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Diode-pumped passively mode-locked Nd:YAG laser with
10-W average power in a diffraction-limited beam
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We present a passively mode-locked Nd:YAG laser with 10.7-W average output power in a diffraction-limited
beam. Stable self-starting mode locking with a pulse duration of 16 ps and a pulse energy of 120 nJ is
obtained with a semiconductor saturable-absorber mirror. The laser is directly side pumped with two 20-W
diode bars. Single-pass frequency doubling in an external 5-mm-thick KTP crystal yields 3.2-W average power
at 532 nm.  1999 Optical Society of America
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Picosecond high-power diode-pumped solid-state lasers
with good beam quality are attracting growing inter-
est because of numerous applications in medicine, ma-
terial processing, and nonlinear frequency conversion.
For example, multiwatt operation of cw mode-locked
neodymium-doped lasers with kilowatt peak powers al-
lows for eff icient frequency conversion into the visible
and ultraviolet regime.

For high peak powers, passive mode locking seems to
be favorable because of the typically shorter pulse du-
rations and the simpler setup than those of actively
mode-locked lasers. However, the average power of
passively mode-locked lasers in the 1-mm region has so
far been limited. An average power of 3.4 W was ob-
tained from a nonlinear-mirror mode-locked1 Nd:YVO4
laser,2 and an average power of 4.5 W was obtained
from a Nd:YVO4 laser mode locked with a semiconduc-
tor saturable-absorber mirror (SESAM).3 Both lasers
were end pumped by fiber-coupled diode bars and
showed beam qualities that were at least 1.6 times
diffraction limited. In this Letter we demonstrate
more than 10 W of average power and 7.8 kW of peak
power from a passively mode-locked diffraction-limited
Nd:YAG laser based on a compact laser head and a
SESAM. Scaling to even higher powers seems real-
istic with our side-pumping approach.

The main difficulty in passive mode locking of a
high-power solid-state laser is to overcome the ten-
dency of the laser toward Q-switched mode-locking
(QML) instabilities,4 introduced by the saturable ab-
sorber, that increase with increasing laser mode area
in the gain medium. This area is typically quite large
0146-9592/99/080528-03$15.00/0
in high-power lasers, because the poor beam quality
of high-power pump diodes and thermal effects in the
gain medium set limits on tighter focusing. As the
threshold for QML depends on the saturation energy of
the gain medium as well as the saturation energy of the
saturable absorber and its modulation depth,4 a proper
choice of pump source and geometry, laser material,
and mode-locking technique is essential for high-power
mode-locked laser operation.

Side pumping of the laser medium (instead of
end pumping) has advantages for high-power lasers,
namely, easier delivery of pump power with reduced
demands on pump beam quality and ease of com-
bining several pump heads, which result in a widely
scalable approach. However, the good efficiency and
beam quality of end-pumped lasers are usually not
achieved with side-pumped lasers.5 Additionally,
side-pumping geometries often imply large beam radii
in the gain medium, and therefore a large saturation
f luence of the gain, which itself lowers the stability
against QML.4

These problems of side pumping are solved by use
of a direct-coupled pump (DCP; Lightwave Electronics)
laser head6 (Fig. 1), in which the output of two longi-
tudinally displaced laser diode bars is directly coupled
into the cylindrical laser rod without any transfer op-
tics. The diode bars are mounted in close proximity to
the rod. The rod is laterally surrounded by a water-
cooled metal block that contains two slits that allow
the pump light to enter. The diameter of the rod is
smaller than the absorption length, and a ref lective
coating on the metal block leads to multiple passes of
 1999 Optical Society of America
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Fig. 1. Schematic of the DCP laser head, with only one of
two diode bars shown.

the pump radiation. In this way we achieve a trap for
the pump radiation and thus efficient pump absorption
and spatially homogeneous inversion density. The in-
duced thermal lens is weak, only weakly aberrative,
and nearly spherical because of homogeneous pump
distribution, a 90± angle between the orientation of the
pump diodes, and efficient heat removal. These ad-
vantages result in good efficiency and excellent beam
quality. The pump diodes are mounted upon the same
water-cooled heat sink as the laser rod. As the ab-
sorption length of the pump is not critical in this con-
figuration, the diode temperature does not need to be
controlled actively. The DCP concept allows us to
use relatively small crystal diameters (compared with
those of other side-pumped approaches) because of the
combination of pump radiation trapping and efficient
heat removal. Therefore the laser mode size and thus
the saturation energy of the gain can be kept relatively
small (here a 300-mm radius), which is beneficial for
stability against QML.

As gain material we chose Nd:YAG because of its
good thermal conductivity (e.g., three times better than
Nd:YVO4) and high stress-fracture limit. The long
absorption length of Nd:YAG is no disadvantage, as
the pump light is trapped, resulting in a smooth pump
distribution.

The use of a SESAM (Refs. 7 and 8) as a mode
locker in conjunction with the relatively small laser
mode in the gain medium leads to stable self-starting
mode locking. The combination of adjustable device
structure and material parameters of the SESAM
provides us with sufficient design freedom to choose
the key macroscopic parameters, such as modulation
depth, recovery time, and saturation f luence, and
therefore is well suited for application in a large variety
of lasers. In this Letter we demonstrate that the
SESAM is also well suited for mode locking of high-
power lasers.

The cavity is shown in Fig. 2 and consists of only
four mirrors (including the SESAM), a Brewster plate,
and the laser head. With the compact DCP head,
no complicated transfer optics or beam-shaping tech-
niques are needed for the pump, making the system
very simple and compact. The two curved mirrors
allow us to control the mode radii in the laser head
and on the SESAM in a simple manner. For our
cavity, these mode radii are calculated to be 300 and
100 mm. Linear polarization is enforced by a Brew-
ster plate, which causes only 0.3% depolarization loss
at maximum pump power, because the temperature
distribution in the rod is very smooth. The SESAM
consists of one 25-nm-thick In25%Ga75%AsyGaAs
quantum well in an antiresonant Fabry–Perot cav-
ity formed by a GaAs-AlAs Bragg mirror with 25
layer pairs, AlAs and GaAs spacer layers, and a
dielectric top ref lector with 72% ref lectivity. The
device has a recovery time of 26 ps, a modulation depth
of 0.5%, nonsaturable losses of 0.4%, and a saturation
f luence of 200 mJycm2. To keep the tendency for
QML weak enough we chose the spot on the SESAM
to be rather small. This means that the SESAM is
operated quite far above saturation energy (27 times
at full pump power). The SESAM is simply mounted
upon a copper heat sink, but no active cooling is
applied. The dissipated heat energy per bounce origi-
nates from the saturation of the SESAM (satu-
ration energy times modulation depth) and the
nonsaturable losses (intracavity pulse energy times
nonsaturable loss). Here ,95% of the total dissipated
power of 0.6 W originates from nonsaturable loss,
as we operate the SESAM far above the saturation
energy. This high power is expected to cause a tem-
perature rise of the order of 50 K.

With the cavity shown in Fig. 2 and an output
coupler with 7% transmission we obtain a slope effi-
ciency of more than 40% (Fig. 3). For a maximum
pump power of 41.7 W, 10.7-W average output power
is obtained. The overall optical–optical eff iciency of
more than 25% (and the electrical–optical efficiency
of 8.2%) is high for a side-pumped system. At maxi-
mum pump power there is a slight roll-off of the
output power, indicating that thermal effects be-
come important at this point. QML occurs below

Fig. 2. Schematic of the laser cavity: ROC, radius of cur-
vature; OC, output coupler.

Fig. 3. Output power versus launched pump power. Self-
starting cw mode locking is obtained for more than 20.4-W
pump power. The autocorrelation of the 16-ps pulses at
10.7-W output power is shown in the inset.
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Fig. 4. Longitudinal cross section through the focused
output beam. Left, tangential beam radius; right, sagittal
beam radius; curves, ideal Gaussian beam. The beam
profile yields M2 of less than 1.05.

3-W output power (corresponding to 20.4-W pump
power), in good agreement with the calculated QML
threshold of 3.3 W [Eq. (13) of Ref. 4]. The pulse
duration is 16 ps (see the inset of Fig. 3), and the
repetition rate is 88 MHz, resulting in a pulse energy
of 120 nJ and a peak power of 7.8 kW. Mode-locked
picosecond pulses with peak powers and pulse energies
of this order are usually obtained only with amplifier
systems.

Frequency doubling in a single pass through an
external 5-mm-long type II–cut KTP crystal yielded
3.2-W average power at 532 nm. The crystal was tem-
perature stabilized, and phase matching was achieved
by means of angle tuning. The fundamental light was
focused to a beam radius of 22 mm (corresponding to
a Rayleigh range of 2.6 mm) in the KTP crystal. The
peak power of the second-harmonic light was still high
enough for us to obtain 120 mW of ultraviolet radi-
tion by means of subsequent frequency doubling in
a temperature-stabilized 7-mm-long type I–cut BBO
crystal.

The beam profile of the focused (fundamental) out-
put beam for maximum power is shown in Fig. 4. The
measured M2 factor is smaller than 1.05. With the
measured M2 and the calculated spot size in the laser
head, the Rayleigh range is 27 cm, which is signifi-
cantly more than the length of the laser head assem-
bly. Therefore only minor changes in the cavity design
would allow us to insert another DCP head into the cav-
ity and thus scale the power to even higher levels.

After 40 h of continuous operation we found an
increase of the threshold for cw mode locking from
20.4-W pump power up to the maximum available
pump power, whereas the output power remained un-
changed. This indicates some change of the SESAM
parameters. Along with the peak optical field
strength, the thermal load might have an inf luence on
aging of the SESAM. The latter can be reduced by
use of a low-finesse SESAM (without a top ref lector)
with the same modulation depth but correspondingly
lower saturation f luence. In this way the mode size
on the SESAM can be kept larger for the same intra-
cavity pulse energy (and laser performance), without
changing the QML threshold. Then, the same heat is
deposited on a larger spot, which leads to a more favor-
able thermal situation. Since such a SESAM is not
available at this time we used the high-finesse SESAM
described above. Another way to reduce the load of
the SESAM is to choose a different gain material with
a larger emission cross section and a correspondingly
lower saturation f luence, which would allow for a
larger spot on the SESAM while keeping the QML
threshold low. A good candidate for this material is
Nd:YVO4, which also allows for shorter pulse durations
owing to its broader emission bandwidth. However,
Nd:YVO4 suffers from poorer thermal properties.

In conclusion, we have demonstrated a method for
obtaining higher powers from diode-pumped passively
mode-locked lasers. We used a novel compact side-
pumped Nd:YAG laser head with relatively small
mode size in the gain medium in connection with a
SESAM so that stable passive mode locking without
Q-switching instabilities became possible. With this
approach we obtained 10.7-W average output power
in a diffraction-limited beam and peak powers as
high as 7.8 kW. External frequency doubling yielded
3.2-W green and 120-mW ultraviolet radiation.
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