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Abstract
Ultrafast lasers continue to be at the forefront of many scientific breakthroughs and technological achievements and
progress in the performance of these systems continue to open doors in many new and exciting interdisciplinary
fields. In particular, in the last decade, the average power of ultrafast lasers has seen a significant increase, opening up
exciting new perspectives. Among the different technologies that have shaped these advances, thin-disk lasers have
generated particularly spectacular breakthroughs. We review here the latest state-of-the-art of the technology and
highlight new application fields of these cutting-edge laser systems.
Keywords: High-power lasers, Ultrafast lasers, Thin-disk lasers

Introduction
For several decades, Ti:Sapphire (Ti:Sa) laser technology
has been the main workhorse of ultrafast laser science.
Commercially available Ti:Sa multi-stage laser amplifiers
routinely provide energetic mJ-class pulses in the nearinfrared (NIR) with durations of few tens of femtoseconds and gigawatts to petawatts peak powers. As a gain
material, Ti:Sa offers significant advantages for ultrafast
lasers: a very large and broadband emission crosssection and good thermal conductivity make it an
excellent candidate for the direct generation and amplification of ultrashort pulses. However, high saturation
power and high doping levels are not possible while
maintaining a good crystal quality, therefore longitudinally pumped bulk crystalline media in combination with
small pump spots are typically required to achieve
efficient laser operation. The poor heat extraction in this
(bulk) geometry, combined with a large quantum defect,
strongly limits the average power achievable from these
systems to a few tens of watts in best cases, even with
cryogenic cooling. As a result, typical Ti:Sa amplifier systems with high energy operate at repetition rates of few
hundreds of Hz to few kHz; while on the other hand, Ti:
Sa mode-locked oscillators typically operating at tens of
megahertz repetition rate remain at very low pulse
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energy (in the nanojoule range). In many areas of
science and technology, this compromise is a strong
limitation or, in some cases, even a showstopper.
The emergence of new laser technologies based on Yb:
doped gain materials in geometries that are more advantageous for heat extraction (fibers, slabs, thin-disks) has
made it possible to overcome this unwanted compromise, and ultrafast laser systems based on all these
architectures have now long surpassed the kilowatt average power milestone as depicted in Fig. 1 [1–5]. This
new performance regime has not only allowed to
overcome the actual limitations in many existing fields,
but also has opened the door to many new applications.
In the following, we place the focus of the present
review paper on one ultrafast laser technology where
progress in the last decade has been particularly remarkable – ultrafast thin-disk lasers (TDLs).

State-of-the-art
The thin-disk laser geometry

The TDL concept dates back to 1994 and was invented
by A. Giesen and coworkers [6] at the Institut für
Strahlwerkzeuge (IFSW) of the University of Stuttgart,
Germany. In a TDL, the gain medium is shaped like
a very thin (typically in the range of 100 to 300 μm)
disk with a large diameter in comparison to its thickness (Fig. 2). The back side of the disk is coated with
a highly reflecting mirror for both the pump and
laser wavelengths and contacted on an appropriate
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Fig. 1 Pulse energy versus repetition rate of representative state-of-the-art ultrafast lasers based on different geometries, both amplifiers
and oscillators

heatsink (in latest results most commonly diamond).
The front side is anti-reflection coated for the same
wavelengths. In this way, the gain medium can be
very efficiently water-cooled through the backside and
used in a resonator or amplifier in reflection (as an
“active mirror”). If the pump and laser spot sizes
applied are correspondingly large (typically one to
two orders of magnitude larger than the thickness), a
one-dimensional heat-flow is obtained, and the scaling
of the average output power can simply be achieved
by increasing the pumped area and pump power by
the same factor. Because of the short length of the
gain medium, a correspondingly small single-pass
absorption and gain are typically achieved in this
geometry: both efficient pumping of solid-state laser

media and amplification with significant gain in this
geometry therefore require multiple-passes through
the gain medium. For pumping, this is achieved by
the implementation of an optical system composed of
a parabolic mirror and prism-retro-reflectors that
allow re-imaging of the pump beam on the thin-disk
as many times as required to obtain sufficient pumplight absorption [7]. Commercially available industrial
pumping modules with up to 72 pump-light passes
provide the necessary platform for efficient pumping
in this geometry. For efficient amplification, multiple
passes are achieved either in a resonator (oscillator or
regenerative amplifier) or by geometric multiplexing
(like the pump pass arrangement as depicted in Fig. 2
a) or a combination of both.

Fig. 2 TDL concept a) Schematic illustration of one of the most typically used arrangement (to scale of a typical Yb:YAG TDL): multi-pass pumping
and single-pass gain. The re-imaged pump beam after each disk pass can be thought of as multiple beams impingent on the disk with decreasing
intensity at each bounce. A similar multi-pass arrangement can be made for the laser beam b) schematic side view of the disk (not to scale)
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In addition to an excellent heat extraction, the thindisk geometry offers significant advantages for ultrafast
operation. The large mode areas on the gain medium
and the short propagation distance of the pulses through
the gain medium make it inherently advantageous for
small nonlinearities at very high pulse energies. TDL
regenerative and multi-pass amplifiers have proven to be
extremely successful to scale energy and average output
power of ultrafast laser systems to new frontiers, exceeding the kilowatt average power with pulse energies raging from the multi-millijoule to the multi-hundreds of
millijoule level [3, 4]. The extremely high pulse energies
achievable stand in strong contrast to what is achievable
with kilowatt-class chirped fiber amplifiers. Additionally,
the TDL geometry offers the unique possibility of direct
mode-locking of oscillators with very high average power
operating in the multi-MHz repetition rate with tens of
microjoules of pulse energy. This again stands in strong
contrast with other geometries such as fibers and slabs,
where high-power oscillators are difficult to power and
energy scale, due to the long interaction length between
the pulses and the gain medium. Since their first demonstration in the year 2000 [8], mode-locked thin-disk oscillators have consistently achieved orders of magnitude
higher average power and pulse energy than any other
ultrafast oscillator technology, reaching comparable
levels to advanced high-power amplifiers operating at
MHz repetition rate [9].
Ultrafast TDL systems

In Fig. 3, we present schematically the different concepts
nowadays used for the generation and amplification of
ultrashort pulses in the thin-disk geometry, with
hundreds of watts to kilowatts of average power. Most
state-of-the-art results have been achieved using Yb:
doped garnets, due to their small quantum defect and excellent thermo-mechanical properties, sufficient bandwidth
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for femtosecond operation, and well-established manufacturing perfection in the TDL geometry. We therefore focus
our discussion on these laser systems.
In a thin-disk multi-pass amplifier, the core components are the thin-disk itself and the array of mirrors to
allow the geometrical folding of the seed beam though
the disk. Figure 3-a shows a schematic of such an amplifier. The amplifier medium consists of an anti-reflection
coated, plane-parallel Yb:YAG (or Yb:LuAG) thin-disk
(typically with a radius of curvature of > 20 m, a thickness of ~ 100 μm) mounted on a diamond heat sink. The
beam path is folded over the disk by an array of 40 to 80
plane mirrors, allowing for a total gain of one to two
orders of magnitude. To avoid tight foci along the beam
propagation in the amplifier, a collimated seed beam
is used. At sufficient seed energy, amplified pulse
energies approaching the Joule-level have been
demonstrated [10].
In a thin-disk regenerative amplifier, multiple passes
through the gain medium are achieved by placing the
disk in a resonator with a Pockels cell, which controls
the number of roundtrips and ejects strongly amplified
pulses after many roundtrips (Fig. 3-b). For particularly
high-energy, chirped-pulse amplification (CPA) may be
employed, i.e. the seed pulses may be temporally
stretched to ns durations, typically in a fiber Bragg
grating, and a larger beam-diameter pulse compressor
can be used for the amplified beam, allowing for multiGW peak powers. However, in contrast to fiber (i.e.
waveguide-confined) lasers, intra-cavity nonlinearities
can be avoided by scaling the transverse beam size at
many orders of magnitude higher peak powers, such that
CPA can often be avoided in thin-disk regenerative
amplifiers.
In modelocked thin-disk oscillators (Fig. 3-c), a singletransverse mode, high-power laser oscillator is modelocked to generate ultrashort pulses. These systems are

Fig. 3 Schematic illustration of the different schemes for the generation of ultrashort pulses with hundreds of watts to kilowatts with thin-disk
lasers. a) multi-pass amplifier b) regenerative amplifier c) modelocked oscillator (here illustrated is the case of SESAM modelocking)
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very attractive, because they provide energetic pulses at
MHz repetition rate from a compact, single oscillator,
and they may even give access to increased intra-cavity
peak powers. Most commonly, Semiconductor Saturable
Absorber Mirror (SESAM) [11] soliton-modelocking
[12, 13] or Kerr-Lens modelocking [14] are used for
pulse formation, and nonlinearity and dispersion must
balance each other at each roundtrip of the pulses
throughout the resonator. In this case, it is particularly challenging to achieve robust single-mode operation, stable modelocked pulses at extremely high
intracavity average and peak powers, free of damage
of intracavity optics. Other modelocking mechanisms
in the weak positive dispersion regime have been
attempted [15, 16], but so far with limited success. A
promising route currently being explored is the use of
modelocking regimes which are more tolerant to
strong nonlinearities, as commonly exploited in fiber
lasers [17], but proof-of-principle experiments remain
so far undemonstrated.
Most recent state of the art

Thin-disk regenerative amplifiers [18, 19] have
progressed particularly fast. Since their introduction as
the world’s first high average power industrial ultrafast
lasers with 50 W of average power back in 2007 they
have become the most successful commercial ultrafast
lasers for direct micromachining [20]. The first high
power industrial femtosecond lasers exceeding 100 W,
demonstrated in 2013, were based on a CPA thin-disk
regenerative amplifier, and obtained gigawatt peak
powers [21]. Such peak powers are even possible in
CPA-free systems using cm-size Pockels cells [22]. Most
recent results of CPA based thin-disk regenerative amplifiers have demonstrated 200 mJ of pulse energy at 1 kW of
average power in 1-ps long-pulses (i.e. approaching TW
peak powers) at 5 kHz repetition rate [3]. Progress is underway to reach the J-level at kW average power by using
several thin-disk multi-pass amplifiers in series [10]. Thindisk multi-pass amplifiers used as booster amplifiers of
medium power regenerative thin-disk or fiber-bulk amplifiers has also seen spectacular progress, evolving from systems capable of delivering very high pulse energy at
moderate average power [23] to kW level amplifiers with
very large parameter flexibility [4, 24, 25]. The latest experiments led to the extraction of up to 2.45 kW at a
repetition rate of 300 kHz, corresponding to a pulse energy of more than 8 mJ, and a pulse duration below 8-ps
[26]. Very recently, an average output power of > 1 kW
with ultrashort pulses of a duration of ~ 500 fs, and a
pulse energy of 1 mJ have been achieved in the context of
the project Hiperdias [27].
Modelocked TDLs are very promising for applications
benefiting from very high repetition rates in the multi-
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MHz regime. Average powers up to 275 W with 600 fs
long pulses at 17 MHz, corresponding to a peak power
of 26 MW [28], and pulse energies up to 80 μJ with 1-ps
pulses (66 MW of peak power) [29] have been demonstrated with SESAM modelocking. Further scaling to
350 W of average power has most recently been announced [30]. Comparable average powers and peak
powers have also been demonstrated with Kerr-lens
modelocking, where 270 W with 330 fs pulse duration
(38 MW peak power) have been reached [31] and more
recently, 150 W with 150 fs pulses (60 MW peak power)
[32]. Naturally, Kerr-lens modelocking achieves shorter
pulse durations, although a compromise between output
power and pulse duration also needs to be met. Many of
these results were achieved by operating the oscillator in
vacuum chambers [28, 29, 32] to minimize the detrimental nonlinearity of air, which affects modelocking
stability at highest intracavity peak power. Alternatively,
the intracavity power can be reduced by multiplying the
number of gain passes inside the modelocked resonator.
This approach (also referred to as “active multi-pass
cell”) was demonstrated early on using SESAM modelocking, and impressive results were achieved [33],
reaching 40 μJ pulse energy without the need for
vacuum.

Applications
Much of the progress achieved in the development of
these powerful ultrafast laser systems has been driven by
the growing industrial market of ultrafast lasers for
high-precision material processing. Cold ablation of a
large variety of materials can be driven at higher speeds
with high repetition rate, high energy ultrafast lasers. In
fact, many of the above-mentioned state-of-the-art laser
systems have been demonstrated in an industrial R&D
environment. In this field, the advantages of kW ultrafast lasers are starting to be demonstrated: for example,
efficient processing of carbon fiber reinforced polymer
(CFRP) with negligible thermal damage was demonstrated, which was enabled by the application of a thindisk multipass amplifiers system that generates ps pulses
at an average output power exceeding 1 kW [34]. More
recently, very high productivity surface structuring of
steel for antibacterial applications has been demonstrated using the same amplifier system [35]. Additionally, new findings appear to show that glass cutting can
still be scaled significantly further [36].
In scientific research, many efforts to increase the
average power of NIR ultrafast TDLs have aimed at
increasing the flux of XUV pulses obtained via high
harmonic generation [37]. Large progress in this area
has been achieved with high-power ultrafast fiber
amplifiers [38], however, significant progress is also expected in the near future with TDL driving sources, in
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particular at much high energy levels, as the availability
of shorter pulses keeps making progress. This will benefit a large number of time-resolved experimental
methods using XUV pulses, which could be dramatically
improved with higher flux [39]. One example is the
study of ionization dynamics using coincidence measurements, where long recording times are necessary to
reach reasonable statistics. In this case, a higher repetition rate allows to significantly reduce measurement
times and/or improve signal-to-noise ratio. Another
example is the study of photoemission dynamics from
surfaces, where space charge effects limit the applicable
pulse intensity, therefore a high repetition rate is desired
to reach sufficiently high signal-to-noise ratio at lower
excitation intensity.
In parallel to the large progress achieved in abovementioned areas, other applications areas are nowadays
emerging that benefit from the availability of ultrafast
laser sources with ever-increasing average power. Several
large research consortia have been established in the last
years aiming to explore the new possibilities offered by
these laser systems: the laser lightning rod project which
aims to use filaments to divert lightning [http://llr-fet.eu/],
the FemtoSurf project to explore multi-beam processing [https://cordis.europa.eu/project/rcn/219130/factsheet/en], the kW-Flexiburst project to explore next
generation processing at kW average power and GHz
repetition rates [https://cordis.europa.eu/project/rcn/
219108/factsheet/en], the LAMPAS project aiming to
explore large scale surface functionalization [https://cordis.europa.eu/project/rcn/219130/en], and the Hiperdias
project to explore processing of Si and Diamond at kW
class femtosecond laser pulses [www.hiperdias.eu], to cite
only a few examples.
It is important to notice that many new areas will also
emerge as these laser systems are explored as driving
sources for further nonlinear conversion. In general,
there is a clear trend toward extending high-power
operation to a wide spectral range ranging all the way
from the XUV [40] to the terahertz (THz) regime
[41], going through the deep-UV and the mid and
far-IR ranges [42].

Conclusion
The enormous application potential of these novel
sources is only now starting to bloom, going together
with their increasing commercial availability. We believe
that in the near future, many new applications will
emerge. All these systems are far from reaching their
fundamental limitations: we expect that they will continue breaking frontiers in terms of pulse energy, average
power and peak power in the next few years. Further
average power scaling will most likely require multiplexing the number of gain amplification elements to spread
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the thermal load over several disks, such as is already
the case in the kW class regenerative amplifier. Ongoing
progress in various components for extremely highpower levels (optics, dispersive elements, etc.) will be
key in these achievements.
One important challenge for use of these sources in
scientific applications remains to extend current power
and energy records to significantly shorter pulse
durations. One attractive path to achieve this is using
novel broadband gain materials to generate short pulses
directly. All record-holding ultrafast laser systems mentioned above are based on the relatively narrowband
gain material Yb:YAG, which poses many challenges to
achieve sub-100 fs pulse durations with highest power
and energies. Finding new gain material capable of
supporting the current performance levels of Yb:YAG
while providing more broadband amplification remains
one challenge in the field, both with oscillators and amplifiers. Whereas many other more broadband Yb-doped
materials have been tested in the thin-disk geometry,
mostly in modelocked operation in the goal of obtaining
short pulses [43–47], most results remain in the proofof-principle state with moderate average powers < 30 W
and/or low pulse energies < 2 μJ, due to the low quality
of novel gain crystals and additional difficulties related
to the generation of very short pulses. Ongoing efforts
to improve the quality of this and other Yb-doped
broadband gain materials are expected to bring further
improvements to the achievable levels. In parallel to
these efforts, large progress has been made in finding
paths for efficient external pulse compression of these
high-average power laser systems using hollow-core
fibers [48], multi-pass cells [49–52], hybrid setups including multi-plate compressors [53], and even spectral
broadening in the amplifier itself [54] bringing these
applications one step closer. Additionally, as the pulse
durations from these systems keeps getting shorter and
approach the few-cycle regime, carrier-envelope phase
control becomes increasingly relevant, in particular for
high-power oscillators which can be used as powerful
seeds for booster amplifiers [55, 56].
More recently, laser materials based on other dopant
ions have started to be explored for the TDL geometry.
The first proof-of-principle demonstration of a Ti:Sa
laser in the thin-disk geometry was achieved most
recently [57]. Whereas the latest obtained results still remain moderate for the thin-disk geometry (13 W) [58],
this represents an important first milestone in the potential direct generation of high-power few-cycle pulses at
high average power. Furthermore, external pulse compression obviously allows for reaching few-fs pulse
durations even starting from the (sub-) picosecond regime [51, 52]. Finally, extending the wavelength coverage
available from TDLs to longer wavelengths also
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represents a very promising research direction for ultrafast thin-disk oscillators and amplifiers, which would expand the application possibilities of these sources even
further. Recently, a first Kerr-lens modelocked oscillator
based on Ho:YAG has been demonstrated with 25 W,
270 fs [59] and further reports on CW operation with
record-high power (50 W for Ho:YAG and 24 W for Tm:
YAG, [60]) illustrate the potential of this emerging area.
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