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Abstract We present the first passively modelocked thin
disk laser (TDL) with sub-100-fs pulse duration using
the broadband sesquioxide gain material Yb:LuScO3; and
an optimized SEmiconductor Saturable Absorber Mirror
(SESAM). In this proof-of-principle experiment, we ob-
tained 5.1 W of average power at a repetition rate of
77.5 MHz and a pulse duration of 96 fs. We carefully ex-
plored and optimized the different parameters on the soliton
pulse formation process for the generation of short pulses.
In particular, SESAMs combining fast recovery time, high
modulation depth and low nonsaturable losses proved cru-
cial to achieve this result even though they are expected
to only play a minor role in soliton modelocking. To our
knowledge, these are the shortest pulses ever obtained with
amodelocked TDL, reaching for the first time the sub-100-fs
milestone. This result opens the door to sub-100-fs oscilla-
tors with substantially higher power levels in the near future.

1 Introduction

To date passively modelocked thin disk lasers (TDLs) [1] us-
ing SEmiconductor Saturable Absorber Mirrors (SESAMs)
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[2] enable the highest average powers and pulse energies
of any femtosecond oscillator technology [3]. The thin gain
medium of only a few 100 um allows for efficient heat re-
moval and provides excellent linear and nonlinear optical
properties. A record high average output power of 141 W
with a pulse duration of 738 fs has been demonstrated with
the novel sesquioxide gain material Yb:LuyOs3 [4], whereas
a pulse energy >30 uJ has been demonstrated in 1-ps pulses
using the well-established gain material Yb:YAG [5]. In
principle, the output power of modelocked TDLs can be
scaled up by increasing the beam diameters on both the thin
disk gain medium and the SESAM, without detrimental non-
linear effects. TDLs are therefore excellent candidates for
applications that require energetic femtosecond pulses from
table-top sources operating at MHz repetition rates [6, 7].

To date, sub-100-fs pulses directly from a TDL have
not been achieved [8]. Therefore, external pulse compres-
sion of TDLs was applied based on different techniques
such as passive spectral broadening using self-phase mod-
ulation (SPM) [9], active spectral broadening in fiber am-
plifiers [10], and compression in gas-filled hollow core
fibers [11]. Although impressive performance has been
reached with these systems, they usually suffer from a re-
duced temporal quality of the pulses and an increased com-
plexity compared to a simple SESAM modelocked laser
oscillator. SESAM modelocked thin disk lasers operate in
the soliton modelocking regime [12], supporting transform-
limited sech’-shaped pulses directly from an oscillator with
a footprint similar to that of a low-power oscillator.

A strong effort in novel Yb-doped laser material devel-
opment [13, 14] is motivated by sub-100-fs pulse genera-
tion from modelocked TDLs. This requires not only a broad
emission bandwidth [15, 16] but also excellent optical and
mechanical properties for manufacturing and mounting thin
disks with a crystal thickness in the 100-um range.
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Fig. 1 Overview of the pulse duration of modelocked thin disk lasers:
(a) Evolution of the minimum pulse duration of modelocked thin disk
lasers compared to other Yb-doped oscillators, showing the recent
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sub-100-fs regime. (b) Average power of SESAM modelocked thin
disk lasers versus pulse duration. The gradient illustrates the current
research effort to extend short pulse durations into the multi-100-W

progress in terms of pulse duration reaching for the first time the regime

Fig. 2 Schematic of the Yb:LuScO,

Yb:LuScO3 modelocked thin thin disk SESAM
disk laser cavity that allowed the laser head
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Since the first demonstration of modelocked TDLs in the
year 2000 [17], seven different Yb-doped materials have
been investigated in modelocked operation in the thin disk
geometry (Fig. 1). For many years, Yb:KYW held the record
in terms of pulse duration with 240 fs at an average power
of 22 W [18]. However, further power scaling was hindered
by the anisotropic thermal properties of this material. Very
recently, the first Kerr lens modelocked (KLM) [19] TDL
was demonstrated using Yb:YAG generating 17 W average
power with pulse duration of 200 fs [20]. Recent progress
in the growth of high quality sesquioxide materials has at-
tracted great attention [21, 22]. Yb:LuyOs3 already holds the
record in terms of average power from a passively mode-
locked oscillator [4] and very recently, 142 fs pulses were
reported from this material exploiting >70% of the avail-
able 12 nm emission bandwidth [23]. This shows the great
potential of this material also in terms of short pulse gener-
ation. Even larger emission bandwidths can be reached by
growing mixed sesquioxide materials [24, 25] such as the
isotropic material Yb:LuScO3 with 22 nm of emission band-
width. This material has already proved its great potential
for short pulse generation with the recent demonstration of
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195 fs [26]. Here, we used the same gain material but opti-
mized key components for broadband modelocking. In this
way, we were able to demonstrate 5.1 W of average power at
a repetition rate of 77.5 MHz and a pulse duration of 96 fs,
reaching the sub-100-fs regime for the first time. In the near
future, power scaling will allow to reach the multi-100 W
level at these short pulse durations.

2 Experimental setup

The laser setup is shown in Fig. 2. We used a 200-um thick
Yb:LuScOj3 thin disk mounted on a 1.4-mm thick diamond
which was water-cooled directly through the back surface
for efficient heat removal. Efficient pump absorption in the
narrow zero-phonon line of Yb:LuScO3; was achieved with
a volume Bragg grating (VBG) stabilized pump diode [27]
emitting at a central wavelength of 976 nm with a narrow
linewidth of <0.5 nm. The pump module was arranged for
24 pump passes through the disk, enabling a pump absorp-
tion of >95%. The pump spot diameter on the disk used
throughout the experiment was 1.9 mm. For stable soliton
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modelocking [15], we introduced five Gires—Tournois Inter-
ferometer (GTI) type mirrors that accounted for 2800 fs? of
negative group delay dispersion (GDD) per roundtrip. Two
uncoated YAG plates inserted at Brewster’s angle with thick-
nesses of 5 and 7 mm maintain linear polarization and in-
troduce self-phase modulation (SPM) to balance the neg-
ative GDD. Using only one plate would minimize small
losses introduced at Brewster’s angle. However, at the time
of the experiment, the maximum thickness available was
7 mm, therefore, two plates were introduced at the expense
of a small loss in output power. We used an output cou-
pler with 2.6% transmission and an uncoated SESAM with
the following measured parameters [28]: saturation fluence
Fg = 36 pJ/cmz, a modulation depth AR = 3.3%, non-
saturable losses ARys = 0.7%, and a fast recovery time of
T1/e = 1.9 ps.

3 Modelocking results

Stable modelocking was obtained with up to 5.1 W of av-
erage power with an optical-to-optical efficiency of 11%.
The pulse duration at the maximum power level was 96 fs
(Fig. 3). The laser operated at a repetition rate of 77.5 MHz.
The pulses were close to the transform-limit of the spectrum
with a time-bandwidth product of 0.33 (ideal sech? 0.315).
These are, to our knowledge, the shortest pulses ever ob-
tained from a modelocked TDL, reaching for the first time
the sub-100-fs regime.

This experiment targeted an investigation of the limits in
terms of pulse duration of soliton modelocked TDLs. Ac-
cording to theoretical predictions, the key element to achieve
short pulses is the gain bandwidth of the material [15, 16].
Although the SESAM parameters have only a small influ-
ence on the minimum achievable pulse duration, large mod-
ulation depths, and fast recovery times are beneficial to push
the pulse duration to the limits. This was confirmed with
our current result because key improvements in SESAM de-
sign resulted in sub-100-fs pulse durations for the first time.
These new SESAMs combined >3% modulation depth and

an extraordinary fast recovery time of 7y = 1.9 ps. In our
case, we used small laser mode areas on the gain medium
and the absorber, which resulted in a moderate average out-
put power but allowed for a relaxed cavity configuration [29]
without Q-switching instabilities [30]. Future SESAMs with
multiple quantum wells and dielectric topcoatings for higher
saturation fluences and damage thresholds [31] are expected
to reach higher power levels.

4 Conclusion and outlook

Our experimental results represent a first proof-of-principle
demonstration of modelocked TDLs with sub-100-fs pulse
duration. This was achieved with the broadband sesquiox-
ide material Yb:LuScO3 (22 nm of FWHM emission band-
width) and optimized SESAM parameters. Although the
output power level in this experiment is moderate, higher
powers are feasible at these short pulse durations by us-
ing larger disks, increased mode areas on the gain medium
and on the SESAM. Furthermore, designing SESAMs with
similar fast recovery times and high modulation depths but
larger saturation fluences, lower two-photon absorption ef-
fects and higher damage thresholds [31] will support fur-
ther power scaling at these short pulse durations. We target
power scaling of SESAM modelocked TDLs to the multi-
100-W regime with sub-100-fs pulse durations.
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