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Abstract. A compact and efficient diode-pumped intracavity- crystal (05 at %) and a folded-cavity design [12]. Low Nd-
frequency-doubled Nd:GdVEKTP green laser is demon- doping avoids severe thermal deposition in the crystal and
strated with a flatflat cavity design. With a3kt % Nd®*-  hence helps the power scaling of the laser; with a folded-
doped GdVQ crystal and pumped at the weak-absorptioncavity design, the laser mode size in the laser and non-
peak of 806 nm, the second-harmonic output power at 532 niinear crystals can be optimized separately, which ensures
was measured to bedb W at an incident pump power of the efficient operation of the laser. In this paper, we re-
8.4W, corresponding to an optical conversion efficiency ofport on a compact and highly efficient intracavity-doubled
23.2%. The output characteristic at the fundamental waveNd:GdVO,/KTP green laser with a.3 at % Nd-doped crys-
length of 1063um was investigated with two different pump tal and a compact flat—flat cavity design. The thermally in-
wavelengths. More than.8W output power was generated duced lens provides the cavity stability and ensures a good

when the laser was pumped at 86m. mode matching between the laser mode and the pump beam.
The optimum cavity-length condition is discussed taking into
PACS: 42.55.Xi; 42.65.Ky; 42.70.Hj account the thermal focal length of the laser crystal. Because

the Nd:GdVQ crystal was not a lightly Nd-doped one, the
weak-absorption peak at 8@5m was selected as the pump

Compared with Nd:YAG and Nd:YV@Q neodymium-doped wavelength to increase the absorption depth and avoid se-
gadolinium vanadate (Nd:GdVpis an attractive and very vere thermal deposition. At an incident pump power df\8/,
efficient laser material for diode pumping and has been rea green output power of45 W was generated, corresponding
ceiving considerable attention in recent years [1-4]. Ndto an optical conversion efficiency of 236.
GdVO, has a large emission cross section &6Lum (7.6x
10cn?) and high absorption cross section.2%
10 %cnv), and a wide absorption bandwidth at a pump1 Experimental setup
wavelength of 808 nm [2]. More important, the thermal con-
ductivity of GdVO, (123 W/mK along the(001) direction)  The experimental setup is shown schematically in Fig. 1.
is more than a factor of two higher than that of Y¥@nd  The 13 at % neodymium-doped GdV{crystal wasa-axis
is even higher than that of YAG [5,6]. Such unique spec-cut with a cross-sectional area ok3 mn? and a thickness
troscopic and thermal properties make a Nd:Gd\Wdystal  of 3mm. One side of the laser crystal was anti-reflection
a promising substitute for Nd:YAG and Nd:Y\4On diode-  coated at the pump wavelength of 808 niR € 5%) and
pumped compact solid-state lasers. high-reflection coated at both the fundamental wavelength of

Since the first demonstration of laser oscillation in1.06um (R > 99.8%) and the second-harmonic wavelength
aNd:GdVQ crystal [1], considerable efforts have been madgR > 99%) to act as a cavity mirror of the laser (input mir-
on power scaling of both cw and pulsed Nd:GdV@sers  ror). The other side was anti-reflection coated &6m.
at 106pum [7—-10]. However, it was not until recently that The nonlinear crystal used in this research was a type-lI
efficient intracavity-frequency-doubled Nd:GdYOlasers phase-matched 7-mm-long KTP crystal which was located
were reported [11,12]. A comparative study shows that noglose to the output coupler. The two ends of the KTP crys-
only the fundamental wavelength but also the intracavitytal were anti-reflection coated at both 1.06 an8i3um to
frequency-doubled Nd:GdVP lasers are more efficient reduce the cavity loss. The absorption coefficient of KTP at
than Nd:YVQ, lasers [11]. An intracavity-doubled 3.6-W 1.06um is ~5x 10 3cm™! [13]. GdVO, and KTP crys-
Nd:GdVO, laser was reported using a lightly Nd-dopedtals were wrapped with indium foil and mounted on sep-
- arate copper holders and could be temperature-controlled
*Corresponding author. (E-mail: edyshen@ntu.edu.sg) independently using Peltier devices. The flat output mir-
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o coupling a 2at% Nd-doped Nd:YVQ crystal was also measured
oplica NGV o and shown in Fig.2. Apart from the strong-absorption
: peak, the two crystals both have a weak-absorption peak

at ~ 8062nm. The weak-to-strong absorption ratio of
Nd:GdVQ, (~ 0.51) is higher than that of the Nd:YVO
crystal ¢~ 0.34).

We investigated the output characteristics at the fun-
damental wavelength with the laser pumped at 808.2 and

— . HR: 1.06 )
Laser Diode HR;@’;: geighieciiad 8062 nm. The output coupler was &= 10% flat mirror,
HT-808 nm and the cavity length was- 15 mm. Figure 3 shows the

Fig. 1. Experimental setup of the intracavity-frequency-doubled Nd:GdVOOUtpUt power as a function of the incident pump power.
/KTP laser When pumped at 80Bnm, an output power of BW at

1.063um was obtained at an incident pump power cf@/,
giving an optical conversion efficiency of &36. When the
ror was highly reflective coated at the fundamental wavepump wavelength was tuned to center at .208n, the out-
length R > 99.9%) and anti-reflective coated at the greenput power began to saturate at pump powers exceeding 6 W.
wavelength T > 95%). The pump source is a fiber-coupled The saturation behavior was attributed to the severe ther-
10-W cw laser diode (SDL-2450) with a core diametermal effects induced by the strong absorption of the crys-
of 400pum and a numerical aperture of 0.4. For pump-tal. At a pump wavelength of 808nm, about 85% in-
ing, the light from the fiber end was collimated and fo-cident pump power~ 7 W) was absorbed within 1 mm.
cused to a spot size of approximately 38@ in diam- When the pump wavelength was tuned to &d@m, the
eter. It should be noted that although the input mirror ofpump power absorbed within the first 1 mm of the crys-
the laser had a high-reflection coating Bf> 99% at the tal was estimated to be only about 60% of the incident
532-nm wavelength, the reflectivity was measured to be aboytump power. It worth to note that the pump-wavelength
60% for the green light incident on the Nd:GdY@rystal  shift affected only the pump power’s distribution in the laser
from the right-hand side because of the absorption of therystal. The total absorbed pump power, however, was not
crystal. reduced. The large absorption coefficients of Nd:GdVO
are favorable for the construction of microchip lasers that
use very short laser crystals. For high-power end-pumped
2 Results and discussion lasers, however, low Nd-doped crystals are preferable be-
cause high absorption will result in severe thermal lens-
Figure 2 shows the unpolarized absorption spectrum oing and thermally induced fracture that hinder the power
Nd:GdVQ, which was measured with an ANDO AQ-6315A scaling [9, 14]. Figure 3 shows that pumping the laser at
optical spectrum analyzer at a resolution 00®nm. Ex- the weak-absorption peak of Nd:Gdy@an, to some ex-
cept for the strong-absorption peak at 808m, there tent, avoid thermally induced power reduction. For experi-
is also an adjacent weak-absorption peak at.Bff. ments on the intracavity-doubled Nd:GdY/&TP lasers, the
For the light from the fiber-coupled laser diode, the ab-weak-absorption peak of 86nm was selected as the pump
sorption coefficients at the two peaks are measured twavelength.
be 18.0 and 1@cm!, respectively. Including the weak- In an end-pumped intracavity-doubled laser, the gener-
absorption peak, Nd:GdVfhas an absorption bandwidth ated second-harmonic power can be estimatedPlys =
of ~4nm. For comparison, the absorption spectrum ofk P2/zw? [13]. Here P, the fundamental circulating power
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Fig.2. Room-temperature nonpolarized absorption spectra of Nd:gdVOFig. 3. Output power at D6um as a function of incident pump power for
and Nd:YVQ pumping at the strong- and weak-absorption peaks of 808.2 an@ BG6
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within the laser cavity, is determined by damental power intensity and SHG (second-harmonic gen-
b2 5 eration) conversion efficiency. At the same time, however,
c c the cavity mode size in the laser crystal should be best
4K$(ﬂw§) + (4 +KS) w2 +06-26)9=0. @) matched to the pump-beam size for increasing the conver-
sion efficiency from the pump to the fundamental power.
where Therefore, the optimum mode size for the high-efficiency
5 1 5000 operation of a laser is expected when the two effects
K _ e (1o 2w deﬂrln77 ) are balanced. The cavity mode radii in both Nd:GdvO
w2 \ &g ndc2 '@ (we) and KTP () are determined by the thermal focal

length and cavity length. For a focal length of.2@m,
we, wp and the second-harmonic optical conversion effi-
. ZatApPpo(l—E“’p')_ 3) ciency as a function of cavity length were calculated and
- nhc(w§+w§) ’ shown in Fig. 5. Other parameters used in the calculation
are as follows: the effective nonlinear coefficient of KTP
S = hw/ot is the saturation intensityw, and we are  desr = 3.2 x 10-2mV~1, the refractive indexn = 1.83 and
the pump and cavity mode radii, respectively, in the lasew = 1.78x 10'°s~*; the fluorescence lifetime and stimulated-
crystal. § is the round-trip loss of the cavity that can emission cross section of Nd:GdYCGare r =90ps and
be written in terms ofsg+ 84, Where 84 is the diffrac- o = 7.6x 10 cn?, respectively. The nondiffraction loss
tion loss induced by thermal spherical aberratidp;is  of the cavity, 5o, was measured at approximately 0.005
the nondiffraction loss which includes the absorption losaising three output couplers of different transmissions at
of Nd:GdVQ, and KTP, transmission losses at the twol.06um [13]. The diffraction loss was estimated accord-
cavity mirrors and scattering losses at all the interfacesng to the pump power and cavity parameters [15]. It can
desr is the effective nonlinear coefficient of KTR; and be seen from Fig. 5 that the suitable cavity length for ef-
n are the KTP crystal's length and refractive index, re-ficient operation was around 20 mm. Although is small
spectively.wy, is the beam radius in the nonlinear crystal. and preferable for second-harmonic generation at short cavity
na accounts for the efficiency reduction induced by thelengths & 20 mm), the laser efficiency is, however, limited
walk-off effect of KTP. Py is the incident pump power at by the smallwe. At cavity lengths longer than 25mm,
the input mirror of the laseré is a numerical simulating the green output decreases because of the rapidly increas-
factor~0.5 [13]. ing we and the thermally induced diffraction loss, which is
For thermally stabilized flat—flat cavity lasers, the cavitya rapidly increasing function of the mode-to-pump ratio when
mode sizes are determined by the thermal focal length and. > wp [14, 15].
cavity length. The thermal lensing in the Nd:Gdy@€rystal The experimental and theoretical green output powers as
was measured with a 10% transmission flat coupler so tha function of the incident pump power are shown in Fig. 6.
thermal focusing alone defined the cavity. The actual bearfihe best result was obtained at a cavity length-88 mm at
radii were measured with the well-known scanning slit techthe maximum pump power. A stable green output power of
nique [2]. The thermal focal lengths were estimated according.95 W was generated at an incident pump power.di\V8,
to the measured divergence data and shown in Fig. 4. At theorresponding to an ‘optical-to-optical’ efficiency of .2%6.
maximum incident pump power of 8W, the thermal focal For the cavity length of 23 mm, the theoretical results are
length was~ 20.2 cm. shown in Fig. 6. The experimental results are in close agree-
In intracavity-doubled lasers, the cavity beam size inment with the calculated ones. At the maximum pump power
the nonlinear crystal should be small to enhance the funef 8.4 W, the intracavity circulating powek., was estimated
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3 Conclusions

We have demonstrated a compact and efficient diode-pumped
intracavity-frequency-doubled Nd:Gd\WZKTP green laser
with a 13 at % Nd**-doped GdVQ crystal and pumped at
the weak-absorption peak of 826 im. A green output power

of 1.95 W was generated at an incident pump power.4Vg,
corresponding to an optical conversion efficiency 0f223.
When operated at the fundamental wavelength.063um,
greater than 4.5-W output power was generated with an opti-
cal conversion efficiency of 54%. The results suggest that an

Pump power(W)

Fig.6. Green output power as a function of the incident pump power

off-peak pump method can be helpful for the power scaling of
non-lightly-doped Nd:GdV@crystals.
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