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We present for the first time, to the best of our knowledge, a frequency-doubled Nd: GdVO, laser operating
in a cw on the pure three-level laser line at 880 nm. We obtained 300 mW at 440 nm for 23 W of incident
pump power at 808 nm. Moreover, with a 25% output coupler we obtained a cw power of 1.9 W at the fun-
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damental wavelength at 880 nm. © 2008 Optical Society of America

OCIS codes: 140.3530, 140.3480, 140.7300.

HeCd lasers emitting at 442 nm are particularly use-
ful for many applications such as optical data stor-
age, flow visualization, holography, or Raman spec-
troscopy. However, the main problems relative to gas
lasers are their size, their very restrictive mainte-
nance, and their low efficiency. Diode-pumped solid-
state (DPSS) lasers have been developed to overcome
these problems with the use of the quasi-three-level
transition of neodymium-doped crystals. After
second-harmonic generation (SHG), classical wave-
lengths achieved wusing these architectures are
456-457 nm (Nd:GdVO,/Nd:YVO,) [1,2] or 473 nm
(Nd:YAG) [3,4]. These lasers are efficient and power-
ful; nevertheless their wavelengths are too high com-
pared to the 442 nm HeCd laser emission. Other pos-
sibilities, e.g., GaN laser diodes emitting a few
hundreds of milliwatts [5], or DPSS lasers based on
Cr3*:LiSrAlF; (Cr:LiSAF) crystals intracavity
doubled [6], could be considered. However, the first
solution is limited by poor spatial beam quality, and
the second one is not easily power scalable owing to
the bad thermal behavior of the crystal, and to the
lack of high brightness of the red laser diode in the
absorption band of Cr:LiSAF.

Neodymium-doped crystals such as Nd:GdVO, os-
cillating on the pure three-level laser transition
‘Fy0—"I5, offer an alternative for an emission
around 880 nm and at 440 nm after SHG. Demon-
stration of laser action at 879 nm was done by Her-
ault et al. [7]. However, the intracavity power ob-
tained was only of a few watts, making efficient
intracavity SHG impossible in cw operation. Indeed,
intracavity SHG is very challenging on this pure

three-level transition compared to a quasi-three-level
laser; the population inversion is much lower and the
saturation intensity is much weaker. Indeed, simula-
tions [8,9] (parameters in Table 1) show that the int-
racavity power is strongly dependent on losses at
880 nm compared to laser emission at 912 nm (Fig.
1). Hence for standard passive losses (around 3%),
more than 100 W could be easily achievable at
912 nm in a Nd:GdVO, crystal, whereas only a few
tens of watts could be achieved in the case of 880 nm
emission.

In this Letter we present a way to achieve high in-
tracavity power at 880 nm and efficient cw SHG at
440 nm for what we believe to be the first time with a
three-level Nd:GdVO, laser. Efficient laser action on
the three-level line is also investigated.

We computed intracavity power at 880 nm versus
different parameters such as the M? of the pump di-
ode, the crystal length, and the doping concentration.
Figure 2 reveals that the M? factor is a key param-
eter to improve intracavity power. We notice that the
brighter the pump source, the higher the intracavity
power at 880 nm. In the case of a three-level laser, if
the pump beam has a too strong divergence (high M?
factor), the pump intensity does not reach the pump
transparency intensity (defined in [7,9]) everywhere
in the crystal, so that the medium exhibits absorp-
tion in some areas. This explains why three-level la-
sers are very sensitive to pump brightness.

Moreover, particular care must be taken to choose
the right crystal (doping concentration and length).
Figure 2 predicts that much better results could be
achieved with a 5 mm 0.1% doped crystal compared

Table 1. Theoretical Values Used for the Computations Corresponding to the Experimental Setup

op Tem laser Oabs laser Lifetime Pump Waist Laser Waist
(1070 cm?) (10720 cm?) (10729 cm?) (us) (pm) (pm)
53.6 (m) 19 28 100 115 60
12.3 (o)
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Fig. 1. (Color online) Simulation of the influence of pas-  merical aperture of 0.22). The fiber output is imaged

sive losses on the intracavity power achievable at 880 and
912 nm (4-mm-long, 0.2% doped crystal under 20 W inci-
dent pump power).

to a 4 mm 0.2% one (the crystal used in [7]). This can
be explained by Fig. 3, presenting the evolution of the
small signal gain through the whole crystal length in
the lasing operation. The 4 mm 0.2% doped crystal
presents a strong reabsorbing zone owing to the lack
of pump power at the end of the crystal. With a lower
absorbing crystal (56 mm 0.1% doped) this effect is
significantly reduced, which allows higher intracav-
ity power operation.

In our setup we chose a 25 W laser diode with M?
around 40 and a 5-mm-long, 0.1% doped Nd:GdVO,
crystal. Simulations (Fig. 2) show that this setup
should allow a 2.5 times higher intracavity power
than in the setup published in [7]. Despite this opti-
mization, Fig. 2 also points out that the intracavity
power remains below 100 W. That is why we decided
to use a highly nonlinear crystal, KNbOg3. Our crystal
is 10 mm long, in type 1 noncritical phase matching
(NCPM) at 80°C. This crystal has a nonlinear coeffi-
cient 16 times higher than LiB3O5 and 3.7 times than
BiB3504, which are the most commonly used nonlin-
ear crystals in the blue range. Moreover, as the
KNbOj; is in NCPM at this wavelength the angular
acceptance and walk-off do not limit the conversion
efficiency.

The experimental setup is presented in Fig. 4. The
pump source is a laser diode emitting at 808 nm
(coupled into a 100 um core diameter fiber with a nu-
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Fig. 2. (Color online) Simulation of the evolution of the
linear gain at 880 nm along the crystal.

with two doublets through a dichroic mirror [HR
(highly transmittive) 880 nm, HT (highly reflective)
808 nm] into the Nd: GdVO, crystal with a measured
waist radius of 115 um inside. We designed a four-
mirror high-finesse cavity that allows a second waist,
of 35 um radius, where the nonlinear crystal is in-
serted.

The last experimental key point consists in the
spectral selection of the three-level laser line. Indeed,
in previous work [7] this element was a true limita-
tion involving the blue generation in pulsed mode. In
our case we designed dichroic mirrors especially dedi-
cated to this application (M3 and M,), with a stiff
transmission curve varying from 0.12% at 880 nm to
72% at 912 nm. These mirrors avoid laser operation
on the high gain quasi-three-level transition at
912 nm. Moreover, mirrors M,, Mj;, and M, are
highly transparent at 1063 nm to suppress any para-
sitic oscillation of the four-level line.

We obtained a maximum cw TEM,, (inset in Fig.
4) output power of 300 mW at 440 nm horizontally
polarized, on three output beams (mirrors not opti-
mized in the blue range). The beam quality of the
fundamental was quite good with an M? factor infe-
rior to 1.5.

This result was obtained for one optimized point.
Indeed, we measured a thermal focal length of
25 mm (via a beam diameter measure at the output
of the cavity and ABCD matrix computations). By re-
ducing the incident pump power, the thermal focal
length increases, which implies a change in the cav-
ity geometry, making it difficult to record an effi-
ciency curve.

Laser diode
25W/100pm
LT

'\ Plan output coupler
440 nm ’7

~'T=25% © 880 nm
440 nm
u KNbO, ﬂ
M, M,
R=-100 mm

R=-150 mm

Nd:GdVO,
5 mm/0.1%

f=60 mm

Fig. 4. (Color online) Experimental setup. M;, HT 808 nm
and HR 850-900 nm; My, HR 850-900 nm and HT
1064 nm; M3 and M, filter mirrors, HR 880 nm and T
=72% at 912 nm. Mj3 p;, corresponds to the 25% output cou-
pler used for the 880 nm extraction.
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By replacing the two last mirrors by a plane output
coupler having a transmission of 25% at 880 nm
(mirror Mj ;s in Fig. 4) we obtained a maximum out-
put power of 1.9 W at 880 nm for 23 W of incident
pump power at 808 nm (Fig. 5). The laser emission
was TEM, , and was vertically polarized. Above 16 W
pump power no parasitic wavelengths (1063 or
912 nm) have been observed. However, below this
level we recorded a slight emission at 1063 nm due to
parasitic oscillation between the first mirror and the
second facet of the crystal (in spite of the antireflec-
tion coating having a reflection inferior to 0.5% at
1063 nm), and also a breaking in the slope efficiency,
with a higher threshold than expected. Indeed, this
competition reduces the population inversion and in-
creases the 880 nm oscillation threshold.

In conclusion, we succeeded in the realization of
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Fig. 5. (Color online) Laser performances in cw operation
with a 25% output coupler at 880 nm.
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what we believe to be the first diode-pumped cw SHG
three-level laser at 440 nm based on a neodymium-
doped crystal. Key points are pump brightness, crys-
tal length, and doping level, and the use of a highly
nonlinear crystal. We achieved a power of 300 mW at
440 nm with a good spatial beam quality. Moreover,
1.9 W has been obtained at 880 nm with a 25% out-
put coupler. This corresponds to a 2.3 times higher
output power than in previous work [7]. Further im-
provements will consider the use of volume Bragg
gratings to enhance the spectral selectivity and the
possibility of compact architectures will be assessed.
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