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Abstract We demonstrated an intracavity frequency-doubled passively mode-locked Nd: LuVO,-
LBO green laser with SESAM as the saturable absorber. The maximum average output power was
385 mW when the pump power was 9.3 W. The pulse width was 17. 6 ps and the repetition rate was
76 MHz. The optical conversion efficiency from the pumping diode laser to the green laser was
4.1% . We observed the interference of the frequency-doubled green light with the normal operation
of SESAM, analyzed the reason, and eventually resolved the problem.
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Ultrashort picosecond pulses are widely used in ultrafast picosecond green lasers with high repetition
many areas, such as medicine, material processing, rate have been substantially investigated’’. Such
and scientific research!'?'. In particular, the ulses can be generated by frequency doubling of
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mode-locked picosecond lasers. Recently, a great
deal of efforts have concentrated on the Q-switched
mode-locked or continuous-wave ( CW ) mode-
locked intracavity frequency-doubled green laser
with saturable absorber*”’. Pang et al. "**' reported
a semiconductor saturable absorber mirror (SESAM)
passive mode-locked Nd: YVO, intracavity frequency-
doubled laser with a potassium titanyl phosphate
crystal ( KTP )
(LBO). They obtained 90 mW picosecond green
output with a pulse duration of 29. 7 ps by KTP and
140 mW with 3. 67 ps by LBO. Later, Cai et al. "’
investigated a passively CW mode-locked green laser

using Nd: YVO, with KTP. They selected reflective

single-walled carbon nanotubes to achieve mode-

and a lithium triborate crystal

locking and produced 456 mW output power with a
pulse width of 7.1 ps. Recently, Li et al.''’
demonstrated a CW Kerr-lens mode-locked Nd :
YVO, laser and frequency doubled with KTP. The
repetition rate was 1. 1 GHz and the output power of
the green laser was 258 mW. Due to the weak
thermal conduction of Nd: YVO, crystal , researchers'"’
demonstrated a passively mode-locked laser using a
YVO,/Nd: YVO, composite crystal with KTP as the
frequency-doubling crystal and obtained a maximum
output power of 2.06 W of the green laser with a
pulse width of 18 ps. Li et al. '"*' reported a SESAM
mode-locked Nd: GdVO, laser (frequency doubled
with KTP) and they achieved 396 mW output at
532 nm and a pulse duration of 5.5 ps. As seen in
the above-mentional references, research interests
have focused on Nd: GdVO, and Nd: YVO, lasers
with KTP and LBO as the nonlinear media for
frequency doubling. It is well-known that Nd :
LuVO, is a vanadate crystal with many excellent
properties:M:. Its emission and absorption cross
sections are 14.6 x 10" ¢m” at 1 064 nm and 6.9
x 107" e¢m® at 808 nm, respectively, which are
higher than those of Nd: YVO, and Nd: GdVO, ™"
In addition, its thermal conductivity is better than
that of Nd: YVO,. Therefore, a mode-locked Nd:
LuVO, laser is also a suitable candidate for

intracavity frequency doubling.

In this manuscript, we describe an intracavity

frequency-doubled green laser at 532 nm using a
SESAM mode-locked Nd: LuVO, laser at 1 064 nm
with LBO. Experimentally, we chose the LBO
crystal for second-harmonic generation due to its
large angular and temperature acceptances and high
damage threshold""”). The maximum output power
was 385 mW when the pump power was 9.3 W. The

corresponding repetition rate was 76 MHz and the

pulse width was 17. 6 ps.

1 Experimental setup

The experimental apparatus was shown in Fig.
1. A simple folding cavity was used. The pumping
laser was a fiber-coupled diode laser ( DILAS:
M1F1S22-808. 3-35C-T25-SS2. 132 m SMA). It
was cooled at a temperature of 18 °C with circulating
water and its emission wavelength was 808 nm. The
pigtailed fiber had a numerical aperture ( NA) of
0.22 and a core diameter of 105 pm. The pump
light was coupled with a beam expanding system
(‘expansion ratio 1:3) and focused on the Nd:
LuVO, crystal. The laser crystal was planar cut with
its optical axis parallel to the propagation direction.
Its dimensions were 3 mm X3 mm x 6 mm with 0.5
at. % doping of Nd. A water-cooled copper holder
was selected for cooling the crystal, which was
wrapped with indium foil. The pump side of the
laser crystal was antireflection (AR) coated both at
1 064 nm and 808 nm while the other side was AR
coated at 1 064 nm to reduce Fresnel loss in the
cavity. The LBO crystal, whose dimensions were
3mm X 3 mm x 20 mm, was cut for type-lI phase
matching with § = 90°, ¢ = 0°. Iits operation

temperature was set at T=152 °C. Both ends of the

M5

LBO

Mo SESAM

Fig.1 Experimental setup of intracavity frequency-doubled

passive mode-locked Nd: LuVO,-LBO green laser
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LBO were AR coated at 532 nm and 1 064 nm to
reduce loss. The SESAM soldered on a small copper
block was a commercial product of BATOP. lits
central wavelength was at 1 064 nm and the
saturation fluence was 90 wJ/ em’.

The input mirror M1 was high reflection (HR)
coated at 1 064 nm and AR coated at 808 nm. The
flat mirror M2 was HR coated at 1 064 nm. The
concave mirror M3 with curvature radius of 1 000
mm was HR coated at 1 064 nm. M4 was AR coated
at 532 nm and HR at 1 064 nm, to allow the
transmittance of the green laser. The focusing lens
M5, with a focal length of 150 mm, was AR coated
both at 1 064 nm and 532 nm. M6 was AR coated at
1064 nm and HR at 532 nm. The total length of the

cavity was approximately 1. 95 m.

2 Experimental results and discussions

First, to observe the laser operation, we
replaced M2 with an output coupler (OC) with 3%
transmission and tried to obtain mode locking at the
fundamental wavelength. We successfully realized a
CW passive mode-locked laser when the pump power
was 2.79 W or higher.

increased, the output power increased linearly. The

As the pump power

maximum output power reached 1.6 W when the
pump power was 9.3 W. The optical-to-optical
conversion efficiency from the pump to the output at
1 064 nm was 17. 2% .

Then, we inserted the LBO in the cavity, and
carefully adjusted the alignment. Finally, we
replaced 3% OC with the M2. Heating the LBO
crystal to achieve noncritical phase matching, and
eventually we obtained the frequency doubled green
laser. The average output power of the green laser as
a function of the pump power was shown in Fig. 2.
When the pump power reached 9.3 W, the
maximum output power of the frequency-doubled
green laser was 385 mW and the optical conversion
efficiency was 4.1% from the pump light to the
green laser.

In our experiment, we found that the threshold

for achieving the continuous wave mode-locked green

laser occurred at a pump power of 4.19 W.
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Fig.2 Output power of green laser versus pump power

Obviously, inserting the LBO into the cavity
increased the threshold of the mode locking. The
main reasons were as follows. First, the spot size on
the SESAM became larger after inserting the LBO
and, as a result, the laser energy density on the
SESAM was reduced. Second, introducing the LBO
into the cavity increased the cavity loss due to the
residual Fresnel losses on the crystal’ s surfaces,
while the process of frequency doubling would
consume part of the fundamental beam and thus
increased the loss in the laser cavity.

The pulse trains of the green laser measured in
different time scales (100 ns/div and 10 ns/div)
using a fast oscilloscope (Agilent DSO6 104 A) was
shown in Fig. 3. The repetition rate was 76 MHz.
The pulse width of the picosecond green laser could
not be directly measured by the autocorrelator due to
the lack of the frequency doubling crystal for 532
nm. Therefore, by measuring the pulse width of the
fundamental laser, we could calculate the pulse
width of the green laser based on the formula: 7,
= ﬁ7532[]8]-

The autocorrelation trace of the mode locked Nd:
LuVO, laser pulses measured by an autocorrelator
(SM-1200, APE Inc. ) was shown in Fig. 4. It was
found that the pulse duration was 24.9 ps for the
fundamental output by assuming a sech’® pulse
shape. So the pulse width of the green laser was
calculated to be approximately 17. 6 ps.

Figure 5 gave the spectrum of the picosecond
green laser, as detected by a
( AvaSpec-ULS3648-4-USB2 with a resolution of
0. 14 nm). Its full width at half maximum ( FWHM)

spectrometer
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Fig.3 Pulse trains of the green laser in time scales of 100 ns/div (a) and 10 ns/div (b), respectively
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Fig.4 Autocorrelation trace ( hollow diamond) of mode-locked

Nd: LuVO, laser pulses and sech’ fitting ( filled circle)
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Fig.5 Spectrum of the picosecond green laser

was 0. 27 nm before deconvolution.

The beam quality of the picosecond green laser,
measured by a beam propagation analyzer ( M2-
200S-FW) , was shown in Fig. 6. The M* factor was
M2 =1.35 and M} =1. 56, respectively.

At the beginning, M6, which was HR coated at
532 nm and AR coated at 1 064 nm, was not used in
the resonator when the laser was operated in mode-
locking at 1 064 nm. However, it was interesting to

note that when we adjusted the temperature of the

<
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Fig.6 Beam quality parameter M*> measurement for the
mode-locked green laser (the upper inset: 2D near-field

energy fluence profile)

LBO to optimize the output power of the green laser,
we found that the generated green laser was a
continuous wave and no mode-locking was seen. At
this point, we replaced M2 with the 3% OC and
found that the fundamental frequency light was also a

When the LBO

dropped to room temperature and no frequency-

continuous wave. temperature
doubling was generated, the mode locking of the

fundamental laser immediately resumed.
Apparently, it was the generated green laser that
interrupted the mode locking. To maintain stable
mode-locking, one needs to block the interference of

A dichroic mirror M6, which
allowed the laser to pass through at 1 064 nm and be

the green light.

blocked at 532 nm, was introduced to the resonator

to prevent the green light from shining on the
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SESAM and to maintain both mode locking of
fundamental laser and generation of the green laser.

It is clear that the process of saturable
absorption is affected by the generated green laser.
As we all know that semiconductor absorbers have an
intrinsic bitemporal impulse response. The slower
response, interband trapping and recombination
processes, plays a vitally important part in starting
the pulse formation process and for pulse forming in

19200 The process of

picosecond pulsed lasers
saturable absorption can be summarized as follows:
at high optical intensities, the initial states are
depleted so that the absorption is reduced and an

') When the green laser

optical pulse is formed
hits the saturable absorber, both the fundamental
laser and the green laser will be more or less
absorbed simultaneously. The photon energy of the
green laser is greater than the band-gap energy of the
saturable absorber,which has less energy than that of

21 S0 we

the fundamental frequency of the laser
believe that the green laser generated in the CW
mode destroyed the saturable absorption of the
SESAM. The process of periodic loss modulation in
the absorbers is disturbed and the mode locking is

A" Therefore, it is necessary to insert

interrupte
M6 into the cavity to avoid the green light interfering
with the SESAM and to maintain both the mode
locking of the fundamental laser and the frequency-
doubled green laser. This is a useful lesson for
constructing an intracavity frequency-doubled laser

using SESAM as the mode-locker.

3 Conclusion

In summary, we presented a picosecond green
laser generated by intracavity frequency doubling of
a passively mode-locked Nd: LuVO, laser using a
type-I phase-matched and temperature tuned LBO.
The maximum average output power of the green
laser was 385 mW with a pulse width of 17. 6 ps and
a repetition rate of 76 MHz. The optical conversion
efficiency from the pumping diode laser to the green

laser was 4.1% . The beam quality was excellent

with an M’-factor of M> =1. 35 and Mf, =1.56. We

also observed the interference of the frequency-

doubled green light with the normal operation of
SESAM, analyzed the reason and eventually resolved
the problem. The experimental results show that Nd:
LuVO, ecrystal is an excellent candidate for a

picosecond green laser.
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