However, due to the
only 2 output mirrors used in the experiments, the Findlay-Clay plot was replaced by a
calculation based on the following formula

PI

th,abs __

L—In(R)
Pth,abs L_In(R)

According to this calculation the round-trip cavity losses for the green laser emission in
the case of Pr:YLF reaches a value of about 3%. Of course, the results obtained for this green
emission in the case of PriLLF could be greatly improved considering the low Pr*
concentration (0.1%) and the crystal length which was subsequently used, a length which is
far too large to have a good overlap between the pump and the laser modes inside the crystal.

Finally, so far, we have not obtained any green laser emission from our Pr:KYF laser
crystal. This is probably due to a significantly lower emission cross section and a threshold
pump power exceeding the available pump power.

4. Summary

In conclusion, we have reported CW red, orange and green laser emissions of Pr:LLF, Pr:YLF
and Pr:KYF crystals by pumping them with an especially developed diode-pumped and
intracavity frequency-doubled CW Nd:YAG laser operating around 469 nm. The maximum
red laser output powers were 60, 137 and 65 mW and the corresponding slope efficiencies



were 41%, 45% and 40%. Orange laser emission was also obtained with the three crystals
with maximum output powers of 37, 72 and 22 mW and corresponding slope efficiencies of
21%, 23% and 18%, respectively. Green laser operation was only achieved, however, with
Pr:LLF and Pr:YLF, with maximum output powers of 12 and 50 mW, and slope efficiencies
of 13 and 28%, respectively.

Further improvements both in terms of laser output powers and laser slope efficiencies can
be definitely obtained and will be made by using shorter but concentration optimized laser
crystals with AR-coated end-faces, a three-mirror resonator and better-adapted coatings for
the input and output mirrors. In addition, better performance can be obtained by increasing the
pump power and improving the pump beam quality. Thanks to the high power and high beam
quality of the fiber-coupled IR laser diodes at 808 nm, together with the quality of the
nonlinear crystals, SHG of Nd-based lasers (Nd:YAG as well as other Nd-doped materials
which are currently studied for that application) should also rapidly improve and the proposed
pumping scheme should open the way for efficient and compact high power Pr** solid-state
lasers.
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