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Passive mode-locking of a diode pumped Yb-doped GdVO4 crystal laser was demonstrated for the first
time to our knowledge. The laser was mode-locked at the wavelength of 1019.1 nm and had an average
output power of 1.01 W. The mode-locked pulse duration was 3.1 ps. The laser was end-pumped by a
high-power fiber pigtailed laser diode bar and the mode-locking was enabled by a semiconductor satu-
rable absorber mirror (SESAM).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Yb-doped laser materials have attracted considerable attention
over the past decade [1–8]. Yb3+ has a very simple electronic struc-
ture based on only two manifolds, which ensures few quantum de-
fects and no parasitic levels. The low quantum defect of the ion
(generally less than 5%) reduces the thermal load and thus thermal
problems, and the absence of parasitic levels eliminates undesired
effects such as the excited state absorption, up conversion, and
concentration quenching. Moreover, the Yb-doped materials have
a broad absorption band ranging from 940 to 985 nm, which
matches with the emission wavelength of the InGaAs laser diodes,
permitting direct diode pumping. Laser operation of various Yb-
doped materials has been extensively investigated.

Vanadate crystals including YVO4, GdVO4, and LuVO4 have been
proven to be excellent laser host for high efficient laser emission.
Yb3+-doped vanadate crystals exhibit broad gain bandwidth, which
is also attractive for the diode pumped ultrashort pulse solid-state
lasers. Recently, passive mode-locking of the diode pumped Yb:
YVO4 lasers either using the Kerr-lens technique or the SESAM
method has been demonstrated [2,9]. However, to the best of our
knowledge, no mode-locking of the diode pumped Yb:GdVO4 lasers
has been reported. Compared with the Yb-doped YVO4 crystal,
although the Yb-doped GdVO4 crystal has slightly smaller stimu-
lated cross-sections, it has larger thermal conductivities along
the a-axis (7.1 W m�1 K�1) and c-axis (8.1 W m�1 K�1) [1,10], which
permits high power mode-locked laser operation. CW laser oscilla-
tion in Yb:GdVO4 was first demonstrated using Ti:sapphire laser
pumping, attained an output power of 420 mW [1]. A recent work
ll rights reserved.
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employing high-power diode pumping of Yb:GdVO4 has achieved a
cw output power as high as 4.0 W [4]. In this paper, we demon-
strate for the first time passive mode-locking of a Yb:GdVO4 laser
end-pumped by a fiber pigtailed laser diode bar, yielding 1.01-W
average output power.

2. Experimental setup

The Yb:GdVO4 crystal used in the laser was grown by the Czo-
chralski method. It has a Yb-doping concentration of 0.8 at.%. The
Yb:GdVO4 crystal has a dimension of 3 mm � 3 mm in cross-sec-
tion and 3.18 mm in length. Both sides of the crystal were AR-
coated in a broad band from 1020 to 1110 nm at normal incidence.
The absorption peak of the Yb:GdVO4 crystal locates at �985 nm at
room temperature [1,4]. In order to remove the generated heat in
the crystal for effective laser operation, the crystal was wrapped
in indium foil and mounted tightly in a water-cooled copper holder
that is maintained at a temperature of 9 �C. It was observed that
the cw mode-locking lost its long-term stability with the absence
of water cooling. The water cooling is also to avoid possible dam-
age of the crystal from high temperature. A 25-W fiber coupled la-
ser diode bar (LIMO GmbH, LIMO25-F100-DL980) was used as the
pump source. The core size of the fiber was 50 lm in radius, with a
numerical aperture of 0.22. The center emission wavelength of the
diode shifted between 972 and 977 nm depending on the output
power level. No extra means was applied to control the pumping
wavelength. The pump beam from the fiber was focused by two
1:1 reimaging lenses of 2 cm focal length. The focal spot in the
Yb:GdVO4 had a radial size of �50 lm.

For the mode-locked laser operation, a folded laser cavity was
used as schematically shown in Fig. 1. The cavity consisted of a
SESAM, an output coupler (OC), and two mirrors M1 and M2. Flat
mirror M1 was the pump input mirror. It has high transmission
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Fig. 1. Experimental setup for the mode-locked Yb:GdVO4 laser. M1 and M2,
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in a band between 500 and 985 nm and high reflection in a broad
bandwidth from 1020 to 1100 nm. A concave mirror M2
(R = �200 mm) had high reflection in a broad band from 1020 to
1100 nm. A plano-concave (R = �50 mm) OC mirror with transmis-
sion T = 6% was used. The length between M1 and M2 was
�100 mm, and the length between OC and SESAM was �50 mm,
while M2 and OC were separated by �963 mm. The total cavity
length added up to 1113 mm. The SESAM (BATOP GmbH,
SAM-1040-1) used in our experiment has a central absorption
wavelength of 1040 nm and 1% initial absorption strength. The
modulation depth of the SESAM was 0.5%. The relaxation time
was �500 fs and the saturation fluence was 90 lJ/cm2. The SESAM
was mounted on a copper holder. The laser cavity was designed to
get a laser beam diameter of �50 lm in the crystal to match with
the pump beam, and �10 lm on the SESAM. No dispersion com-
pensation element, e.g., intracavity prisms, was applied. The
mode-locked pulse train generated was detected with a fast photo-
receiver (New Focus Inc. 1611-FS) with a rising time of 400 ps and
plotted onto a digital oscilloscope (DPO7104, Tektroniks, band-
width 1 GHz, 20 GS/s). Spectra and autocorrelation traces of the
mode-locked pulses were measured with an optical spectrum
analyzer (ANDO AQ-6315) and a commercial autocorrelator
(Femtochrome Research, Inc. FR-103XL).

3. Results and discussion

Fig. 2 shows the experimentally measured mode-locked pulse
trains. Stable cw mode-locking was established above an absorbed
pump power of 5.18 W. Fig. 2a and b shows the pulse trains of sta-
ble cw mode-locking in 10 ls and 500 ns scales, respectively. As
the absorbed pump power fell below 5.18 W, the laser pulses
switched to CW mode-locking regime. Fig. 2c shows Q-switched
Fig. 2. Pulse trains of (a,b) cw mode-locking and (c) Q-switched mode-locking.
mode-locked pulse trains at an absorbed pump power level below
5.18 W. At the maximum absorbed pump power of 7.6 W available
in our experiment, the average output power attained 1.01 W, with
an optical–optical conversion efficiency of 13.2%. The slope effi-
ciency was 25.1% (Fig. 3a). This compared to an optical–optical
conversion efficiency of 38.9% and a slope efficiency of 50.6% in a
cw operation setup with a simple two-mirror cavity configuration
(Fig. 3b). The cw mode-locked pulses repetition rate was 134.8
MHz and pulse-to-pulse intensity fluctuation was �2.3%. Under
stable mode-locking, the laser emitted in good TEM00 transverse
mode. Because Yb-doped materials have long excited-state life-
times, the cw mode-locked laser had a strong tendency to fall into
Q-switching or Q-switched mode-locking regime when threshold
condition for stable cw mode-locking is not satisfied. As a result,
precise alignment of the cavity was required to produce a proper
intracavity laser beam spot-size diameter on the SESAM in order
to reduce the pump threshold to suppress Q-switching and enable
stable cw mode-locking. Also the cavity should be properly
adjusted to eliminate high-order transverse modes and ensure
TEM00 mode operation.

We analyzed the threshold condition on the intracavity laser
pulse energy for stable cw mode-locking of the laser. With a SESAM
as mode-locker, the threshold of intracavity laser pulse energy is
determined approximately by Honninger et al. [11]

Ep ¼ ðEsat;LEsat;A kRÞ1=2 ð1Þ

where Esat,L is the saturation energy of the gain, Esat,A denotes the
saturation energy of absorber, and DR denotes the maximum mod-
ulation depth of the SESAM. Esat,L is defined as the product of satu-
ration fluence Fsat,A = hm/(mrL) and the effective laser mode area
inside the gain medium, where m is the number of passes through
the gain element per cavity round trip and rL is the emission
cross-section of the gain medium. Esat,A is defined by the product
of absorber saturation fluence Fsat,A and effective laser mode area
on the saturable absorber. With modulation depth DR � 0.5% and
saturation fluence �90 lJ/cm2 of the SESAM used, and with
rL � 0.5 � 10�20 cm2 at 1019.1 nm [4], we estimated the threshold
intracavity pulse energy for stable cw mode-locking to be �47 nJ in
our experiment. This calculated result coincides with the measured
intracavity pulse energy threshold of 53 nJ, at absorbed pump level
of 5.18 W. According to Eq. (1), there are possible ways to reduce
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Fig. 3. Output power with respect to the absorbed pump power at (a) cw mode-
locking operation compared to (b) cw operation with a two-mirror cavity setup.
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Fig. 4. Autocorrelation trace of the cw mode-locked pulses. Inset: the correspond-
ing spectrum.
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the pump threshold for establishing cw mode-locking mainly by (1)
reducing laser mode size in crystal and on SESAM, (2) employing a
SESAM with smaller modulation depth, and (3) using an output
coupler with smaller output coupling to increase intracavity pulse
energy. However, these methods may come at the expense of laser
performance such as laser efficiency and output power level.

Fig. 4 shows the measured autocorrelation trace of the cw
mode-locked pulses. From the autocorrelation trace, the pulse
duration was estimated to be 3.1 ps at FWHM, assuming a Gauss-
ian profile. The spectral bandwidth of the mode-locked pulses was
1.6 nm at FWHM, centered at wavelength of 1019.1 nm (Fig. 4, in-
set). The spectrum was measured with a resolution of 0.05 nm.
According to the pulse duration and bandwidth, the pulses were
3.2 times transform-limited, which implies that further compres-
sion on pulse duration is possible by means of, e.g., dispersion
compensation.

4. Conclusion

In conclusion, we have experimentally demonstrated stable
high-power cw mode-locking of a diode pumped Yb:GdVO4 crystal
laser with the SESAM technique. Under an absorbed pump power
of 7.6 W the output power of the laser attained to 1.01 W. The
mode-locked pulses had duration of 3.1 ps at �1019 nm. To our
knowledge, this is the first demonstration of passive mode-locking
of Yb:GdVO4 crystal. We believe that the mode-locking perfor-
mance of the laser can be further improved when the crystal dop-
ing concentration is optimized and the pump diode wavelength
could be matched with the peak absorption wavelength of the
crystal. Nevertheless, our results clearly suggest that Yb:GdVO4

could be a promising gain medium for the high-power ultrashort
pulse generation at 1 lm.
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