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High-Efficiency Nanosecond Green Laser Based on

Extra-Cavity Second-Harmonic Generation
of a Nd:YAG MOPA System

Hua-Yu Liu"¥, Zi-Han Zhou, Qi Bian

Abstract—A high infrared-to-green conversion efficiency laser
is demonstrated by extra-cavity frequency-doubling of a master
oscillator power amplifier (MOPA) laser. The oscillator is a diode-
side-pumped acousto-optic Q-switched Nd:YAG laser at 1064 nm
with an average output power of 38.2 W and a beam quality factor
M? = 1.15, operating at a 2 kHz repetition rate and a 38.3 ns pulse
duration. After a dual-rod double-pass amplifier, the fundamental
seed power is amplified to 89.4 W with the beam quality of M? =
1.41 and pulse duration of 56.4 ns. Using a type I lithium triborate
(LiB305, LBO) crystal for second-harmonic generation (SHG),
an average power of 67.4 W at 532 nm is generated with a beam
quality factor of 1.31, operating at 41.8 ns of pulse duration. The
corresponding frequency doubling efficiency is as high as 75.4%,
which is, to the best of our knowledge, the highest doubling effi-
ciency reported ever for 532 nm source by an extra-cavity SHG
laser system.

Index Terms—Green laser, high-efficiency, Nd:YAG MOPA,
extra-cavity frequency doubling.

1. INTRODUCTION

IGH average power solid-state green lasers are attractive

for various demands in scientific and industrial appli-
cations, such as laser deep engraving [1], precision micro-
machining [2], laser annealing [3], biomedical research [4], [5],
molecular photo-switch [6], solar cell manufacturing [7], optical
parameter oscillators [8], pumping sources for Ti:sapphire laser
[9] and ocean exploration [10]. In general, the second-harmonic
generation (SHG) from a fundamental beam (FB) near infrared
radiation (NIR) around 1 pum wavelength is always used to
achieve green source. Compared with intra-cavity frequency
doubling [11], extra-cavity frequency doubling of master os-
cillator power amplifier (MOPA) system is most widely used to
produce high power SHG output with high beam quality, for its
low thermal perturbation and easy-to-implement structure [12].
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With the extra-cavity SHG, for example, a nanosecond (ns)
1064 nm-to-532 nm conversion efficiency of 44.7% with 30 W
average power output and a beam quality factor of M? = 1.6 was
demonstrated at a pulsed duration of 5 ns and a pulse repetition
rate (PRR) of 100 kHz [13]. Recently, a few sub-ns pulse 532 nm
lasers have also been reported [14], [15]. For instance, a SHG
conversion efficiency of 61.8% was realized from a laser diode
(LD) end-pumped Nd:YVO, MOPA system running at 1 kHz,
delivering an average power of 40.5 W with a beam quality factor
of M? = 1.26 [15]. In another work, 63.5% SHG efficiency from
a LD side-pumped electro-optic Q-switched Nd:YAG MOPA
laser was obtained with the SH average power of 50.2 W at
532 nm. However, the divergence angle was about 0.6 mrad,
corresponding to a beam quality factor of M? ~ 9.7 [16]. Up to
67% SHG efficiency with 103.5 W at 532 nm was obtained by
a FB 4-stage Nd:YVO,4 amplifier at 60 kHz PRR and 11.8 ns
pulse width, the 532 nm beam quality factor was M? = 1.34 [17].
Accordingly, this was the highest frequency doubling efficiency
for SHG 532 nm radiation so far. On the other hand, for the
515 nm green light from frequency-doubled 1030 nm Yb:YAG
laser, higher SHG efficiency was implemented [18], [19]. Very
recently, a conversion efficiency of 71% was achieved based
on two cascaded Yb:YAG thin-disk multi-pass amplifiers at a
wavelength of 1030 nm [18]. Soon after, another higher conver-
sion efficiency of 89% from 1030 nm-to-515 nm was achieved
from a cryogenically cooled Yb: YAG slabs amplifier system and
frequency doubling in two LiB3O5 (LBO) crystals [19]. Unfor-
tunately, both of the two FB MOPA laser systems were rather
complex, bulky and costly, which limits their applicability. The
above-mentioned reports provide incredibly useful information,
but it still remains a challenge to enhance the NIR-to-green
efficiency together with good beam quality and relatively simple
structure.

In this paper, based on a compact extra-cavity SHG of
Nd:YAG MOPA FB laser in LBO crystal, a high SH conversion
efficiency from 1064 nm to 532 nm is achieved by optimizing the
size of the FB and the length of nonlinear crystal. At a maximum
FB power of 89.4 W, a SH power of 67.4 W is created, which
corresponds to a conversion efficiency of up to 75.4%. To the
best of our knowledge, this is the first report to date on the SHG
532 nm source with the conversion efficiency of more than 70%.
The 532 nm laser operates at a PRR of 2 kHz and pulse duration
of 41.8 ns, resulting in a pulse energy of ~ 34 mJ. A good SH
beam quality is measured to be M? = 1.31.
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Fig. 1. SHG efficiency versus the LBO crystal length and FB radius under

pump power of 89.4 W.

II. NUMERICAL SHG MODEL

In order to obtain high SHG conversion efficiency from the
1064 nm-to-532 nm, the FB size as well as the nonlinear crys-
tal length should be optimized. A modified non-critical phase
matching (NCPM) SHG theoretical model based on coupled-
wave equations describing propagation for ns pulses is intro-
duced below [20]. The SHG equations have taken the pump
depletion and linear absorption into account and without con-
sidering the beam spatial birefringent walk-off as the adoption
of NCPM:

oF t
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where Eq and E5 are spatial and temporal complex amplitudes
of the FB and SH beam, respectively. Ak is the wave vector
mismatch value, and its value is O due to NCPM setup. o1 2
= wdp /cny 2 is the coupling coefficient of the second-order
nonlinear pulse. w is the angle frequency of the FB wavelength,
degr = 0.85 pm/V is the effective nonlinear coefficient of LBO
crystal, ny o = 1.605 for the NCPM is the refractive indices of
LBO crystal at the FB and SH wavelength, c is the speed of light
in vacuum, 7y; and ~9 are linear absorption coefficient at the
1064 nm and 532 nm in the LBO, respectively. By the Fourier
transform and 4-order Runge-Kutta method, the above equations
can be solved numerically. Assuming the Gaussian beam spatial
and temporal profiles for the FB optical pulse, the evolution of
the SH conversion efficiency with the length of LBO crystal and
the radius of the fundamental spot under available maximum
FB pump power of 89.4 W (see below) is simulated and the
corresponding three-dimensional (3D) plot is shown in Fig. 1. It
provides a basis for the optimization of the length of frequency
doubling crystal and the FB size in the experiment. Some typical
curves are taken from Fig. 1, and are shown in Fig. 2, i.e., the
SHG efficiency as a function of LBO crystal length with different
FB radiiof 0.3, 0.4, 0.5 and 0.6 mm, respectively. By considering
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Fig. 3. Schematic diagram of the experimental arrangement for SHG laser
system. LH-1 and LH-2, laser modules; QR and QRg, quartz rotators; F; and
Fa, concave lenses; TFP; and TFPs, thin-film polarizers; Q1 and Q2, Q-switch
modulators; M1 and M3—Mg, high reflective (HR) mirrors; M2, output coupler;
Fs—Fg, beam shaping lenses; LH-3 and LH-4, amplification modules; QWP,
quarter-wave plate; LBO, frequency doubling crystal; BS, beam splitter; PM1
and PM2, power meters.

a trade-off between a high SHG efficiency and the risk of optical
damage in the LBO crystal for long term stable operation, we
choose a radius of 0.4 mm for the FB and 40 mm long for the
LBO crystal in the following experiment. Then, a high SHG
efficiency of > 75% can be expected as seen in Fig. 2.

III. EXPERIMENTAL SETUP

The overall experimental setup of the all-solid-state green
laser system is schematically illustrated in Fig. 3, including an
acousto-optic (AO) Q-switched Nd:YAG oscillator, a dual-rod
double-pass Nd:YAG amplifier, and a LBO frequency doubler.
In oscillator stage, a plane-plane linear cavity structure acts as
the ns seed source. LH-1 and LH-2 are two identical Nd: YAG rod
laser modules. Each Nd:YAG rod (¢ 3 mm x 82 mm) is doped
with Nd3 at a concentration of 0.6 at.%, whose end facets are
anti-reflective (AR) coated at 1064 nm. Each rod is side-pumped
in three-fold symmetric directions by quasi-continuous-wave
(QCW) pulsed LD arrays at 808 nm. Compared with CW
pumping, the operation of QCW pulsed diode-pump is used for
reducing the thermal effects of the Nd:YAG crystal rods, which
contributes to generate more energetic pulse with good beam
quality. The pump PRR and pulse width are 2 kHz and 100 ps,
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respectively. A quartz rotator QR is placed between the LH-1
and LH-2 to compensate the thermally induced birefringence
in the dual-rods for improving the overall beam quality. Two
concave lenses F; and Fy with equal focal lengths of —75 mm
are placed in the cavity to enlarge the volume of the funda-
mental mode and filter out the higher-order transverse modes,
for obtaining a good TEMg mode. A polarizer TFP; is coated
with high transmission (HT) film for parallel direction and HR
film for vertical direction at Brewster’s angle of 55.6°. While a
horizontal polarized light is incident on the TFP; at Brewster’s
angle, there is no reflection loss for efficiently providing the
linearly polarized seed beam. Two AO modulators Q; and Q, are
operating at compressional acoustic waves, which have higher
diffraction loss at a linearly polarized laser with vertical to base.
Due to the 90° rotation of the laser polarization state by QR1,
AO Q-switches with a total radio frequency power of 100 W
are inserted orthogonally to each other in the front of LH-1 and
behind of LH-2 to increase the diffraction loss in the vertical
and parallel directions, thus enhancing the switch-off capability
for generating high peak power ns pulses. The rear mirror M; is
coated with HR film at 1064 nm, and the output coupler mirror
M, is coated with partial transmission film of 70% at 1064 nm.

To further scale the fundamental power, a dual-rod double-
pass amplifier architecture equipped with two laser amplification
modules and a quartz rotator, both same as to the oscillator
stage is constructed. Plane mirror M3 and My are HR coated at
1064 nm with an incident angle of 45°. An aperture is adopted
to ensure good beam quality through filtering out the stray light
of Gaussian beam. Lenses F3 to Fg are used to match the beam
size to the Nd:YAG rods in LH-3 and LH-4 to maximize the
extraction efficiency. A quarter-wave plate QWP is used to adjust
the polarization state of the laser beam to orthogonal direction
after passing through the amplifier twice. TFP5 is HT coated for
parallel direction and HR coated for vertical direction with an
incidence angle of 45° at 1064 nm, for injection of the seed beam
and switching out of the amplified FB. Plane mirror M is coated
with HR film at 1064 nm at an incident angle of 0°. Eventually,
a second pass amplification is achieved with the combination of
QWP, TFP; and M5.

In the SHG stage, the amplified FB is reflected by mirror Mg,
and then injected into the LBO crystal to achieve single-pass
SHG with a wavelength of 532 nm. Two lenses F7 and Fg are used
to adjust the spot size of the collimated beam inside the LBO
crystal to obtain high nonlinear conversion efficiency without
damaging the coatings. As the frequency doubling crystal, LBO
is considered as a suitable choice for its good mechanical char-
acteristics, large acceptance angle and high damage threshold
[17]. The type-I NCPM LBO crystal with 4 x 4 x 40 mm®
in size is cut at § = 90°, ¢ = 0°, which is longer than that
of Ref. [15] (20 mm length) and Ref. [16] (25 mm length).
The both end surfaces of the LBO are AR coated at 1064 and
532 nm, and is held in a resistively heated oven with the actively
controlled temperature set at 145.6 = 0.05 °C to achieve the
type-I NCPM with wide acceptance angle, no spatial walk-off,
and high effective nonlinear optics coefficient. Beam splitter BS
is coated with the HT film at 532 nm and HR film at 1064 nm
to separate the residual FB from the green beam. Two power
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Fig. 4. Output power of MOPA system laser at 1064 nm versus total pump

power of amplifier. Lower right inset: Pulse width of the amplified laser; upper
left inset: 2-D beam spatial profile of the amplified beam.

meters PM1 and PM2 are employed to measure the output power
of green and NIR laser, respectively.

In the experiment, the PM1 and PM2 are two identical power
meters (OPHIR FL300A). The pulse temporal waveform char-
acteristics is monitored by a high-speed photodetector (AL-
PHALAS GMBH, UVIR-P, rise time < 40 ps) connected to a
1 GHz bandwidth digital oscilloscope (Agilent, DPO 4014B-L).
A beam quality analyzer M?-200 (Spiricon Inc.) is measured the
beam quality factor M? as well as the two-dimensional (2D) and
3D beam spatial profiles. And, the laser spectrum is tested based
on an optical spectrum analyzer (AvaSpec-2048FT-SPU).

IV. RESULTS AND DISCUSSION

The compact oscillator system has achieved a maximum
average output power of 38.2 W under the LD pump power
of 367.2 W at 808 nm, operating at a PRR of 2 kHz with a
pulse width of 38.3 ns is attained. The seed light simultaneously
features a good beam quality factor of M? = 1.15, indicating
a good Gaussian spatial mode operation. To further generate a
high power 1064 nm laser for SHG, a 38.2 W seed beam is
injected into LD side-pumped Nd:YAG double-pass amplifier
system. The amplified FB output power is depicted in Fig. 4,
which grows linearly and increased up to 89.4 W under the
pump power of 364.8 W. In the lower right inset of Fig. 4, a pulse
temporal width of the amplifying NIR radiation is captured to
expand to 56.4 ns. In the upper leftinset of Fig. 4, a distributed 2D
beam spatial intensity profile is measured under the maximum
NIR output, suggesting that the amplifier system maintains good
beam quality with smooth beam pattern, which facilitates the
enhancement of SHG efficiency. And, the average M? value of
amplified FB is measured to be 1.41 at full output power.

In the SHG stage, through optimizing the focal lengths of F;
and Fg lenses, the 1064 nm FB is collimated to be ~ 800 pum
diameter instead of a focused beam in the LBO crystal. Fig. 5
shows the SH output power and conversion efficiency of the
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Fig.5. SH power at 532 nm and conversion efficiency versus FB pump power
at 1064 nm. Upper left inset: Measured SH spectrum. Lower right inset: Power
stability test over 10 min at full output power.

green laser as a function of NIR input power. It can be seen
that they remain monotonically rising with increasing FB pump
power and without saturation behavior is observed, indicating
a trend that higher doubling power and SHG efficiency could
be attained by further increment of FB pump power. A highest
SH output power of 67.4 W is obtained at an input FB power
of 89.4 W, which corresponds to a SHG conversion efficiency
up to 75.4%. With further increasing the LD pumping power, it
is observed that the film on the end face of the LBO crystal is
damaged due to the high input power intensity. To the best of our
knowledge, this result presents the highest efficiency with more
than 70% that has ever been reported through an extra-cavity
SHG from 1064 nm-to-532 nm solid lasers.

The SH spectrum at full output power is exhibited in upper left
inset Fig. 5, which depicts that the center wavelength is located
at 532.3 nm. Furthermore, the stability of the green power is
measured around the maximum output power, as shown in the
lower right inset of Fig. 5. It is found that the power fluctuation
is £ 2.3% (Std. Dev.) over 10 min. This indicates that the green
laser system operates in a stable and reliable setup, which is a
prerequisite for practical applications.

The beam quality of 532 nm laser is measured and shown
in Fig. 6. The fitting of the experimental beam position points
reveals the laser beam quality factors to be M2 = 1.24 in
the x axis and ]V[y2 = 1.38 in the y axis, corresponding to an
average M? value of 1.31. The upper middle inset and lower
right inset in Fig. 6 display the 2D and 3D intensity profile
of the SH beam, respectively. Obviously, the 532 nm laser is
operating in good Gaussian mode with round spot cross section
and smooth intensity-distribution curve. Compared to the input
FB, the M? value of the SH beam is slightly better resulting
from the intensity-dependent conversion efficiency during the
SHG process.

The temporal waveform characteristics of the 532 nm pulse
laser at the maximum output power are recorded in Fig. 7, which
depicts the typical laser pulse train with a PRR of 2 kHz. The
pulse-pulse amplitude fluctuation is calculated to be within 4
1.9%. The inset in Fig. 7 displays an expanded profile of a single
SH pulse with the pulse width of 41.8 ns, which is narrower
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around a factor of +/2 than that of the input pump FB pulse
as expected due to the temporal gain narrowing effect [21].
Consequently, the 532 nm laser provides a high pulse energy
of up to ~ 34 mJ and a high peak power of up to 0.8 MW.

V. CONCLUSION

A high SHG efficiency, high pulse energy, ns 532 nm laser
with good beam quality is demonstrated. The green 532 nm radi-
ation is achieved based on an extra-cavity frequency-doubling of
a Q-switched 1064 nm Nd: YAG MOPA laser in the LBO crystal.
At FB power of 89.4 W, a maximum average power of 67.4 W
at 532 nm is obtained with good beam quality of M? = 1.31,
operating at a PRR of 2 kHz and pulse width of 41.8 ns, which
implies a high pulse energy of ~ 34 mJ. The 1064 nm-to-532 nm
conversion efficiency is calculated to be 75.4%. We believe that
this is the highest efficiency 532 nm green laser for extra-cavity
SHG solid lasers.
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