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A compact high power diode-pumped passively mode-locked Nd:YVOy laser with high repetition rate is realized.
Using an Nd:YVOyq crystal and a semiconductor saturable absorber mirror (SESAM) in the oscillator, the picosecond pulse
output with an average power of 1.38 W, a repetition rate of 3.24 GHz, and a pulse duration of 11.4 ps is achieved. After
one stage of amplification, the final output power reaches 11.34 W, corresponding to a total optical-to-optical efficiency
of about 32%. The root mean square (RMS) value of power fluctuation is demonstrated to be less than 0.6% in 24 hours,
showing a superior stability with the compact configuration.
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1. Introduction

Ultrashort laser pulses with high-repetition-rate are
needed in many applications, such as biological image,!!!
high-speed optical communication,!”! and high-repetition-rate
optical frequency comb.3! Laser diode (LD) pumped all-solid-
state lasers have proven to be efficient and compact laser
sources, and Nd:YVOy crystal with large emission cross-

section[*

is an ideal gain medium to achieve high-gain ampli-
fication. Short cavity with a semiconductor saturable absorber
mirror (SESAM) is the most common way to achieve high rep-
etition rate picosecond lasers. To realize continue wave mode
locking instead of Q-switched mode locking (QML), the intra-

cavity pulse energy E, should exceed a threshold given by!*!

Eg > Esat,LEsat,AARa (1)

where Eg, 1, and Eg A are the saturation energy of the gain
medium and the SESAM, respectively, and AR is the mod-
ulation depth of the SESAM. The saturation energy of the
gain medium Eg; 1 is determined only by the type of gain
medium, and the saturation energy of the SESAM Egy 4 is
hardly to change for the commercial available SESAMs. For
high-repetition-rate picosecond lasers, the intra-cavity pulse
energy Ej is relatively low. As a result, an SESAM with a
small modulation depth AR and an output coupler with small
transmission is required in the cavity. For a short cavity with
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low transmission of the output coupler, it is difficult to realize
high-repetition-rate and high-average-power continuous wave
mode locking at the same time only by an oscillator, so a laser
system composed of an oscillator and an amplifier is neces-
sary.

Using an Nd:YVOy crystal and a short cavity, Krainer et
al. first achieved a diode-pumped mode-locked laser with a
repetition rate of 10 GHz and an average power of 2 W.[%]
They also reported a 29-GHz 81-mW!’! mode-locked laser
output by using an Nd:YVOy crystal, one of the surfaces had
a curvature and coated with a partial reflectivity, serving as
an output mirror. By reducing the length of the Nd:YVOq4
crystal and using a high brightness Ti:sapphire laser as the
pump source, they finally achieved a laser with a repetition
rate of 160 GHz and an average power of 110 mW.!® Using
this structure, Lecomte et al. realized a diode-pumped mode-
locked laser with a repetition rate of 40 GHz and an average
power of 288 mW.8 Other approaches can also realize high-
repetition-rate picosecond lasers. Liang ef al. demonstrated a
Kerr-lens mode-locked diode-pumped Nd:YVOy4 laser with a
repetition rate of 6 GHz and an average power of 0.8 W.[!
Other kinds of gain media have also been demonstrated to
be used to generate the high-repetition-rate picosecond lasers.
Using an Nd:GdVOq crystal, Krainer et al. achieved a com-
pact diode-pumped mode-locked laser with an average power
of 0.5 W and a repetition rate of 10 GHz,!'%1 and Agnesi et
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al. reported a 2.5 GHz-2.7 GHz diode-pumped mode-locked
laser with an average power of 250 mW.!'!l Using a semi-
conductor as a gain medium, Haring ef al. realized a 6-GHz
passively mode-locked semiconductor laser with an average
power of 950 mW.[!?]

In this paper, we report a high repetition rate picosecond
Nd:YVOq laser with a high average power output. The laser
system is comprised of an oscillator and an amplifier. Two
fiber-coupled LDs are used to pump the oscillator and the am-
plifier separately. The oscillator is a short cavity including
a 2-mm long Nd:YVOy crystal and as SESAM. Under 6 W
of the pump power, we achieve a 1.38-W laser output with a
repetition rate of 3.24 GHz and pulse duration of 11.4 ps at
1064 nm. A special pumping geometry in the oscillator is de-
signed to avoid direct pump-light incidence on the SESAM,
and a long-term stable operation is achieved. Using a stage of
amplifier based on a 10-mm-long Nd:YVOy crystal, final out-
put power of 11.3 W is obtained with pump power of 29.6 W.
The total optical-to-optical efficiency is about 32%. Both os-
cillator and amplifier are placed in an aluminum case whose
footprint is only 456 mmx206 mm, and their power stability
within 24 hours is less than 0.6% (RMS).

2. Experimental setup

Figure 1(a) shows the schematic diagram of the experi-
mental setup. The oscillator with a short cavity provided a sta-
ble mode-locked laser to achieve high repetition rate, and the
amplifier with a longer crystal achieved high average power
by amplifying the laser from the oscillator. Two fiber-coupled
laser diodes with a maximum power of 30 W at 808 nm were
used as pump sources for the oscillator and the amplifier re-
spectively. For both oscillator and amplifier, the coupled fiber
for each of the laser diodes has a core diameter of 200 wm and
a numerical aperture of 0.22. The pump beam delivered from
the fiber was focused into the laser crystals by a coupling sys-
tem with a magnification of 1x, and the focused beam waist
in the crystal was about 200 um. The laser crystals in both
oscillator and amplifier were wrapped with indium foil and
mounted tightly in a copper water-cooled heat sink which was
maintained at 14 °C. To avoid Fabry—Perot etalon effect, all
surfaces of the crystals had antireflection coating at 808 nm
and 1064 nm. As shown in Fig. 1(b), for a long-term stable
operation, all the laser system was placed in an aluminum case
whose footprint was only 456 mm %206 mm.

In the oscillator, a short cavity with an SESAM, a dichroic
mirror (DM1), a gain medium (Nd:YVO4 1), and an out-
put coupler (OC) were used to achieve a high-repetition-
rate output. In previous high-repetition-rate experiments, the
pump beam was injected directly into the crystal and SESAM
through the OC.[%! The unabsorbed pump laser heated the

SESAM and the mirror holder which led to a long-term insta-
bility. In our experiment, a plane 45° dichroic mirror (DM1)
with antireflection coating at 808 nm and high reflectance
coating at 1064 nm was used to avoid pump beam directly
entering into the SESAM for a long-term stable operation. A
2-mm long, 1-at.% a-cut Nd-doped YVO4 (Nd:YVOy4 1) crys-
tal with a cross-section of 3 mmx5 mm was used as the laser
medium of the oscillator. A commercially available SESAM
with a lower modulation depth of 0.4%, non-saturable loss of
0.3%, saturation fluence of 130 uJ/cmz, and recovery time of
1 ps was used as an end mirror in the cavity to achieve mode-
locking operation. At the other end of the cavity, a concave OC
with a curvature of 80 mm and 2% transmission at 1064 nm
was used as the OC. The distance between the SESAM and
the crystal was about 35 mm, and the total length of the cav-
ity was about 45 mm, indicating the repetition rate was about
3.2 GHz. The ABCD matrix calculation shows that the radius
of the laser beam waist in the crystal was about 120 pm. Af-
ter the OC, a planar-convex lens (f1) with a focal length of
100 mm was used to collimate the output beam.

(a) : amplifier fi’Nd:YVO4 o9 DM2 ‘ ‘
— “T: v 1:1

e

I s
“SESAM

Fig. 1. (a) Experimental setup of passively mode-locked Nd:YVO4
laser and amplifier, and (b) hotograph of the whole laser system. Foot-
print of the case is only 456 mm x 206 mm.

Two 45° high-reflection mirrors (HR1, HR2) were used
to guide the laser from the oscillator into the amplifier. The
amplifier stage was an end-pumped single-pass amplifier in-
cluding two planar-convex lenses (2, f3), a 45° high reflection
mirror (HR3), a curvature-free 45° dichroic mirror (DM2), and
a gain medium (Nd:YVO, 2). Before the amplifier stage, a
half-wave plate was used to finely adjust the polarization di-
rection of the input laser for achieving higher efficiency ampli-
fication. The gain medium of the amplifier was a 10-mm-long,
0.3-at.% a-cut Nd-doped YVO4 (Nd:YVOy 2) crystal with a
cross-section of 3 mmx3 mm, and the longer crystal could
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reduce the influence of the heat!!>!%! and realize higher aver-
age power and better beam quality. Two planar-convex lenses
(f2, £3) each with a focal length of 200 mm and antireflection
coating at 1064 nm were used to achieve mode-matching and
alignment of the amplified laser.

3. Experimental results

After carefully adjusting the OC and the SESAM in the
oscillator, the high repetition rate laser can be observed behind
the OC. With the help of the laser from the oscillator, the ad-
justment of the amplifier and high average power output can be
achieved. Figures 2(a) and 2(b) show the mode-locked power
as a function of the pump power in oscillator and amplifier,
respectively, and the average power is measured by a power
meter (Coherent PM150) whose maximum available power is
about 150 W.
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Fig. 2. (a) Mode-locked output power versus pump power in the oscil-
lator, and (b) final output power versus pump power in the amplifier.

In the oscillator, the lasing threshold is below 100 mW of
the pump power. The Q-switching instabilities are observed
before the mode-locking threshold. And the stable self-staring
continuous wave (CW) mode-locking is obtained at 1.5 W of
the pump power. The stable CW mode-locking with average
output power of 1.38 W is achieved under the pump power of
6 W, corresponding to an optical-to-optical efficiency of about
23%. For higher pump power, the stable CW mode-locking is
broken. In the amplifier, the average input power is 1.34 W

due to the loss of the optical components between the oscil-
lator and the amplifier. At the max pump power of 29.6 W,
the input laser is amplified to 11.34 W. The optical-to-optical
efficiency in the amplifier is about 34% and the total optical-
to-optical efficiency is about 32%.

By an ultrafast photodiode (UPD-70-UVIR-D, ALPHA-
LAS GmbH) and a spectrum analyzer (FSW26, R&S), we
measured the RF spectrum of the laser at full output power
(11.34 W) as shown in Fig. 3. The RF spectrum shows the
signal-to-noise ratio of the laser is more than 55 dB, indi-
cating a clean mode-locked pulse train at a repetition rate of
3.236 GHz. Due to the limited bandwidth of the ultrafast
photodiode and bayonet nut connector (BNC), the second har-
monic of the laser signal is not recorded.
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Fig. 3. RF spectrum of the output laser after amplifier at full output
power (11.34 W), with inset showing RF spectrum with 7-GHz fre-
quency span.

Figure 4 shows the autocorrelation trace at full output
power (11.34 W), obtained by an auto-correlator (pluseCheck,
APE). The maximum delay of the auto-correlator was about
50 ps. The pulse duration is 11.4 ps (FWHM) under the as-
sumption of a sech’? temporal intensity profile. Owing to the
lower pulse energy and peak power of the high repetition rate
picosecond pulses, the signal-to-noise ratio of auto-correlator
is lower and the autocorrelation trace is not symmetrical.

1.0b— measured —~
7| — — sech? fitting #
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Delay/ps

Fig. 4. Autocorrelation with sech? fit of output laser after amplifier at
full output power (11.34 W).
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In this work, a special pumping geometry and an alu-
minum case are used to realize long-term stable operation, and
we measured the power stability of the laser for 24 hours as
shown in Fig. 5. The RMS value of the laser in 24 hours is
less than 0.6%, indicating that the laser can support the long-
term stable operation.
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Fig. 5. Power stability (RMS) of laser at full output power (11.34 W).

4. Summary and outlook

In this work, we demonstrate a high-average-power pi-
cosecond Nd:YVOy laser at 3.24 GHz. It is comprised of an
oscillator and amplifier. Two fiber-coupled laser diodes are
used to pump the oscillator and the amplifier, respectively. The
oscillator had a short cavity including a 2-mm-long Nd:YVOq4
crystal and an SESAM. Under 6 W of the pump power, we
achieve a laser output with an average power of 1.38 W, a
repetition rate of 3.24 GHz, and pulse duration of 11.4 ps at
1064 nm from the oscillator. To avoid direct pump light in-
cidence on the SESAM, a special pumping structure is used
in the oscillator. Further amplify the laser based on a 10-
mm-long Nd:YVOy crystal, then the output laser pulse will
increase to an average power of 11.34 W under pump power
of 29.6 W. The total optical-to-optical efficiency is about 32%.

Both oscillator and amplifier are placed in an aluminum case
whose footprint is only 456 mmx206 mm for long-term sta-
ble operation. The RMS value of power fluctuation in 24 hours
is less than 0.6%. Furthermore, a shorter cavity can be used
in the oscillator to realize even higher repetition rate and
more stages in the amplifier for even higher average power.
Our results may supply the wide applications in many fields
such as high-repetition-rate second harmonic generation, high-
repetition-rate optical parametric oscillator, etc.
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