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High power fiber-coupled acousto-optically
Q-switched 532 nm laser with a side-pumped
Nd:YAG laser module
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We demonstrated a high power laser at 532 nm by frequency-doubling of an acousto-optically Q-switched
and side-pumped Nd:YAG laser at 1064 nm using a compact linear cavity. The average output power of
the pulsed fundamental laser at 1064 nm was as high as 299 W. The laser employed two acousto-optic
Q-switches placed orthogonally with each other to improve the hold-off capacity. Through intracavity
frequency doubling with a type II non-critically phase-matched LBO crystal, a 165 W average power
of the frequency-doubled output at 532 nm was generated with a repetition rate of 20 kHz and pulse
width of 160 ns, which corresponds to a pulse energy of 8.25 mJ and a peak power 51.6 kW, respectively.
The output power of the green laser was very stable and the stability at various output power was
measured. The RMS instability was £1.4% when the output power of 532 nm was 135 W. After coupling
the 165 W output power at 532 nm into an 800 um fiber, the final output from the optical fiber was 149 W with
a coupling efficiency of 90.3% .
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MoLHbIN n3ny4yartesb C AJINHON BOJIHbI 532 HM

C BOJIOKOHHbIM BbIBOAOM U3JIy4eHUSA1 HA OCHOBEe
Nd:YAG nasepa ¢ 60koBoi AUMOAHON HAaKa4YKOn
N aKyCTOONTUYECKON Moaynsiunen noopoTHOCTHN
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OnucaH MONIHBINH M3JIydaTedb C IJIUHON BOJHBI 532 HM ¢ BOJOKOHHBIM BBIBOJOM HM3JIyYeHHUS HA OCHO-
Be Nd:YAG masepa ¢ OOKOBOii OMOZHON HAKAYKOW, AKyCTOONTHYECKOH MOMYJIAIMell TOOPOTHOCTH KOM-
MAKTHOTO JIMHEHOr0 pPe30HATOpPa M BHYTPUPE3OHATOPHBIM yaBoeHHMeM dacTOThl. CpemHAd MOIIHOCTH W3-
JydyeHUsaA Ha ocHOBHOW uactore 1064 mrm cocraBasia 299 Br. C meabio yBeInMueHUS CTENEHH 3amupa-
HUA Pe30HATOpPa B CXeMe HCI0Jbh30BaHbI JBA OPTOTOHAJHHO PACIOJNOKEHHBIX AKYCTOONTHUYECKHX 3aTBOpPA.
BHyTpupesoHaTOpHOE yIBO€HHE YACTOTHI HA OCHOBE HEKPUTUYEeCKOro cuHxponusma Il Ttmma B Kpucram-
ae LBO oGecmeuniio cpemHior0 momtHocTs 165 BT Ha gamuHe BOaHBI 532 HM NMPH YACTOTE CJIEJOBAHUSI HM-
nyascoB 20 kl'n, maureasHocTd uMnyabcoB 160 HC u ux nukoBoit momuOocTH 51,6 KBT. 3Mepena cremeHb
CTA0MIBHOCTH XapPAKTEePHCTHK 3€JIEHOr0 M3JydeHHs IPU PA3INYHBIX 3HAYEHUAX BBIXOTHON MOIIHOCTH.
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IIpu BeTMYMHE MOIIHOCTH M3JIyYeHUS HA AJUHE BOJHBI 532 mkMm, paBuoii 135 Br, cpenHexkBagpaTudyeckoe oT-
KaoHeHune coctaBuio £1.4%. Ilocie BBOma m3iayueHUs ¢ MOIIHOCTHIO 165 BT B onmTHuecKoe BOJIOKHO qHAMET-
pom 800 MKM, MOLIIHOCTH U3JIyYeHHs HA BbIxofae cocraBuia 149 Br, uro coorsercrByet adhdextusuoctu 90,3% .

Knro4eBble c0Ba: MOLLHbIN N3J1yHaTesib; BOJIOKOHHbIA BbIBOA; aKyCTOONTHUYECKas MOZY/SILMS JOBPOTHOCTM.

Koanwl OCIS: 140.3580, 140.3515, 140.3540.

INTRODUCTION

High average power all-solid-state green lasers are
currently widely used in laser processing, large
screen laser display, laser medicine, and other ap-
plication area [1-6]. The green lasers were gener-
ally produced by frequency doubling of all-solid-
state infrared lasers at around 1 pym [7-12]. In 2000,
Y. Hirano et al. reported a diode-pumped Nd:YAG
rod master-oscillator power-amplifier system which
provides the average power of 222 W at 1064 nm
at a repetition rate of 2.5 kHz with a pulse width
of 51 ns. With external two-stage KTP crystal archi-
tecture, this system produced a 131 W green average
power [13]. In 2008, Qiang Liu et al. demonstrated
a 103.5 W green laser with an extra-cavity second
harmonic generation. The 1064 nm laser source was
a high power Q-switched Nd:YVO, MOPA laser. The
103.5 W average power of 532 nm green laser was
obtained at a repetition rate of 60 kHz with type I
phase-matched LBO crystal [14].

In general, the external frequency doubling can
achieve good beam quality, however, the conversion
efficiency is relatively low and the intracavity fre-
quency doubling can generate high conversion ef-
ficiency. In 2007, Yong Bo et al. reported Nd:YAG
laser with an average power of 218 W in the green la-
ser with beam quality M? of 20.2 by intracavity fre-
quency doubling a diode-pumped two-rod birefrin-
gence compensation [15]. In 2009, Haowei Chen et al.
demonstrated an intracavity frequency doubled 185
W green laser with two diode-side-pumped Nd:YAG
modules and double AO-modulators in an astigma-
tism compensated cavity geometry. The pulse width
was1l80ns and the repetition rate was 10 kHz [16].
David R. Dudley et al. developed an intra-cavity
harmonic generation in diode-pumped Q-switched
dual rod Nd:YAG laser. The average output power
of 420 W of green output at 532 nm was achieved
with a repetition rate of 10 kHz and pulse duration of
70 ns [17]. In the above reported papers, two or mul-
tiple side-pumped laser modules were needed in or-
der to obtain such a high power green laser.

In this paper, we demonstrated a high power 165 W
Q-switched 532 nm laser with a single side-pumped
Nd:YAG laser module in a compact linear cavity.
As high as 299 W average output power at 1064 nm
was achieved using two acousto-optical Q-switchers,
which were placed orthogonally with each other to
improve the hold-off capacity. Through intracav-

ity frequency doubling with a type II non-critically
phase matched high quality LBO crystal, an average
output power of 165 W at 532 nm was achieved with
arepetition rate of 20 kHz and a pulse width of 160 ns,
corresponding to output energy of 8.25 md per pulse
and peak power of 51.6 kW, respectively. The 532 nm
pulsed green laser was very stable and the stabil-
ity of different output power was measured. After
coupling the 165 W output power at 532 nm into
an 800 pm fiber, the final output from the optical fi-
ber was 149 W with a coupling effi-ciency of 90.3%.

EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A linear
resonator has the cavity length of 768 mm, which
makes the system simple and compact. The Nd:YAG
rod used in the laser module is 6 mm in diameter,
166 mm in length and 0.6 at.% Nd doped. The crys-
tal rod was pumped from five symmetrical direc-
tions by laser-diode arrays to obtain a better pump-
ing uniformity. The Nd:YAG rod was cooled with
running water at T = 20 °C. Two acousto-optical
(AO) Q-switches were placed orthogonally to im-
prove the hold-off capacity and driven synchronous-
ly by a single power supply. The Q-switchers operated
at a repetition rate of 20 kHz and both end faces
of Q-switchers were coated with high transmission
(HT) at 1064 nm and were placed very close to the
laser module. The quartz mirror M1 was coated for
high reflection (HR) at 1064 nm, while the second
cavity mirror M3 was HR coated at 1064 nm and HT
coated at 532 nm. The frequency doubling was per-
formed intracavity, which was formed by the mirror
M3 and the dichroic mirror M2, which was coated
HR at 532 nm and HT at 1064 nm. The LBO crystal
was located next to M3 and inserted in a temperature
controlled oven.
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Fig. 1. Schematic of fiber-coupled intracavity frequency
doubled AO Q-switched green laser.
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EXPERIMENTAL RESULTS

We tested the laser operation of the fundamental
output at 1064 nm in the absence of the mirror M2
and LBO crystal in the cavity and used a flat mir-
ror M3 with 30% transmission at 1064 nm. The out-
put power of the laser at 1064 nm of both continu-
ous wave (CW) and quasi-continuous wave (QCW) as
a function of electrical pump power applied to the
diode arrays is shown in Fig. 2. When the electri-
cal pump power was 2395 W, the output powers of
1064 nm CW laser and QCW laser were measured to
be 3568 W and 299 W, respectively, and it yielded an
electric to optical conversion efficiency of 15.0% and
12.5%, respectively.

As is shown in Fig. 1, the green laser was obtained
by intracavity doubling using LBO crystal. The type
II phase matched LBO crystal (8.4x8.4x20 mm?)
was coated HT at both 1064 nm and 532 nm and was
mounted in a copper oven, whose temperature was pre-
cisely controlled at 80 °C with a precision of +0.1 °C.
The LBO crystal was placed as close to the mirror M3
as possible in order to obtain high power density and
high conversion efficiency for frequency doubling.
The mirror M2 was coated HT at 1064 nm and HR
at 532 nm in order to achieve high conversion effi-
ciency of frequency doubling. The output coupler
M3 was then replaced by a dichroic mirror HR at
1064 nm, HT at 532 nm. The distance between M1
and laser module was 295 mm, which equals to the
distance between M3 and laser module. The temporal
behavior of the pulsed green laser was recorded by
a digital oscilloscope (Agilent DSO7104B with 1 GHz
bandwidth) and a fast photodiode, whose rise time
is 1 ns. The Fig. 3 shows the average output power
and the pulse width of the laser at 532 nm as a func-
tion of electrical pump power. From Fig. 3, we can
see that the average output power of the green out-
put increased monotonously with the pumping pow-
er, while the pulse width of the laser decreased with
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Fig. 2. The output power of 1064 nm CW (1) and QCW (2)
laser as a function of electrical pump power.
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Fig. 3. The average output power (1) and pulse width (2)
of 532 nm as a function of electrical pump power.
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Fig. 4. The pulse trains (a) and pulse width (b) of 532 nm laser.

the pumping power. At the highest output of 165 W,
the pulse width was reduced to a value of 160 ns.
The pulse trains and pulse width of the output at
532 nm are given in Fig. 4.

The average power of the green laser was very
stable and the stability of different output power
was measured and shown in Fig. 5 at electrical pump
power of 2395 W. The root-mean-square (RMS) insta-
bility was +1.39% when the output power was 135 W.
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Fig. 5. The stability of different output power of 532 nm
laser, 134 W green laser (1), 124 W green laser (2), 60 W
green laser (3).
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Fig. 6. Peak power (1) and single pulse energy (2) as a
function of electrical pump power.

Figure 6 shows the peak power and single pulse ener-
gy as a function of electrical pump power. When the
electrical pump power was 2395 W, the peak power
and single pulse energy were 51.6 kW and 8.25 md,
respectively.
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For the purpose of application, the output of the
green lazer was coupled into an optical fiber. As is
shown in experimental setup in Fig. 1, two mirrors
M4 and M5 were HR coated at 532 nm laser at the
angle of 45°. The lenses F1 and F2 formed a beam
expander, which expended the beam diameter of
the green laser before it was focused into the opti-
cal fiber by lens F3, whose focal length was 75 mm.
The lens F3 was able to couple the output of 532 nm
laser into a fiber with a core diameter of 800 pym and
an NA of 0.22. An output of 149 W of the green laser
was yielded at the output of fiber with fiber coupling
efficiency of 90.3%.

CONCLUSION

In conclusion, we have demonstrated a high power
Q-switched laser with average output power of 299
W at 1064 nm using two acousto-optical Q-switch-
ers. Through intracavity frequency doubling with
a type II non-critically phase matched LBO crystal,
an average output power of 165 W of 532 nm laser
was generated with a repetition rate of 20 kHz and
pulse width of 160 ns, which corresponds to a pulse
energy of 8.25 mdJ and peak power of 51.6 kW, re-
spectively. The 532 nm pulsed green laser was very
stable with a RMS instability of =1.839% when the
output power of 532 nm was 135 W. An average out-
put power of 149 W in the green was obtained from
a fiber after the 165 W output at 532 nm was cou-
pled into a 800 pm fiber with coupling efficiency
of 90.3%.
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