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Single output LD end-pumped passively
mode-locked Nd:YVO, laser with semiconductor
saturable absorber mirror*
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A quarter-wave plate and the thin film polarizer (TFP) are used for the LD end-pumped passively mode-locked
Nd:YVOy laser with semiconductor saturable absorber mirror (SESAM) to obtain a single beam output with a total
power of 4.8 W. An optical-optical efficiency is achieved to be 24% for a stable CW mode-locking operation at 1064 nm,

with a pulse repetition rate of 70 MHz and pulse width of 16 ps. The multipulse in the pulse sequence is eliminated for

reaching a peak power as high as 4 kW.
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1. Introduction

Recently, passively mode-locked solid-state laser
produced picosecond pulses have been found to have
many applications in the fields of laser display, non-
linear frequency conversion and high precision micro-
machining.!") Some potential applications are emerg-
ing with the further development of solid-state lasers
and new mode locking techniques, particularly Kerr
lens and semiconductor saturable absorber mode-
locking.[?! The saturable absorber can be optimized
independently of the cavity design, allowing success-
ful mode locking to be achieved in a broad range of
solid-state lasers and cavity designs,!** and the semi-
conductor saturable absorber mirror (SESAM) which
is a saturable absorber integrated into a mirror struc-
ture is mostly used as an end mirror of a standing
wave laser cavity. In this condition, the laser cannot
be pumped through the SESAM, which means that
the laser cannot be output from the SESAM. Thus
there appear some ways to design the laser with a sin-
gle output.>=8 Nd:YVOy, has a large stimulated emis-
sion cross section and high absorption coefficient for
diode pumping, and it has been used as a laser crys-
tal for continuous-wave,®) Q-switched,*? and mode-
locked™" lasers.

In the present paper, we demonstrate a pas-
sively mode-locked solid state laser with SESAM, in
which a polarization output coupling is conveniently

implemented,'?! with a quarter-wave plate located be-
tween the SESAM and the polarizer, and a single
beam carrying the total power is preferred along with
end-pumping. From this experiment we obtain a CW
mode-locked pulse at 1064 nm with a pulse width of
16 ps, repetition rate of 70 MHz, single output aver-
age power of 4.8 W, and calculate the peak power to
be about 4 kW.

2. Experimental setup and re-

sults

Figure 1 shows a passively mode-locked laser
setup with SESAM. The high-brightness fibre-coupled
laser diode at 808 nm, cooled by a thermal energy con-
verter (TEC), was chosen as a pump power source,
which provided an output power of up to 30 W. The
fibre has a core diameter of 200 ym and a numeri-
cal aperture (NA) of 0.22. A focusing lens was used
to reimage the pump beam with a waist diameter of
200 pm into the laser crystal. The a-cut Nd:YVOy
used in our experiment has an Nd*t-doping concen-
tration of 0.3 at% which is 3 x 3 x 9 mm? and wedged.
The left side of the Nd:YVOy is coated with an antire-
flective (AR) film at 808 nm, the other side of crystal
is AR-coated at 808 nm and 1064 nm. To reduce the
thermal load, the crystal was wrapped by indium foil
and packed inside a copper holder. The laser diode
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and crystal were cooled by 15 °C circulating water.
M1 was a flat mirror AR-coated at 808 nm and HR-
coated at 1064 nm, while M3 was also a flat mirror
HR-coated at 1064 nm. M2 and M4 were HR-coated
at 1064 nm, with the radii of curvature of 1000 mm
and 248 mm, respectively. A SESAM, made by Batop
GmbH in Germany, was used as an end mirror of the
cavity and simply mounted on a small copper heat
sink without active cooling. A quarter-wave plate was
located between the SESAM and the thin film polar-
izer (TFP) so that a single beam carrying the total
power was preferred along with end-pumping.

output

M4 quarter-wave plate

E | /TFP HW’

§ sesam o ﬁLD
K& Ndzyifaoﬁ]@} 7 [H

M2 M1

Fig. 1. Experimental setup of the LD-pumped passively
mode-locked Nd:YVOy4 picosecond laser with SESAM.

Output couplers with different transmissivities
can be obtained by adjusting the angle of the quarter-
wave plate. For stable CW mode-locking, the criterion
for stable mode-locking laser with an SESAM is given
by!13]

2L P,
cT
where L is the length of the cavity, Py, is the out-

> ﬂ—\/F‘sat,a("-)gF‘sat,gWgARv (1)

put power of the laser, c¢ is the speed of light in vac-
uum, and 7' is the output coupler transmission, w, and
wg are the values of the intensity radius of the laser
beam at the SESAM and in the gain medium, respec-
tively. Fyat,a and Fyu o are the saturation fluences of
the SESAM and the gain medium, respectively.

In order to obtain the stable CW mode-locking,
inequation (1) must be fulfilled, by, for instance, in-
creasing the length of the cavity, reducing the trans-
missivity of the output coupler using the quarter-wave
plate, and reducing the values of the intensity radius
of the laser beam at the SESAM and crystal. It should
be noted that the intracavity pulse fluence should be
kept three to five times the saturation fluence of the
SESAM, since it is hard to obtain mode-locking if the
value of the impulsion fluence is too small. During
the experiment, the value of the impulsion fluence was
controlled by adjusting the value of the intensity ra-
dius of the laser beam at the SESAM (w,).

To satisfy the mode-locking conditions, we se-
lected the cavity length L = 2.12 m and adjusted the

TFP to obtain the output power P,,; = 4.8 W. The
energy of a mode-locked pulse in the cavity is defined
as Ep = 2L Pyyt /T, so the minimum intracavity pulse

energy is Ep. = W\/F'satyangsamgngR. The laser
operates in @-switched mode locking (QML) with
Ep < Ep., while the laser operates in continuous-
wave mode locking (CWML) with Ep > Ep.. In
our experiment, the saturation fluences of the SESAM
and the gain medium are Fiy, = 70 uJ/em?, and
Foarg =012 ] /cm2 respectively. The calculated pro-
file of the beam (TEMOO mode radius) in the laser
resonator is shown in Fig. 2, based on the standard
ABCD matrix. The laser mode radii on the SESAM
and in the gain medium are 26 ym and 240 pm, re-
spectively, at a thermal lens length of 145 mm. The
modulation depth of the SESAM is 1.2%. Hence, the
minimum intracavity pulse energy Ep . is 0.06 pJ in

our experiment.
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Fig. 2. Calculated profile of the beam (TEMO00 mode ra-
dius) in the laser resonator.

In the experiment, the high output power and the
short pulse width of the CWML pulses are expected
to be obtained. The laser crystal Nd:YVOQOy is very
close to the end mirror M1 to enhance the spatial
hole-burning (SHB) and shorten the pulse width.[4
At first, no output coupler was used to obtain the
stable CWML pulses, and then a quarter-wave plate
was located between the SESAM and the thin film po-
larizer (TFP) to keep the transmissivity of the output
coupler adjusted continuously. With the quarter-wave
plate, the intracavity pulse energy can be controlled
to obtain high power without damaging the SESAM.
With a pump power of 15 W, stable CW mode-locking
operation was realized, achieving an average output
power of 4.8 W at a pump power of 20 W, correspond-
ing to an optical-optical efficiency of 24% as shown in
Fig. 3.

044205-2



Chin. Phys. B Vol. 19, No. 4 (2010) 044205

5.0 1
—»— CWML .
]

Ty yd
o
% ] .
o
5 /
2 4.2 1 .
=
o) _

3.8 1 hd

14 16 18 20 22
Pump power/W

Fig. 3. Output power in the CW passively mode-locked
regime.

When the stable mode locking was captured, the
repetition of the impulse sequence was measured to be
70 MHz by a digital oscilloscope. The spectrum width
of the output beam was 0.155 nm as shown in Fig. 4,
corresponding to 41 GHz. The pulse width was mea-
sured by using an autocorrelator made by the APE
Company (Germany), and figure 5 shows the profile
of an autocorrelation signal with an FWHM of 23.9 ps
in a range of 150 ps. However, in a range of 600 ps, we
found that there was a multipulse induced by the F-P
effect generated in the laser crystal, which reduced the
peak power of the output laser. Therefore we made
the laser crystal inclined or wedged to avoid the mul-
tipulse. Figure 5 shows the pulse without multipulse
with an FWHM of 23.9 ps. Taking a hyperbolic se-
cant (sech2), we estimated the pulse duration to be

7 =16 ps.

o 1(A)
1084.330 ren
~47696 dBm  ~850.095 dbm

0.08 nm Serw: =30.00 dbm
194 M2 Ll 208 &

Fig. 4. Optical spectrum centred at 1064 nm, with an
FWHM of 0.155 nm.
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Fig. 5. Measured autocorrelation trace without multi-
pulse.

3. Conclusion

We use a quarter-wave plate and thin film polar-
izer (TFP) in the LD pumped passively mode-locked
solid state laser to obtain the single beam output with
a total power of 4.8 W. The optical-optical efficiency
is achieved to be 24% for a stable CW mode-locking
operation at 1064 nm, with a pulse repetition rate of
70 MHz, pulse width of 16 ps, and spectrum width of
0.155 nm. The multipulse in the pulse sequence is also
eliminated for achieving a peak power of 4 kW.

References

[1] Keller U 2003 Nature 424 831

[2] Zhu J F, Tian J R, Wang P, Ling W J, Li D H and Wei
Z Y 2006 Chin. Phys. 15 2022

[3] CaiZ, Wen W, Wang Y, Zhang Z, Ma X, Ding X and Yao
J 2005 Chin. Opt. Lett. 3 343

[4] Krainer L, Nodop D, Spiihler G J, Lecomte S, Golling M
and Paschotta R 2004 Opt. Lett. 29 2629

[5] Cui J, Fan Z, Xue Y, Zhang J, Niu G, Shi Z, Pei B, Bi Y
and Qi Y 2007 Chin. Opt. Lett. 5 S42

[6] Zhuo Z, Li T and Wang Y G 2008 Laser Phys. Lett. 5 421

[7] Agnesi A, Pirzio F, Tomaselli A and Reali G 2005 Opt.
Ezpress 13 5302

(8] Wushouer X, Yu H J, Gong M L and Yan P 2008 Laser
Phys. 18 1319
[9] Wu D E, Zhou R, Zhang X H, Ding X, Yao J Q, Yan C F
and Zhang G 'Y 2006 Acta Phys. Sin. 55 1196 (in Chinese)
[10] Wang C, Zang H, Li X, Lu Y and Zhu X 2006 Chin. Opt.
Lett. 4 329
[11] Gong M, Yu H J, Wushouer X and Yan P 2008 Laser
Phys. Lett. 5 514
[12] Cai Z Q, Wang P, Wen W Q, Ding X and Yao J Q 2007
Chin. J. Lasers 34 901 (in Chinese)
[13] Honninger C, Paschotta R, Morier-Genoud F, Moser M
and Keller U 1999 J. Opt. Soc. Am. B 16 46

[14] Braun B, Weingarten K J, Kairtner F X and Keller U
1995 Appl. Phys. B 61 429

044205-3



