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We demonstrate a self-starting Kerr-lens mode-locked (KLM) Yb:YAG thin-disk oscillator operating in the regime of
positive intracavity group-delay dispersion (GDD). It delivers 1.7 ps pulses at an average power of 17 W and a
repetition rate of 40 MHz. Dispersive mirrors compress the pulses to a duration of 190 fs (assuming sech2 shape;
Fourier limit: 150 fs) at an average power level of 11 W. To our knowledge, this is the first KLM thin-disk oscillator
with positive GDD. Output powers of up to 30 W were achieved with an increased output coupler transmission and
intracavity GDD. We demonstrate increase of the pulse energy with increasing positive intracavity GDD, limited by
difficulties in initiating mode-locking. © 2012 Optical Society of America
OCIS codes: 140.3480, 140.3580, 140.4050, 140.5680.

The power scalability of the thin-disk technology makes
it a promising candidate for developing the next genera-
tion of femtosecond oscillators, yielding average output
powers exceeding 140 W [1,2], pulse energies of 40 μJ [1],
and pulse durations of 700–1000 fs. Until recently, all
thin-disk oscillators have been mode-locked with semi-
conductor saturable absorber mirrors (SESAM). Their
moderate modulation depth and finite relaxation time
prevented the generation of pulses shorter than 700 fs in
Yb:YAG in a high-power regime. Nearly gain-bandwidth-
limited pulse generation from a thin-disk Yb:YAG
oscillator was recently demonstrated via Kerr-lens mode-
locking (KLM) [3]. This KLM thin-disk oscillator exploits
>90% of the whole emission bandwidth of Yb:YAG and
generates 200 fs, 0.4 μJ, and 270 fs, 1.1 μJ pulses [4]. This
work identified the combination of the thin-disk concept
with KLM, the method of choice for sub-10 fs few-cycle
pulse generation from Ti:sapphire oscillators [5,6], a pro-
mising approach to a reliable power-scalable femtose-
cond laser technology.
Passive mode-locking of disk lasers can be realized

both in the regime of negative (i.e., anomalous) or posi-
tive (i.e., normal) GDD [4,7,8]. The first KLM disk laser
was operated in the regime of negative (i.e., anomalous)
GDD. As a follow-up of our previous work on KLM disk
laser technology, in this Letter we report on the operation
of such a system in the regime of positive intracavity
GDD and demonstrate power scaling with GDD.
Positive intracavity GDD already showed its potential

in the energy scaling of long-cavity Ti:Sa oscillators [9]
reaching pulse energies of >500 nJ [10] and, more re-
cently, >650 nJ in commercial systems [11]. The ap-
proach has also been applied to SESAM mode-locked
Yb:KYW and Yb:KLuW bulk [12] and thin-disk [13] oscil-
lators allowing a substantial increase of intracavity pulse
energy. Nevertheless, while constituting the standard
operation regime of femtosecond fiber oscillators [14],
positive GDD is still an exception to the rule in bulk
solid-state oscillators. Our experimental setup, sketched

in Fig. 1, includes a 220 μm thin 0.1° wedged Yb:YAG disk
of 7% doping. A disk head (Dausinger� Giesen GmbH) is
aligned for 24 passes of the pump beam through the gain
medium with a pump spot diameter of 3.2 mm. The thin
Yb:YAG disk (soldered to the CuW heat sink) is used as
one of the folding mirrors in a standing-wave cavity
pumped by fiber-coupled diodes that are centered at a
wavelength of 940 nm providing super-Gaussian pump
mode profile. The average mode radius inside the cavity
is 1.2 mm, the beam radius on the disk is 1.3 mm (defined
as 1 ∕ e2 of intensity drop) and 1 mm on the weak SESAM
(ΔR < 0.1%, F sat > 400 μJ ∕ cm2 grown at 400 °C).

Owing to the large mode size on the disk and its low
thickness, KLM calls for a separate nonlinear medium
and a cavity section resulting in a tightly focused beam
(R1-R2 in Fig. 1). The beam radius is approximately
50 μm inside the Kerr medium. First, pure KLM was tried
by using a hard aperture; however, all our attempts to
start this mode of operation proved unsuccessful (as op-
posed to the system operated with negative GDD, where

Fig. 1. (Color online) (a) Schematic of the KLM Yb:YAG disk
oscillator. Some of the flat mirrors are high-dispersion mirrors
with ≈�250 fs2 and ≈�1000 fs2 per bounce. OC, an output cou-
pler with 5.5% or 10% transmission; R1, R2 concave mirrors with
0.3 m radius of curvature; R3, −4 m; R4, 4 m; K , 6.4 or 9.5 mm
thick fused silica plate placed in the focus at the Brewster angle;
M , weak SESAM. The pulse repetition rate is 40 MHz. The os-
cillator is placed inside a box of the size of 1 × 0.4 m2. (b) The
beam profile in the mode-locked and CW regimes.
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hard-aperture KLM could be readily started [4]). There-
fore, results reported in this Letter were achieved with
soft-aperture KLM and the assistance of a weak SESAM
employed merely for self-starting mode-locking.
Positive intracavity GDD has several advantages over

the negative one. First, the peak power inside the oscil-
lator is drastically reduced owing to large pulse chirp and
remains constant with the energy scaling. As a result, the
GDD needed to stabilize a pulse is by approximately an
order of magnitude less than needed in the regime of ne-
gative GDD. It also reduces constraints on the high-
dispersive optics which has low bandwidth and damage
threshold. Alternatively, at the same magnitude of GDD,
the positive operation regime is expected to allow higher
maximum pulse energy than the negative GDD regime,
since the energy scaling in presence of positive GDD is
superior to the one with negative GDD [15].
These benefits come at the expense of a more challen-

ging start-up behavior of the mode-locking process. In
practice, pulse formation with positive GDD can only be
initiated within a limited parameter window (of self-
phase modulation (SPM) and GDD values). In contrast
to negative-GDD KLM, which tends to get started in a
multiple-pulse regime as in [4], positive intracavity GDD
tends to prefer the formation of a single pulse in the
cavity.
As compared to our KLM disk laser operated originally

with a net intracavity GDD of −22000 fs2 [4] we chose
positive GDD nearly an order of magnitude smaller
while leaving other parameters of the cavity unchanged.
The round trip GDD of�3500 fs2 was introduced by four
bounces on dispersive mirrors. This modification of the
cavity did not allow mode-locking. We therefore subse-
quently increased SPM inside the cavity by replacing
the 1 mm thick fused silica nonlinear medium by one with
a thickness of a quarter of an inch (6.4 mm). In this con-
figuration, with an output coupling of 5.5%, we achieved
17 W of average power at 150 W of pump power, which
corresponds to an optical-to-optical efficiency of 11%.
Under these conditions, we measured a pulse duration
of 1.7 ps (assuming a sech2 pulse shape) with a full spec-
tral width of over 20 nm, see red spectrum in Fig. 2. This
indicates the large effective modulation depth of the
KLM mechanism. The calculated Fourier limit is 150 fs.
The pulses have been compressed externally in an all-
dispersive mirror compressor introducing −60.000 fs2

GDD at 20 bounces [16]. The resulting pulse duration
after the compressor is 190 fs FWHM (assuming a sech2

pulse profile) with 11 W throughput (Fig. 3). The rela-
tively high loss of 40% in the compressor is caused by
clipping the beam on the mirrors. The pedestal in the
autocorrelation trace (Fig. 3) may be caused by the high
dispersive mirrors, which have been designed for the
range 1030� 10 nm and could be slightly shifted in cen-
tral wavelength because of the coating deposition errors
[16]. Depending on the mode-locking parameters, the
spectrum can exhibit strong nonlinear chirp at the edges,
a common feature of the positive dispersion regime. The
autocorrelation with pedestal may be due to the uncom-
pensated nonlinear chirp [8].
The spectral shapes in Fig. 2 have relatively smooth

edges as a result of the narrow gain bandwidth and the
relatively large net loss, (see [15]) and become more

truncated with the GDD growth. Also, there is an asym-
metry of spectra relatively to the emission bandwidth
maximum at ∼1030 nm. This can be explained by the si-
milar asymmetric shape of Yb:YAG gain [4] and phase
change in such a narrowband gain medium [17]. It is
worth noting that spectral filtering caused by relatively
narrow gain bandwidth is dominant in our case in con-
trast to fiber lasers.

After the self-starting of the oscillator it was slightly
realigned to operate closer to the stability edge by means
of increasing the distance d (see Fig. 1) and proportion-
ally the pump power. This optimization procedure typi-
cally provided an increase of the average power by 30%.
Blue, olive, and black spectra in Fig. 2 were obtained
with such an optimization and measured with 10% output
coupler transmission and 9.5 mm thick Kerr plate. An ex-
treme case is the red spectrum in Fig. 2, measured with
5.5% output coupling and a 6.4 mm thick Kerr plate. In
this case the output power could be increased by 50%,
from 12 W to 17 W.

The pulse buildup process is rather hard and starts
most likely from Q-switching. This Q-switching often re-
sulted in white light generation and occasionally da-
maged the Kerr medium but never damaged any other
optics in the cavity. Strong Q-switched mode-locking

Fig. 2. (Color online) Spectra at different output power levels.
The red spectrum was measured at 17 W of output power, a
5.5% output coupler and a 6.4 mm thick Kerr plate. The other
spectra were measured with 10% output coupler and 9.5 mm
thick Kerr plate.

Fig. 3. (Color online) Autocorrelation at 17 W of output power
and 5.5% output coupler (measured with an APE Pulse Check
autocorrelator) after the dispersive-mirror compressor.
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was also observed several years ago and prevented us
frommode-locking a thin-disk oscillator [18] with SESAM
only in the regime of positive GDD because of damage.
A slight increase of the pump power by 3%–5% with all

other parameters fixed resulted in a tendency to instabil-
ities and strong Q-switching, similar to that in the buildup
process. The decrease of the pump power by the same
amount always brought the laser back into the stable
regime. This was characterized by typical peak-to-peak
amplitude fluctuations of <3% within the 1 min measure-
ment time, a value significantly higher than that for the
negative GDD regime [4].
As was predicted [15], a positive GDD regime in com-

bination with soft-aperture KLM can provide a powerful
energy scaling without the need for a substantial GDD
increase and comprising bandwidth. Nevertheless, we
found experimentally that the energy growth increasingly
impedes the ability of the laser to self-start and requires
an increase of the GDD level for self-starting KLM for
both 5.5% and 10% output coupler transmissions. It is this
GDD growth, required for self-starting, that in fact results
in spectral narrowing (Fig. 2). This behavior is similar to
the one reported in [19,20]. The oscillator could substan-
tially benefit from the ability to tune the GDD inside of
the cavity and use this knob to implement hysteresis in
energy versus GDD coordinates. This was realized by
means of two prisms [19,20].
Within the range �3500–�10000 fs2 the oscillator self-

starts. Attempts to initiate mode-locking at an increased
GDD level >�10000 fs2 were not successful. Further
power scaling of the oscillator in positive dispersion re-
gime was limited by the inability to start mode-locking.
Even though that the difficult mode-locking initiation
can be explained qualitatively by the long chirped pulses,
especially being critical for KLM, the details and theore-
tical investigation of the starting mechanism remains one
of the most intriguing and noninvestigated issues for
energy-scalable oscillators. This work provides strong
motivation for theoretical research of the starting me-
chanism, specifically, in presence of positive GDD.
In conclusion, by using a Yb:YAG thin-disk laser with a

cavity configuration previously mode-locked in the re-
gime of negative intracavity GDD via pure KLM [4] as
well as pure SESAM [18] techniques, we realized stable
mode-locking with positive intracavity GDD. This allows
direct experimental and theoretical comparison of differ-
ent mode-locking techniques and energy scaling laws. We
have demonstrated 0.4 μJ pulses with an average power
of 17 W and a pulse duration of 190 fs. This result is rea-
lized with nearly one order smaller GDD in comparison
to the negative GDD regime. Increase of the pulse energy
with GDD (at increased pump power) and output cou-
pling up to 30 W was demonstrated, however, approach-
ing GDD levels similar to the negative dispersion regime
(Fig. 2). Inability to start the oscillator at an increased

GDD level was found to be the limiting factor in further
energy scaling. An additional starting mechanism, such
as regenerative mode-locking [21] or SESAM with an in-
creased modulation depth, offers the potential for scaling
the pulse energy and the power of KLM disk lasers to un-
precedented values.

This work was funded by the Munich-Centre for
Advanced Photonics (MAP) and the Photonic Nanoma-
terials (PhoNa) research initiative.
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