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Abstract We originally demonstrate the use of an Al-
GaInAs periodic quantum-well absorber to achieve a quasi-
continuous-wave (QCW) diode-pumped passively Q-switch-
ed Nd:YVO4 laser with an intracavity optical parametric
oscillator (OPO). With a diode-pumping energy of 35 mJ,
the output pulse energy and the pulse width at 1573 nm are
found to be 1.58 mJ and 26 ns, respectively. The pulse rep-
etition rate can be up to 100 Hz with the overall OPO beam
quality M2 factor to be better than 1.5.

1 Introduction

Low-eye-hazard lasers are inevitable in many applications
such as laser radar, range finder, remote sensing, and tar-
get designation [1, 2]. High-repetition-rate eye-safe laser
with single pulse energy in the millijoule (mJ) range is
desired in LIDAR applications because of its long-range
performance and high-speed data collection. One promis-
ing method for efficient eye-safe laser sources is based
on optical parametric oscillators intracavity pumped by the
Q-switched neodymium lasers emitting around 1 µm [3, 4].
Recently, eye-safe intracavity OPOs driven by quasi-cw
(QCW) diode-pumped passively Q-switched Nd:YAG lasers
have been demonstrated to generate mJ pulses [5–7]. Nev-
ertheless, the highest repetition rate of mJ eye-safe in-
tracavity OPOs achieved with QCW diode-pumped pas-
sively Q-switched Nd:YAG lasers are 40 Hz [7]. To achieve
the high-repetition-rate eye-safe OPO in a QCW diode-
pumped system, Nd-doped vanadate crystals with short flu-
orescence lifetime is required [8, 9]. Moreover, compared
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with Nd:YAG crystals, Nd-doped vanadate crystals have
a higher absorption cross section, wider absorption band-
width, and linear polarized output. As a result, Nd-doped
vanadate crystals are a promising candidate for a high-
repetition-rate mJ-level laser system. Even so, mJ-level eye-
safe pulses based on the Nd-doped vanadate laser systems
have not been realized as yet.

Diode-pumped passively Q-switched Nd:YVO4/Cr4+:
YAG/KTP eye-safe lasers have been demonstrated [10–13].
However, Cr4+:YAG crystals are usually not appropriate to
directly serve as saturable absorbers for Nd:YVO4 crys-
tal lasers because their absorption cross sections are not
high enough for the good Q-switched criterion [14]. To
the best of our knowledge, the single pulse energies gen-
erated from Nd:YVO4/Cr4+:YAG based intracavity OPOs
at 1.57 µm were several tens of µJ [10–13]. Recently, an Al-
GaInAs semiconductor material with a periodic quantum-
well (QW) structure grown on a Fe-doped InP structure has
been directly used as a saturable absorber in a CW and a
QCW diode-pumped Nd:YVO4 lasers [15, 16]. The excel-
lent Q-switching efficiency indicates that AlGaInAs QW ab-
sorbers have a potential to pump an intracavity OPO.

In this work, we demonstrate for the first time the use of
an AlGaInAs periodic QW device as a saturable absorber
to realize a QCW diode-pumped passively Q-switched
Nd:YVO4 laser with an intracavity OPO. We employ a flat-
flat cavity with an internal convex lens to achieve the mode-
size matching and an efficient OPO conversion. With the
optimum output reflectivity and at a pump energy of 35 mJ,
the output pulse energy and the pulse width at 1573 nm are
found to be 1.58 mJ pulse and 26 ns, respectively. Experi-
mental results reveal that the pulse repetition rate can be up
to 100 Hz with the overall OPO beam quality M2 factor to
be better than 1.5.
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Fig. 1 Schematic diagram of
the experiment setup for an
intracavity OPO pumped by a
QCW diode-pumped passively
Q-switched Nd:YVO4 laser
with AlGaInAs/InP QWs used
as a saturable absorber

2 Experimental setup

Figure 1 depicts the experiment setup for an intracavity OPO
pumped by a QCW diode-pumped passively Q-switched
Nd:YVO4 laser with AlGaInAs/InP QWs used as a saturable
absorber. The OPO cavity was formed by two flat mirrors.
The first mirror M1 had a dichroic coating with highly re-
flective at 1573 nm (R > 99.8%) and highly transmittance at
1064 nm (T > 95%). The output coupler M2 had a dichroic
coating with highly reflective at 1064 nm (R > 99.8%) and
partially reflective at 1573 nm. A KTP crystal was used
to be the nonlinear crystal of the OPO. The KTP crystal,
5 × 5 × 30 mm3, was employed in a type II noncritical
phase-matching configuration along the x axis (θ = 90°, and
φ = 0°) to have both a maximum effective nonlinear coef-
ficient and no walk off between the pump, signal, and idler
beams.

The pump source was a QCW high-power diode stack
(Coherent G-stack package, Santa Clara, CA USA) which
consisted of six 10-mm-long diode bars with a maximum
output power of 120 W per bar at the central wavelength
of 808 nm. The diode stack was constructed with 400 µm
spacing between the diode bars so the whole emission area
was approximately 10 × 2.4 mm2. The full divergence an-
gles in the fast and slow axes are approximately 35° and 10°,
respectively. The pump duration of QCW laser diode stack
was 100 µs to match the upper-level lifetime of Nd:YVO4

laser crystal. A lens duct, which was fabricated from BK7
glass, was utilized to efficiently deliver the pump radiation to
the laser crystal [17–19]. Compared with ordinary coupling
methods, the lens duct has the advantages of simple struc-
ture, optical coupling efficiency, and spatial homogeneity of

the pump intensity distribution. In this experiment, the lens
duct dimensions are as follows: radius of curvature of the in-
put surface 10 mm, width of the input surface 12 mm, length
of the duct 29 mm, and output aperture 3.8 mm × 3.8 mm.
The coupling efficiency of the lens duct was experimentally
measured to be approximately 80%. The spatial distribution
of the pumping beam after the lens duct was recorded with
an infrared CCD. The pumping beam diameter was found to
be 2.5 mm. The full divergence angles of the exit aperture of
the lens duct in the fast and slow axes were approximately
40° and 20°, respectively. The active medium was an a-cut
0.5 at.% Nd3+, 7-mm long Nd:YVO4 crystal. The incident
surface of the laser crystal was coated to be highly reflective
at 1064 nm and 1573 nm (R > 99.8%) and highly trans-
mitted at 808 nm (T > 90%) as the front mirror. The other
surface of the laser crystal was coated with antireflection at
1064 nm and 1573 nm (R < 0.2%). The laser crystal and
OPO crystal were wrapped with indium foil and mounted in
copper blocks.

The saturable absorber is an AlGaInAs QW/barrier struc-
ture grown on a Fe-doped InP structure by metalorganic
chemical-vapor deposition. The saturable absorber consists
of 50 groups of three QWs, spaced at half-wavelength inter-
vals by InAlAs barrier layers with the band-gap wavelength
around 806 nm and with the luminescence wavelength to
be near 1064 nm. An InP window layer was deposited on
the QW/barrier structure to avoid surface recombination and
oxidation. The backside of the substrate was mechanically
polished after growth. The both sides of the semiconductor
saturable absorber were antireflection coated to reduce back
reflections and the couple-cavity effects. The initial trans-
mission of the absorber at 1064 nm was measured to be ap-
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Fig. 2 Measured result for the transmittance of AlGaInAs material as
a function of the incident pulse energy density at 1064 nm

proximately 22%. A 1064-nm Q-switched laser with a pulse
duration of 4 ns was used as the excitation source to measure
the characteristic of the AlGaInAs QW saturable absorber.
The transmittance of AlGaInAs material as a function of the
incident pulse energy density at 1064 nm is shown in Fig. 2.
The finial transmission of the absorber was found to be 95%,
and the saturation energy density of the saturable absorber
was estimated to be in the range of 1 mJ/cm2. Employing
the Frantz–Nodvik equation [20] to the saturation curve, the
absorption cross section was calculated to be 9×10−16 cm2.

3 Cavity analysis

As shown in Fig. 1, we employ a flat-flat resonator with an
internal convex lens to form a passively Q-switched laser
and to pump the intracavity OPO, where L1 is the dis-
tance between the front mirror and the convex lens, L2 is
the distance between the convex lens and the output cou-
pler M2. In the past years, the three-element resonator, con-
sisting of a flat rear mirror, a convex lens and a flat out-
put coupler, has been identified to be an effective method
for realizing the Kerr-lens mode-locked laser [21, 22]. The
linear three-element resonator is beneficial for easy assem-
bly, mode-matching design, and insensitivity to misalign-
ment. Therefore, we employ the linear three-element res-
onator to design an intracavity OPO driven by a passively
Q-switched Nd:YVO4 laser with AlGaInAs QWs as a sat-
urable absorber.

The KTP crystal was designed to be close to the out-
put coupler. The mode diameters at the front mirror 2ω1

and at the output coupler 2ω2 are designed to be 0.85 and
0.28 mm, respectively, for achieving an efficient OPO con-
version. Consequently, the required mode-size ratio ω1/ω2

is approximately 3. The focal length of the convex lens is
chosen to be f = 100 mm. With the ABCD-matrix method,

Fig. 3 Calculated results for the dependence of the cavity mode sizes
on the focal length of the thermal lens. Inset: cavity configuration for
numerical calculations

the appropriate values of L1 and L2 were found to approx-
imately 351 mm and 124 mm, respectively. Figure 3 shows
the calculated results for the mode diameters 2ω1 and 2ω2

as functions of the focal length of the thermal lensing effect.
It can be seen that as long as the effective focal power of the
thermal lens in the laser crystal is smaller than 2(L1 −f )−1,
the mode sizes can excellently meet the demands of the
mode sizes.

4 Experimental results and discussion

First of all, the free-running operation without saturable ab-
sorber and KTP crystal was performed. A flat output cou-
pler with 90% reflectivity at 1064 nm was used. Figure 4
plots the experimental results of the output energy with re-
spect to the diode pump energy in the free-running opera-
tion. With a diode pumping energy of 37 mJ, the output en-
ergy at 1064 nm is approximately 15 mJ. The pump energy
is defined as the energy delivered at the output of the lens
duct.

We next confirmed the performance of the passively
Q-switched Nd:YVO4 laser with the AlGaInAs QWs before
the intracavity OPO experiment. The optimum Q-switched
performance at 1064 nm provides the baseline for eval-
uating the conversion efficiency of the intracavity OPO.
A flat output coupler was utilized, and the optimum re-
flectivity of the output coupler was found to be approxi-
mately 50%. The threshold of the Q-switched laser opera-
tion was found to be approximately 34 mJ, and the output
pulse energy at 1064 nm was measured to be 3.5 mJ. The
excellent optical-to-optical efficiency of 10.3% affirms this
Q-switched Nd:YVO4 laser to be practical.

In the intracavity OPO experiment, several output cou-
plers with different reflectivities (34% ≤ Rs ≤ 90%) at
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Fig. 4 Output energy at 1064 nm with respect to the incident pump
energy at 808 nm for quasi-cw free-running operation

Fig. 5 Experimental results for the output energy at 1573 nm versus
the OPO output reflectivity. Inset: optical spectrum measurement for
the intracavity OPO

1573 nm were used to study the OPO output optimization.
Experimental results revealed that the threshold for the OPO
output was nearly independent of the output reflectivity Rs

and the value was approximately 35 mJ, close to the thresh-
old in the passive Q-switching operation. Figure 5 depicts
the experimental results for the OPO output energy versus
the OPO output reflectivity. It can be seen that the optimum
OPO output reflectivity for the maximum OPO pulse energy
is 80%. With the optimum output coupler of Rs = 80%, the
single-pulse energy at 1573 nm was up to 1.58 mJ. The spec-
tral information was monitored by an optical spectrum ana-
lyzer (Advantest Q8381A) that employs a diffraction grating
monochromator to for measure high-speed light pulses with
the resolution of 0.1 nm. The optical spectrum measurement
is depicted in the inset of Fig. 5.

Fig. 6 (a) Typical temporal shapes for the fundamental laser and OPO
signal pulses. (b) An oscilloscope trace of a train of output pulses under
a repetition rate of 100 Hz

A LeCroy digital oscilloscope (Wavepro 7100; 10 G sam-
ples/sec; 1 GHz bandwidth) with the fast InGaAs photo-
diodes was used to record the pulse temporal behavior at
1064 nm and 1573 nm. Figure 6(a) shows the temporal
shapes of fundamental laser at 1064 nm and the OPO sig-
nal at 1573 nm pulses with Rs = 80%. The effective pulse
width of the OPO signal can be seen to be approximately
26 ns. By the numerical integration, the OPO peak power
was calculated to be approximately 60 kW. Typical oscillo-
scope trace of a train of the laser and OPO pulses under a
repetition rate of 100 Hz is shown in Fig. 6(b). Under the
optimum alignment condition, the pulse-to-pulse amplitude
fluctuation was found to be less than ±10%. The stability of
the OPO pulse energy is expected to be improved with ac-
tively cooling system for laser diode stack, active medium,
and the AlGaInAs saturable absorber. Based on the z-scan
technique, the beam quality M2 factors of the laser beams
under free-running, Q-switched, and OPO operations were
found to be approximately 4.0, 3.0, and 1.5 respectively. Due
to the spatial cleaning effect in the OPO conversion process,
beam cleanup was accomplished. The spatial distribution of
the OPO signal was recorded with an infrared CCD and dis-
played in Fig. 7.

5 Summary

In conclusion, we have for the first time employed a Al-
GaInAs periodic QW saturable absorber to achieve an ef-
ficient diode-pumped passively Q-switched Nd:YVO4 laser
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Fig. 7 Experimental transverse pattern of the OPO signal at 1.57 µm

with an intracavity OPO. In a flat-flat resonator with an inter-
nal convex lens, we used the optimum output coupler to gen-
erate 1.58 mJ signal pulses at 1573 nm at a diode-pumping
energy of 35 mJ. The maximum peak power was found to
be up to 60 kW. Experimental results reveal that the over-
all OPO beam quality M2 factor is better than 1.5 at a pulse
repetition rate of 100 Hz.
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