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High-power near diffraction-limited 1 064-nm Nd:YAG rod
laser and second harmonic generation by

intracavity-frequency-doubling
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We present a near diffraction-limited 1 064-nm Nd:YAG rod laser with output power of 82.3 W (M2 ≈1.38).
The power fluctuation over two hours is better than ±1.1%. Pulsed 1 064-nm laser with an average power
of 66.6 W and pulse width of 46 ns are achieved when the laser is Q-switched at a repetition rate of
10 kHz. The short pulse duration stems from the short cavity as well as the high-gain laser modules.
Using intracavity-frequency-doubling, a 35.0-W near diffraction-limited 532-nm green laser (M2 ≈1.32) is
achieved with a pulse width of 43 ns.
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Due to their varied applications, high-power green lasers
with side-pumped Nd:YAG rod lasers have developed
rapidly in the last decade[1−9]. The output power of
the green laser exceeds 400 W[7]. However, the re-
ported green lasers[1−9] suffer from low beam quality
(M2 >10), because the side-pumped Nd:YAG rod is
influenced by severe thermal effects, such as thermal
lensing and thermal birefringence. Moreover, it is very
difficult to achieve a good match between the TEM00

mode and the pumping volume. Few studies have re-
ported high-power green lasers with high beam qual-
ity and side-pumped Nd:YAG modules, which are usu-
ally obtained by extracavity-frequency-doubling with a
complex end-pumped master-oscillator power amplifier
(MOPA) system[10−12] or a complex injection seeded
system[13]. However, Hirano et al. have reported an
output power of 208-W TEM00 1 064-nm laser with two
specially designed side-pumped Nd:YAG modules[14],
which has the potential to obtain high-power high-beam-
quality second harmonic generation (SHG) with a com-
pact intracavity-frequency-doubling system.

In this letter, we report a high-power high-beam-
quality 1 064-nm Nd:YAG rod laser and SHG by
intracavity-frequency-doubling. We used a short sym-
metrical cavity with two concave mirrors compensating
for the thermal focal effect of the Nd:YAG rod. Com-
pared with the complex end-pumped MOPA or injection
seeded system, the symmetric cavity is compact and can
easily achieve a hundred-watt level near the diffraction-
limited laser beam. Moreover, in comparison with the
conventional unstable resonators, the plane-parallel cav-
ity has a wider thermal stability region according to
the theoretical calculation with the standard ABCD ray
propagation matrix. The configuration of the cavity
is demonstrated to have a good scheme for high-power
TEM00 1 064-nm laser generation[14]. With two common

side-pumped Nd:YAG rod modules in the short cavity,
we achieved an 82.3 W near diffraction-limited continu-
ous wave (CW) 1 064-nm laser (M2 ≈1.38) with a good
power stability of ±1.1% for over two hours. The out-
put power and pulse duration with different Q-switched
frequencies of 10, 15, and 20 kHz are also studied. A
pulsed 1 064-nm laser beam with pulse width of 46 ns
is achieved at a Q-switched frequency of 10 kHz and
an average output power of 66.6 W. Finally, a 35.2-W
pulsed green laser with a pulse width of 43 ns in a near
diffraction-limited beam (M2 ≈1.32) is generated using
an LBO crystal as the frequency doubler in the cavity.

The schematic diagram of the resonator is shown in
Fig. 1. Two common side-pumped Nd:YAG laser mod-
ules were selected in the experiment. In the laser head,
the Nd:YAG rod (3 mm in diameter and 65 mm in length,
with 0.8 at.-% Nd doping) was side-pumped using 9 diode
bars in a 3-fold symmetry with an available maximum
pump power of approximately 270 W at CW 808 nm
when working at a drive current of 30 A. The Nd:YAG

Fig. 1. Schematic diagrams of (a) IR experiment and (b) SHG
experiment. Laser head: diode-side-pumped laser module; Q:
acousto-optic Q-switch; QR: quartz rotator; M1: plane total
reflector; M2: plane partial reflector R=50%; M3 and M4:
plane dichroic mirrors; f : plane-concave lens f=–100 mm.
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Fig. 2. Beam radii of TEM00 mode on the end surface of the
Nd:YAG rod and the end mirror M2 versus the average ther-
mal focal length. Solid line represents radial polarization, and
the dashed line represents tangential polarization.

rod and the diode bars were cooled with flowing water,
and the temperature of the cooling water was maintained
at 20 ◦C(±0.1 ◦C).

The conventional and effectual configurations—two
identical laser heads with a 90◦ quartz polarization ro-
tator between them—were used for compensating the
polarization-dependent thermally-induced birefringence.
The laser heads were placed close to each other, so that
the beam radius between them remained uniform. In
the experiment, the distance between the laser heads
L3 was fixed at about 35 mm. The effective thermal-
induced birefringence compensation ensured that the
beam radius of the radial polarized and the tangential
polarized component were nearly the same at the same
average thermal focal length[9]. In order to improve
the hold-off capacity, we employed two acousto-optic
(AO) Q-switches (QSG40-1Z, CETC) which were placed
orthogonally alongside the laser heads and driven syn-
chronously by a single power supply. Moreover, the two
Q-switches assured the symmetry of the resonator, as
well.

In order to realize stable TEM00 mode oscillation, a
large TEM00 mode size is required to suppress the high-
order mode[15,16]. Two plane-concave lenses with the
same focal length of –100 mm were utilized to enlarge
the beam radius of the TEM00 mode. Using the standard
ABCD ray propagation matrix with different cavity pa-
rameters, we calculated the beam radius of the TEM00

mode on the end surface of the Nd:YAG rod and the end
mirror M2 versus the average thermal focal length. The
pumped Nd:YAG rod was treated as a lens-like medium,
and the ray transfer matrix was introduced in Ref. [17],
along with the relationships of the radial focal length fr,
the tangential focal length fϕ, and the average thermal
focal length f . Considering both the overlap efficiency
and the diffraction effects at the rod aperture, the min-
imum beam radius ω0 in the end surface of the rod was
designed to be about 0.8 mm. The cavity parameters
were then optimized according to the output power at
1 064 nm and finally chosen to be L1=L5=120 mm and
L2=L4=145 mm with a cavity length of about 700 mm.
The calculated beam radius of TEM00 mode versus the
thermal focal length is shown in Fig. 2. There is a nar-
row unstable region around the average thermal length
f=220 mm. The beam sizes of the two polarized com-
ponents were nearly the same, with the minimum beam
radius ω0 ≈0.8 mm. The unstable region is caused by

the asymmetry brought about by the single polariza-
tion component; this is because during one cycle in the
resonance, it undergoes the radial focal length fr (the
tangential focal length fϕ) in one laser head and the
tangential focal length fϕ (the radial focal length fr) in
the other after the 90◦ quartz rotator.

As for the SHG, a type II phase-matched LBO crys-
tal (4×4×18 mm3, θ=27.2◦, ϕ=90.0◦) was selected as
the frequency-doubler for its high damage threshold and
nonlinear coefficient[11,18]. The LBO crystal was AR
coated at 532 and 1 064 nm (T >99.8% @1 064 nm and
T >99.5% @532 nm) at the end surfaces. Due to the
sensitivity of the SHG output to LBO temperature, a
copper oven with a precision of ±0.1 ◦C was used to
mount the LBO crystal. The oven was placed as close
to the end dichroic mirror M4 (0◦ R >99.8% @1 064 nm
& T >98.5% @532 nm) as possible (Fig. 1 (b)), where
the laser spot size was small. This was done in order to
obtain high power density in the LBO crystal. After the
total reflection of the dichroic mirror M3 (0◦ T >99.8%
@1 064 nm and R >99.5% @ 532 nm), the 532-nm green
laser, generated in two directions, was extracted unidi-
rectionally from the dichroic mirror M4.

The output power at 1 064 nm versus the optical pump
power with an optimum partial reflector (R=50% at
1 064 nm) is shown in Fig. 3. A maximum output power
of 82.3 W at CW 1 064 nm is achieved when the optical
pump power increased to about 432 W. The correspond-
ing optical-to-optical and electrical-to-optical efficiencies
are 19.5% and 7.9%, respectively. The beam quality fac-
tor M2 at the output power of 82.3 W is measured
to be 1.38 by parabolic fitting[2] (Fig. 4). The beam
radii at different positions after focusing using a lens
(f=200 mm) were measured with a laser beam analyzer

Fig. 3. Output power of 1 064-nm laser versus the optical
pump power.

Fig. 4. M2 measurement of CW 1064-nm laser at about
82 W. Inset is the typical two-dimensional beam profiles by
Spiricon LBA-FW-SCOR.
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Fig. 5. Power fluctuations of CW 1 064-nm laser at about
82 W.

(Spiricon Inc.) After studying the output power stability
of CW 1064-nm laser beam by recording the instanta-
neous value of the power meter every 5 mins, we find
that the power fluctuation for over 2 hours is better than
±1.1% (Fig. 5).

When operating at the Q-switched mode, the maxi-
mum available pump power decreases to about 423 W
because of increased heat generation during the no las-
ing intervals. Figure 6 shows the average output power
and pulse width at 1 064 nm versus the pulse repetition
frequency. When Q-switched at a repetition rate of 10
kHz, an average power of 66.6 W is obtained with pulse
width of 46 ns, corresponding to a peak power of about
144.8 kW. Compared with our previous experiment[9],
the short pulse duration in the present work stems from
the short cavity as well as the high-gain laser modules.
As the Q-switching frequency increases to 15 kHz, the
average power also increased to 71.9 W with an am-
plitude of 5.3 W; the pulse width also increased to 55
ns, resulting in a decreased peak power of 87.2 kW.
When the Q-switching frequency increases to 20 kHz, a
maximum average power of 72.6 W is obtained with an
increase of less than 1 W. However, as the pulse width
increases to 68 ns, the peak power drops to 53.4 kW.
Given that the efficiency of SHG is directly proportional
to the power density of the fundamental beam[19], a
higher efficiency is expected with Q-switching at a lower
repetition frequency. This has been demonstrated in the
latter experiment.

We replaced the output coupler M2 with the dichroic
mirror M4, set the oven with the LBO crystal as close to
mirror M4 as possible, and inserted the dichroic mirror
M3 into the cavity (Fig. 1 (b)). SHG by intracavity-
frequency-doubling was carried out under different Q-
switching frequencies of 10 and 15 kHz. LBO temper-
ature was optimized every time the pump power was
increased to obtain the optimal SHG. The average out-
put power at 532 nm is shown in Fig. 7. Under the
Q-switching frequency of 10 kHz, an average output
power of 35.0 W at 532 nm (M2 ≈1.32, Fig. 8) is gener-
ated with pulse width of 43 ns. However, the maximum
output power decreases to 29.5 W when the Q-switches
operate at 15 kHz; in addition, the decrease of the out-
put power at 532 nm results from the decline of the peak
power of the fundamental beam as the pulse repetition
rate increases. In fact, the diachronic mirror M3 could
be removed if the plane surface of the right lens (Fig.
1(b)) is AR coated at 1 064 nm and HR coated at 532 nm
(0◦ T >99.8% @1 064 nm and R >99.5% @ 532 nm). It

is expected that a higher output power at 532 nm would
be achieved due to less insert loss.

In conclusion, we report a high-power near diffraction-
limited 1 064-nm laser with two common side-pumped
Nd:YAG rod modules in a symmetry cavity. Two
plane-concave lenses (f=–100 mm) are inserted into
the cavity to enlarge the TEM00 beam radius on the
end surface of Nd:YAG rod (ω0 ≈0.8 mm). With this
configuration, we obtain an output power of 82.3 W
at CW 1 064 nm in a near diffraction-limited beam
(M2 ≈1.38) with good power stability of ±1.1% for
over 2 hours. The corresponding optical-to-optical and
electrical-to-optical efficiencies are 19.5% and 7.9%, re-
spectively. The low optical-to-optical efficiencies of side-
pumped Nd:YAG lasers operating in near diffraction-
limited mode increase the generation of heat and limit
the power scaling of the near diffraction-limited laser
beam. The output power and pulse duration with
different Q-switched frequencies of 10, 15, and 20 kHz
are studied in the present work. When Q-switched

Fig. 6. Average power and pulse width of 1 064-nm laser ver-
sus pulse repetition frequency.

Fig. 7. Average output power of 532-nm green laser versus
the optical pump power.

Fig. 8. M2 measurement of 532-nm green laser at about 35 W.
Inset is the typical two-dimensional beam profiles by Spiricon
LBA-FW-SCOR.
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at a repetition rate of 10 kHz, an average power of 66.6 W
at 1 064 nm is achieved, with pulse width of 46 ns and a
peak power of 144.8 kW. Through intracavity-frequency-
doubling with an LBO crystal, we obtained 35.0 W near
diffraction-limited 532-nm green laser (M2 ≈1.32) with
a pulse repetition rate of 10 kHz; in addition, the pulse
width of the green laser is 43 ns. The average power of
the green laser decreases to 29.5 W when the Q-switches
operate at 15 kHz. The decrease of the second harmonic
power is mainly caused by the decline of the peak power;
this is because the power density of the fundamental wave
is a crucial factor in SHG.
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