
COL 9(4), 041405(2011) CHINESE OPTICS LETTERS April 10, 2011

Passively mode-locked grown-together composite
YVO4/Nd:YVO4 crystal laser with a semiconductor

saturable absorber mirror under 880-nm direct pumping
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A passively mode-locked grown-together composite YVO4/Nd:YVO4 crystal laser is demonstrated with
a semiconductor saturable absorber mirror by 880-nm laser-diode direct pumping. Under the absorbed
pump power of 24.9 W, a maximum output power of 10.5 W at the repetition rate of 77 MHz is obtained,
corresponding to the optical-optical conversion efficiency of 42.1% and the slope efficiency of 53.4%. The
pulse width measured is 33 ps at the output power of 10 W.
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Compact passively mode-locked laser diode (LD)
pumped solid-state lasers with semiconductor saturable
absorber mirrors (SESAMs) have been attractive for var-
ious applications, such as precision micromachining and
nonlinear frequency conversion. The neodymium-doped
vanadate Nd:YVO4 crystal has been extensively used
for LD pumped passively mode-locked lasers because of
its high absorption coefficient for diode pumping and
large stimulated emission cross section[1−5]. However,
because of the weak thermal conductivity of Nd:YVO4

crystal, its application in high-power mode-locked laser
system is limited. In recent years, many investiga-
tions have focused on LD direct pumping at 879 and
880 nm[6−8] or have used composite YVO4/Nd:YVO4

crystals[8−10] to reduce the thermal effects. The LD
direct pumping reduces the quantum defect due to the
closer match between the pump and the laser wave-
lengths compared with the traditional 808-nm pump-
ing. By using 880-nm pumping, an average output
power of 4.76 W is generated from a continuous-wave
(CW) mode-locked Nd:YVO4 laser[11]. In the compos-
ite YVO4/Nd:YVO4 crystal, the undoped YVO4 section
serves as a heat sink for the pumping surface to reduce
the thermal load. Composite YVO4/Nd:YVO4 crystals
can be obtained either by diffusion bonding method
or continuous-grown technique[12]. Using a diffusion-
bonding composite YVO4/Nd:YVO4 crystal, the mode-
locked power of 10.15 W has been reported under 808-nm
LD pumping[13]. Currently, based on continuous-grown
or grown-together composite YVO4/Nd:YVO4 crystals,
only CW and Q-switched lasers have been reported un-
der direct pumping[8].

In this letter, we report a passively mode-locked grown-
together composite YVO4/Nd:YVO4 crystal laser at
1064 nm with a SESAM under 880-nm LD direct pump-
ing. An average mode-locked power of 10.5 W at a repeti-
tion rate of 77 MHz is obtained under the absorbed pump

power of 24.9 W, corresponding to the optical-optical
conversion efficiency of 42.1% and the slope efficiency
of 53.4%. The pulse width is measured to be 33 ps at
the output power of 10 W. Due to the reduced thermal
lens effect caused by the use of the grown-together com-
posite crystal as well as the direct pumping scheme, no
saturation of the output power is observed, and higher
mode-locked power can be obtained if the laser cavity will
be further optimized when increasing the pump power.
During the experiment, no Q-switching mode locking
(QML) but rather multiple-pulse states are observed be-
fore CW mode locking is achieved. This phenomenon
can be attributed to the large third-order nonlinearity of
the composite YVO4/Nd:YVO4 crystal.

Figure 1 shows the scheme of the experimental setup.
An a-cut grown-together composite YVO4/Nd:YVO4

crystal was used as the laser gain medium. The total
dimension of the laser crystal was 3 mm in diameter and
31 mm in length, consisting of 5-mm undoped YVO4

end cap and a 26-mm-long 0.7 at.-% Nd-doped section.
Both end surfaces of the composite YVO4/Nd:YVO4

crystal was antireflection coating at 1064 and 885 nm,
and the undoped end cap was wedged 0.5◦ to suppress
the potential Fabry-Perot etalon effect. To remove the
generated heat, the laser rod was equipped in a water-
cooling system with water temperature of 19 ◦C. An
885-nm fiber-coupled LD was used as the pump source.
The core diameter and numerical aperture (NA) of the
fiber were 400 µm and 0.22, respectively. As the center
emitting wavelength of the LD varied with its work-
ing current and temperature, the LD was cooled at the
temperature of 26 ◦C to meet the absorption peak of
the Nd:YVO4 crystal around 880 nm; the absorbance of
the pump was more than 95% in our experiment. The
pump radiation from the fiber was reimaged into the
laser crystal by some coupling lenses, resulting in a ra-
dius of ∼450 µm at the center of the crystal. The laser
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cavity was a folded resonator with four mirrors and a
SESAM. The input and folding mirror M2 was a plane
mirror with antireflection coating at 885 nm and high-
reflectance coating at 1064 nm. The folding mirrors M3
and M4 with high-reflectance coating at 1064 nm were
concave mirrors with the curvature radii of 100 and 70
cm, respectively. A flat wedged mirror M1 with 20%
transmission at 1064 nm was used as the output coupler.
M2 and M3 were separated by about 75 cm, and the
distance between M3 and M4 was about 78 cm. The
SESAM was placed about 33 cm away from M4. The
saturation fluence, modulation depth, and absorption re-
covery time of the SESAM were about 60 µJ/cm2, 1.0%,
and ∼20 ps, respectively. The SESAM was attached to
a water-cooled copper heat sink with water temperature
of 19 ◦C. The total cavity length was about 190 cm.
Using the ABCD matrix formalism, the laser mode radii
were calculated to be approximately 394–411 µm in the
composite crystal and 185–225 µm on the SESAM, with
varying pump power.

The leakage radiation from M3 was detected by an
ultrafast InGaAs photodetector with rise time of <40
ps (UPD-40-UVIR-P, ALPHALAS GMBH, Germany),
which was connected to a digital oscilloscope bandwidth
of 8 GHz (DSO 80804B, Agilent, USA) throughout the
experiment.

Initially, the CW performance was studied for
the 880-nm LD pumped grown-together composite
YVO4/Nd:YVO4 crystal laser. In this investigation,
the SESAM was replaced by a plane mirror with high-
reflectance coating at 1064 nm. Figure 2 shows the av-
erage output power as a function of the absorbed pump
power in CW operation and CW mode-locked operation.
In the CW operation, the laser began to oscillate at the
absorbed pump power of 3.3 W. At an absorbed pump
power of 36.9 W, 19-W output power was obtained with
a slope efficiency (ηs) of 59.4% and an optical-optical
efficiency (ηo) of 51.5%. No roll off was observed, but we
did not increase the pump power further for the safety of
the crystal. In the CW mode-locked operation, the laser
threshold (Pth) increased to 5.6 W; at the absorbed pump
power of 24.9 W, a mode-locked power of 10.5 W was ob-
tained corresponding to the slope efficiency of 53.4% and
the optical-optical efficiency of 42.1%. The pump was
not increased here further due to the deterioration of the
laser beam quality that disturbs the mode-locked pulses;
the lower efficiency than that of the CW operation
was attributed to the greater cavity loss introduced by
the SESAM. Note that although a comparable 10.15-W
mode-locked power with 43.2% optical-optical efficiency
is reported based on a diffusion-bonding composite

Fig. 1. Scheme of the experimental setup.

Fig. 2. Average output power as a function of the absorbed
pump power in CW operation and mode-locked operation.

YVO4/Nd:YVO4 crystal under 808-nm LD pumping, the
optical-optical efficiency of 45% for the CW operation is
lower than ours, and their mode-locked power is difficult
to scale further due to the saturation of the output power
caused by thermal effects[13].

In our case, no roll off of the output power was ob-
served due to the 880-nm LD direct pumping that re-
duced thermal loading in the laser crystal. As indicated
from the CW operation of the laser, the deterioration
of the laser beam quality for the CW mode-locked op-
eration was mainly caused by mode mismatching be-
tween the laser and pump modes instead of the thermal
effects when the absorbed pump power was greater than
24.9 W. Thus, if the cavity was further optimized to
meet the good matching between the laser and pump
modes in the laser medium at higher pump power, more
CW mode-locked output power would be achieved; this
would be further studied in our following work. Be-
fore CW mode locking was achieved, the mode-locked
laser exhibited multiple-pulse states instead of the QML
regime, which was often observed and harmful to the
SESAM in a SESAM-based passively mode-locked laser.
Studies have shown that YVO4 crystals have a consider-
able value of the third-order susceptibility[14]. Based on
the large third-order nonlinearity, self-starting Kerr-lens
mode-locked Nd:YVO4 lasers have been demonstrated
experimentally, with the laser output exhibiting spon-
taneous mode locking[15]. Thus, the suppression of the
QML and the presence of the multiple-pulse operation in
our experiment may also be attributed to the third-order
nonlinearity of the laser medium. The multiple-pulse
states at the absorbed pump power of 11.6 and 15.5
W are illustrated in Figs. 3(a) and (b), respectively.
With the increase in pump power, weak pulses were
suppressed and the CW background decreased as the
laser intensity on the SESAM became stronger. When
the absorbed pump power was slightly higher than 16
W, CW mode locking was achieved, with the laser out-
put power at 6.4 W. At the absorbed pump power of
18.4−24.9 W, stable CW mode locking of the laser sys-
tem was observed, corresponding to the output power of
7.6–10.5 W. The stable CW mode-locking pulse trains
on two different time scales are shown in Figs. 3 (c)
and (d). Figure 3 (c) shows the pulse trains with time
resolution of 20 ns/div, demonstrating the mode-locked
pulses. The repetition rate was about 77 MHz, matching
the optical cavity length. Figure 3 (d) shows the pulse
trains with time resolution of 10 µs/div, demonstrating
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Fig. 3. Pulse trains for multiple-pulse states before CW
mode locking at the absorbed pump power of (a) 11.6 and
(b) 15.5 W with time resolution of 10 ns/div. Pulse trains
for stable mode locking with time resolution of (c) 20 ns/div,
demonstrating the mode-locked pulses, and (d) 10 µs/div,
demonstrating the amplitude stability.

Fig. 4. Two- and three-dimensional laser beam profiles at the
output power of 10.0 W.

amplitude stability.
Although no QML operation was observed during the

experiment, the critical pulse energy for CW mode lock-
ing could still be predicted by the theory of Q-switching
stability limits of CW passive mode locking[16]. The crit-
ical pulse energy EP,c for CW mode locking based on
SESAM can be estimated by[16]

EP,c =
√

Fsat,LAsat,LFsat,AAsat,A∆R, (1)

where Fsat,L = hν/mσL denotes the saturation fluence of
the gain medium with the Planck constant h, the laser
frequency ν, the stimulated emission cross section σL,
and the number of passes through the gain medium per
cavity round trip m; Fsat,A denotes the saturation flu-
ence of the absorber; Asat,L and Asat,A are the effective
laser mode areas inside the gain medium and on the
absorber, respectively; ∆R is the modulation depth of
the absorber. The saturation fluence of Nd:YVO4 is
estimated to be 37 mJ/cm2. Asat,L = πω2

L and Asat,A

= πω2
A are estimated by the laser mode radii ωL in the

laser crystal and ωA on the SESAM, respectively. For
a standing-wave cavity, m = 2. Therefore, the critical
pulse energy for CW mode locking is estimated to be
around 411 nJ. The experimental critical pulse energy
for CW mode locking was about 416 nJ, which agreed
with the theoretical prediction.

Fig. 5. (a) Autocorrelation trace of the mode-locked laser
at output power of 10.0 W. Gaussian shape was assumed to
determine the pulse width; (b) optical spectrum of the mode-
locked laser at output power of 10.0 W.

The laser beam quality was measured with a laser beam
analyzer (M2−200, Spiricon, USA) when the laser sys-
tem operated in the stable CW mode locking. The two-
and three-dimensional laser beam profiles at the out-
put power of 10.0 W are shown in Fig. 4. The beam-
propagation factor M2 was measured to be 1.3, 1.4, 1.5
and 1.5 at the output power of 8.3, 9.4, 10.0, and 10.5
W, respectively. Thus, the TEM00 mode (M2 ≤ 1.5) op-
eration is obtained through the stable CW mode locking.

The laser pulse width was measured with a home-made
autocorrelator. Figure 5(a) shows the normalized inten-
sity autocorrelation trace of the mode locked 1064-nm
laser at the output power of 10.0 W. Fitting the experi-
mental data by a Gaussian function, the pulse width of
the 1064-nm laser was estimated to be 33 ps. The optical
spectrum was also measured by an optical spectrum an-
alyzer (MS9710B, Anritsu) as shown in Fig. 5(b). The
spectrum width was about 0.066 nm at the center fre-
quency of 1064.35 nm. The time-bandwidth product was
calculated to be about 0.576, indicating that the output
beam was a chirped pulse. The narrow spectrum width
here can have arisen from the residual etalon effect of the
laser crystal.

In conclusion, we have successfully demonstrated
a passively mode-locked grown-together composite
YVO4/Nd:YVO4 crystal laser at 1064 nm with a SESAM
using 880-nm diode direct pumping. Under the absorbed
pump power of 24.9 W, an average output power of 10.5
W is obtained at the repetition rate of 77 MHz, cor-
responding to the optical-optical conversion efficiency of
42.1% and the slope efficiency of 53.4%. The pulse width
is measured to be about 33 ps at the output power of
10 W, and TEM00-mode operation is observed during
the stable mode locking. The experimental result re-
veals that the combination of a grown-together compos-

041405-3



COL 9(4), 041405(2011) CHINESE OPTICS LETTERS April 10, 2011

ite YVO4/Nd:YVO4 crystal and the LD direct pumping
scheme is beneficial to high-power, high-efficiency pas-
sively mode-locked lasers with a SESAM.
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