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Pulse energy scaling to 5 �J from a femtosecond
thin disk laser
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We report an increase in pulse energy to 5.1 �J obtained directly from a femtosecond diode-pumped Yb:YAG
thin disk laser without external amplification. Stable passive mode locking was obtained with a semicon-
ductor saturable absorber mirror (SESAM). The laser delivers 63 W of average output power in a nearly
diffraction-limited beam �M2=1.1� at a center wavelength of 1030 nm. The pulse repetition rate is
12.3 MHz, and the pulses have a duration of 800 fs, which results in a peak power of 5.6 MW. The laser was
operated in a box flooded with helium because the nonlinearity of air was found to be a limiting factor for the
stability of the pulse formation at increasing pulse energies. © 2006 Optical Society of America
OCIS codes: 140.3480, 140.3580, 140.4050.
The average power of femtosecond thin disk lasers
has continually increased in recent years. Pulse en-
ergies beyond the microjoule level have been ob-
tained with average powers of up to 80 W.1,2 The high
peak power in the megawatt regime makes these la-
sers suitable for direct pumping of high-gain para-
metric devices3–6 for large-scale red–green–blue laser
projection systems.2 With pulse energies entering the
1–10 �J regime, these lasers also become more inter-
esting for material processing applications without
further amplification. So far, the highest pulse en-
ergy obtained directly from a femtosecond thin disk
laser was 1.75 �J.1 Similar pulse energies at high
repetition rates can also be generated by using a
fiber-based chirped-pulse amplification system based
on a mode-locked seed oscillator and two fiber ampli-
fier stages.7 Alternatively, very long cavity
oscillators8–10 and cavity dumping11 were used to in-
crease the pulse energy directly obtained from femto-
second laser oscillators, and with cavity dumping a
pulse energy of 1.35 �J in femtosecond pulses was ob-
tained. Owing to the low average power of the lasers
used in these two approaches, the repetition rates
need to be significantly reduced when high pulse en-
ergies are desired.

In this Letter we demonstrate a passively mode-
locked Yb:YAG thin disk laser that delivers pulses
with an energy of 5.1 �J. This significant increase in
pulse energy over previous results was made possible
by realizing the importance of the nonlinearity of air
inside a thin disk laser cavity, which adds to the total
Kerr nonlinearity and is responsible for the instabili-
ties that previously limited further pulse energy
scaling.1

In a thin disk laser, the gain is provided by a laser
material with a thickness much smaller than the
spot diameter of the pump and laser mode.12 One face
of the disk is coated for high reflectivity and directly
attached to a heat sink. The disk is then used in re-
flection for both the pump and the laser beam. This
special geometry allows fundamental transverse
mode operation up to very high average powers,
thanks to a nearly one-dimensional heat flow taking
place longitudinally with respect to the beam axis.

The generation of stable femtosecond pulses with a
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SESAM13,14 is realized by using soliton mode
locking,15 where the balanced effects of self-phase
modulation (SPM) and negative group-delay disper-
sion (GDD) lead to the formation of solitonlike
pulses. The thin disk does not significantly contribute
to the nonlinearity because of its small thickness and
the large mode radius of the laser beam. Therefore
the SPM is typically introduced by a glass plate posi-
tioned in the beam. The GDD is introduced by a set of
dispersive mirrors. Similar to the thin disk, the
SESAM is operated with a spot size larger than the
thickness of the substrate, and therefore efficient
heat removal also takes place longitudinal to the
beam axis. The first reported laser based on this con-
cept was an Yb:YAG laser delivering 16 W of average
output power in 730 fs pulses with a pulse energy of
0.47 �J.16 The average power was later scaled up to
60 W by taking advantage of the power scalability of
the concept.1 The pulse energy was scaled to 1.75 �J.
More energy scaling, however, was limited by strong
nonlinearities of unknown origin that could not be
compensated for with the available negative GDD.
These nonlinearities led to unstable behavior and
pulse breakup as well as regimes of stable operation
with multiple pulses simultaneously oscillating in-
side the laser cavity. It was thus possible to achieve a
higher average power of 80 W only by increasing the
repetition rate to 57 MHz, which in return reduced
the pulse energy to 1.4 �J.2

The experimental setup of the laser presented here
is shown in Fig. 1. The thin disk laser head is placed
as a folding mirror inside a standing-wave cavity. As
the gain medium we use an Yb:YAG crystal, which
has a thickness of 200 �m and is slightly wedged to
eliminate residual reflections. An area with a 2.7 mm
diameter is pumped with up to 230 W of average
power at 940 nm from a fiber-coupled laser diode
stack. For efficient absorption of the pump light, the
pump optics are aligned for 24 passes through the
disk.17 Passive mode locking is achieved by inserting
a SESAM as an end mirror into the laser cavity. The
InGaAs SESAM has a saturation fluence of
�110 �J/cm2, a modulation depth of �0.5% and low
nonsaturable losses of �0.1%. Eight dispersive mir-
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rors with a GDD of −550 fs2 each are used to intro-
duce a total GDD of −8800 fs2 per cavity round trip. A
1 mm thick fused silica plate is inserted at Brewster’s
angle to ensure linear polarization of the laser output
and to provide the necessary Kerr nonlinearity for
soliton mode locking. By shifting the plate’s position
along the beam propagation axis, the intensity and
thus the nonlinear phase shift can be changed. As
demonstrated in Refs. 15 and 18, this makes the
pulse duration tunable. The laser was initially built
with a length of 3.69 m, resulting in a repetition rate
of 40.7 MHz. The thermal lens of the gain medium
has an estimated focal length of −2.8 m, and the reso-
nator design was first optimized for best performance
under these conditions. The cavity length was then
increased by using simple 4f extensions, each of
which consists of two mirrors spaced by their equal
radius of curvature R=2f, thus adding a total of 2R
to the cavity length. Propagation through such a 4f
imaging system results in a unity transformation for
the q parameter of a Gaussian beam. Reducing the
repetition rate with this approach does therefore not
change the optimum operation point of the laser. We
gradually decreased the repetition rate to 29.1, 16.5,
and finally 12.3 MHz by using mirrors with an R of
750, 1500, and 2000 mm to extend the cavity to a fi-
nal length of 12.2 m. Given the high output coupler
transmission of 10%, additional losses introduced by
these extensions did not significantly influence the
performance of the laser. We estimate the total intra-
cavity losses, not including output coupling, to be
�4%.

In this configuration the laser started stable mode
locking at an average output power of 5 W when op-
erated in an air atmosphere. However, the average
power could be increased to only �7 W before insta-
bilities were observed. A further increase resulted in
multiple pulses simultaneously oscillating inside the
laser cavity. This could be observed with our autocor-
relator because these pulses were typically separated
by only a few picoseconds. The operation of the laser
appeared as equally stable as when operating with
just one pulse oscillating in the laser cavity. Even in
the regime of single-pulse operation, the pulse dura-
tion was only slightly affected by the amount of non-
linearity introduced by the Brewster plate. This sug-
gests that we have soliton pulses oscillating inside

Fig. 1. Experimental setup of the Yb:YAG thin disk laser
cavity (not to scale) with a length of 12.2 m, resulting in a
repetition rate of 12.3 MHz. Eight dispersive mirrors intro-
duce a total GDD of −8800 fs2 per cavity round trip. The
Brewster plate has a thickness of 1 mm.
the cavity with the presence of a significant Kerr
nonlinearity, which stems from a source other than
the Brewster plate. These observations are similar to
the ones made in Ref. 1 at a higher repetition rate.
We found that this additional nonlinearity stems
from the air atmosphere inside the laser cavity. Its
contribution became more dominant as we increased
the cavity length. Numerical estimations using
the nonlinear refractive index of air19 (�4
�10−19 cm2/W at 800 nm) show good agreement with
the missing nonlinearity in Ref. 1. To eliminate the
air’s contribution to the nonlinearity, we covered the
entire laser with a box that was flooded with helium,
which has a negligible nonlinearity compared with
air.19

With the laser operating in a helium atmosphere,
we were able to obtain stable mode-locked operation
with an average power of up to 63 W, limited by the
amount of available pump power. The pulses have a
duration of 800 fs and a full width at half-maximum
(FWHM) spectral bandwidth of 1.59 nm at a center
wavelength of 1030 nm (Fig. 2), resulting in a time–
bandwidth product of 0.36, which is only slightly
larger than the ideal value for soliton pulses (0.315).
With the pulse repetition rate of 12.3 MHz, the pulse
energy is 5.1 �J and the peak power is 5.6 MW. The
beam quality is nearly diffraction limited with a mea-
sured M2 value of 1.1. The calculated beam radius on
the SESAM is 880 �m, leading to a saturation pa-
rameter of S�19. Despite the large intracavity pulse
energy of more than 50 �J, we did not observe any
damage of the SESAM or any other component of the
laser. We could clearly observe a correlation between
the nonlinearity and the helium content in the laser
cavity. Because the box was not perfectly airtight, in-
terrupting the helium supply for several seconds
caused the air content and thus the nonlinearity in-
side the cavity to increase. The pulses consequently
became shorter, in agreement with the soliton mode
locking theory. Finally, the laser became unstable
when the nonlinearity became too high. This effect
was reversible: the laser went back into stable opera-
tion after the helium supply was restarted. Rather
than flooding the entire laser cavity with helium, one

Fig. 2. Autocorrelation and (inset) optical spectrum of the
measured output pulses. The dashed curves represent fit-
ted curves with an ideal sech2-shaped pulse of 796 fs dura-

tion and an optical bandwidth of 1.59 nm.
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could consider using only a partial housing in the
parts of the cavity where the intensities are the high-
est. Such an approach would simplify the task of
building a helium-tight container. Besides helium
flooding, lowering the pressure inside this container
could then also be used to reduce the Kerr nonlinear-
ity inside the laser cavity.

To confirm single-pulse operation, we traced the
pulse train by using a fast sampling oscilloscope and
a long-range autocorrelator. In addition, we mea-
sured the efficiency of second-harmonic generation
(SHG) in a critically phase-matched 5 mm long
LiB3O5 crystal. This measurement was done in the
regime of low conversion efficiency, with the output
beam of the laser attenuated to a few watts. In this
regime the generation of the second harmonic gives a
good indication for single-pulse operation, because
the conversion efficiency is significantly lower in the
case of multiple pulsing owing to the reduced peak
power. The measured data agreed well with numeri-
cal simulations for single-pulse operation and also
with measurements done with the laser operating at
low average power in an air atmosphere. Even
though the setup was not optimized for maximum
SHG efficiency, we obtained 30 W of average power at
515 nm when pumping with 57 W of pump power.
This corresponds to a pulse energy of 2.4 �J in the
green.

In conclusion, we obtained 5.1 �J pulses with a du-
ration of 800 fs from a passively mode-locked
Yb:YAG thin disk laser and an unoptimized SHG
pulse energy of 2.4 �J. The average output power is
63 W, and the output is nearly diffraction limited
with an M2 value of 1.1. The increase in pulse energy
was made possible by identifying the nonlinearity of
air as a significant contribution to the total nonlin-
earity in a thin disk laser cavity. Flooding the laser
cavity with helium has allowed us to eliminate this
contribution and to decrease the repetition rate to
12.3 MHz. The current result is limited by the avail-
able pump power and optics for a further increase of
the cavity length. We therefore believe that a further
increase of the pulse energy is possible, e.g., by using
a multiple-pass cavity8,9,20 to increase the cavity
length while simplifying the setup and reducing the
number of optics required.
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