1100318

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 1, JANUARY/FEBRUARY 2015

Toward Milljjoule-Level High-Power
Ultrafast Thin-Disk Oscillators

Clara J. Saraceno, Florian Emaury, Cinia Schriber, Andreas Diebold, Martin Hoffmann, Matthias Golling,
Thomas Siidmeyer, and Ursula Keller, Fellow, IEEE

(Invited Paper)

Abstract—SESAM modelocked thin-disk lasers have recently
reached new frontiers and remain the leading technology in terms
of average power and pulse energy, setting new performance levels
for ultrafast oscillators. The milestones achieved seem to indicate
that there are no major roadblocks ahead to achieve further scaling
of modelocked oscillators to kilowatt output powers and millijoule
output pulse energies. In this paper, we review the current state
of the art and present the next steps toward future generations of
millijoule, kilowatt-class ultrafast thin-disk oscillators.

Index Terms—High-power lasers, ultrafast lasers, modelock-
ing, semiconductor saturable absorber mirror (SESAM), thin-disk
laser (TDL).

I. INTRODUCTION

LTRAFAST laser sources have enormous impact on many
disciplines of science and technology. A growing number
of research areas, for example in physics, chemistry, medicine
and biology daily rely on laser sources that produce pulses with
femtosecond to few picosecond pulse durations, and that reach
peak powers sufficient to unveil phenomena that occur on this
timescale. Traditional Ti:Sapphire oscillators and amplifiers still
remain the main workhorse for most applications in research.
However, growing needs for faster acquisition times and higher
yields are currently boosting demands for ultrafast sources with
ever-increasing average power, i.e. ultrafast sources that com-
bine high peak power and high repetition rate.
One important example that has been driving the development
of such sources is the field of strong-field physics [1], [2], for
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Fig. 1. Overview of state-of-the-art ultrafast sources combining high repeti-

tion rate and high pulse energy [8]-[11], [14]-[20]. The dashed lines represent
constant average power. Current modelocked thin-disk oscillators with record
high pulse energy and high average power (red crosses) achieve comparable
performance to that of amplifier systems at megahertz repetition rates.

example high-harmonic generation (HHG) [3] or attosecond sci-
ence [4]. The highly nonlinear processes involved in such exper-
iments typically require long integration and therefore long mea-
surement times, which is exacerbated when using systems that
operate at low repetition rates (typically in the kHz regime) [1].

Another prominent application field that has also played a
major role in boosting research on ultrafast high average power
laser systems is in industry, for high-speed and high-precision
micromachining of a wide variety of materials including met-
als, glasses and semiconductors [S]. The increasing speed of
available scanners now justifies the use of laser systems with
very high repetition rates [6]. For these applications, sources
with a few picoseconds pulse durations are typically sufficient,
but some specific materials benefit from femtosecond pulse
durations [7].

The progress made in the last years in the field of ultrafast
high-power sources has been tremendous [8]-[11]. The main
drivers of this progress have been diode-pumped solid-state laser
technologies, mostly based on amplifier chains. The common
point between all these technologies, namely fiber, slab and disk,
is the outstanding cooling geometry of the gain medium, which
is suitable for high average power operation and power scaling
(see Fig. 1). Among these laser geometries, the thin disk concept
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Fig. 2. Evolution of average power and pulse energy from modelocked thin
disk lasers since their first demonstration in the year 2000, together with the
evolution of the maximum power in single-transverse fundamental mode CW
operation from a single-disk resonator.

[12], [13] is ideally suited for short pulses as both nonlinearities
and thermal distortions are kept to a minimum.

The use of thin disk technology for power scaling of ultrafast
sources, both modelocked oscillators and amplifiers, has gained
significant ground in the past few years [9], [11], [17], [18].
High-power modelocked thin-disk lasers (TDLs) are an ele-
gant option among these power-scalable technologies. Unprece-
dented high energy and average power levels can be reached
directly from a passively modelocked oscillator without any ex-
tra amplification. This has many potential advantages compared
to amplifier systems with similar performance: for example in
terms of noise level and pulse quality, but also in terms of re-
liability, long-term stability and complexity provided that the
required industrial engineering effort is applied to these sys-
tems, which remain to-date only available in research environ-
ments. Since their first demonstration in the year 2000 [21],
modelocked TDLs have outperformed other types of ultrafast
oscillators in terms of output average power and pulse energy
and a steady increase in the achievable levels illustrates the
potential for further scaling (see Fig. 2).

Most of the energy and power scaling of modelocked TDLs
has been achieved with Yb:YAG as gain material [22]. This
material has outstanding properties for TDLs and benefits
from many years of industrial development, making disks with
outstanding quality commercially available. In terms of average
power, 275 W have been achieved with an Yb:YAG TDL oper-
ated in a vacuum chamber to reduce the parasitic nonlinearity
caused by the air inside the oscillator. The repetition rate of this
TDL was 16.3 MHz and the obtained pulse duration was 583 fs,
resulting in a pulse energy of 17 uJ and a peak power of 26 MW
[11]. Using the same concept to reduce nonlinearity, energy
scaling was successfully achieved and resulted in the recent
demonstration of a pulse energy of 80 wJ. In this case, the
oscillator operated at a repetition rate of 3 MHz and an average
power of 242 W [18]. The pulse duration achieved was 1.07 ps,
and the resulting peak power of the sech’-shaped pulses was
66 MW.

Although Yb:YAG is the most commonly used gain material
for power and energy scaling in the thin disk geometry, it is worth
noting that a large number of other suitable Yb-doped materials
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Fig. 3. Output pulse energy versus pulse duration of modelocked TDLs

demonstrated to date, illustrating the current ongoing challenge of reducing
the pulse duration available with > 10 pJ to the sub-100 fs regime. The dashed
curves represent constant peak power. An overview of the different results pre-
sented in this graph is given in [30].

are currently being investigated. In particular, an important area
of research is devoted to extending the record performance of
TDLs to the short pulse duration regime (<200 fs), using ap-
propriate gain materials with broad gain bandwidths [23]-[27].

In Fig. 3, the output pulse energy versus pulse duration of
modelocked TDLs demonstrated to-date based on different Yb-
doped materials is illustrated. As we can see, TDLs with pulse
durations <200 fs remain limited in output pulse energy, and
current systems with high pulse energies still require challenging
external pulse compression schemes to reach this performance
[28], [29]. The difficulties involved in the generation of high-
energy levels, which will be discussed in this paper, are greatly
increased for shorter pulse durations as nonlinearities scale with
intracavity peak power. In addition, the quality of the available
broadband materials is not yet comparable with that of Yb: YAG.
However, it is expected that the quality of these novel materials
as well as the corresponding contacting techniques will keep
improving, which will support the goal of combining record-
high average power and pulse energy levels with these extremely
short pulse durations. In the meantime, this remains one of the
crucial milestones not yet achieved for such lasers.

One important group of materials that are outstanding candi-
dates in this goal are Yb:doped cubic sesquioxides [31], [32].
Their potential for the thin-disk geometry has already been con-
firmed. In 2010, a modelocked TDL based on Yb:LuyO3 with
141 W of average power at a pulse duration of 738 fs was
demonstrated [33], which held the record for the highest av-
erage power from a modelocked TDL for many years. With
this same material, pulses as short as 142 fs were achieved at
moderate average power (7 W) [34], but indicating the poten-
tial for power scaling with very short pulse durations. In 2012,
using the mixed sesquioxide crystal Yb:LuScOj the sub-100 fs
milestone was reached for the first time [35], followed in 2013
by the demonstration of an Yb:CALGO TDL reaching 62 fs
[36], which currently holds the record of the shortest pulses ob-
tained to-date from a modelocked TDL. Although the power
levels in these initial proof-of-principle sub-100 fs demon-
strations are limited to the sub-10 W regime, we can expect
power scaling to several tens of microjoules and hundreds of
watts, similar to what is currently achieved with Yb:YAG, in the
near future.
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Fig. 4.

Schematic view of the pumping scheme of TDLs, illustrating a
24-pump pass pumping module.

In this paper, we discuss the next steps toward the future
generation of kW-class modelocked oscillators with pulse en-
ergies in the millijoule range. Recent results show that single
fundamental transverse mode TDLs can reach up to 4 kW of
continuous-wave (CW) power (see Fig. 2) [37], which should
support kW-level modelocked oscillators with the targeted high
pulse energies. We will review recent progress, current limita-
tions and discuss alternatives to overcome them. We will focus
on harnessing nonlinearities and thermal effects on different
intracavity components, and address SESAM optimization for
the targeted levels, aiming for minimizing oscillator complex-
ity. The currently reached milestones allow us to foresee that
millijoule-level, kilowatt-class oscillators appear feasible in the
near future.

II. MODELOCKING OF HIGH-POWER THIN DISK LASERS
A. Power Scaling Considerations

The excellent cooling scheme of the disk geometry [12], [13]
allows for straightforward power scaling with minimal ther-
mal lensing and aberrations and therefore for operation with a
fundamental Gaussian beam even at very high output power.
Stable single transverse mode operation is a crucial requirement
for passive modelocking and a Gaussian beam results in the
highest peak power for a given pulse energy. Power scalabil-
ity of TDLs is based on the use of a very thin gain medium
(typically <200 pm) contacted (typically glued or soldered) on
a water-cooled heatsink. Until recently, most commonly used
heatsinks were copper alloys (copper or copper-tungsten) with
a thermal expansion coefficient matched to that of the disk.
However, the use of disks glued on diamond [38] has proved
to yield best performance in recent results both in CW [37],
[39] and pulsed operation [9], [11], [17]. The gain disk has a
highly reflective coating on the backside and an anti-reflective
coating on the front side for both the pump and laser wave-
lengths and can therefore be used in reflection in a laser resonator
(see Fig. 5). Efficient pumping of the disk-shaped gain medium
is achieved by recycling the unabsorbed single-pass pump
light in a multi-pass geometry (see Fig. 4). Typical commer-
cially available thin-disk pumping modules are arranged for 24
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pump passes through the thin disk (but modules exist with up
to 44 passes).

If the thickness of the disk is negligible compared to the pump
spot diameter (typically more than one order of magnitude), the
heat flow is nearly one-dimensional. In this configuration, in-
creasing the spot size area and power by the same factor will
keep intensity, thermal gradients and maximum temperature
constant on the disk. For applications where beam quality is not
of primary importance, this concept can be applied nearly with-
out restrictions: these limits are discussed in detail in [13]. The
highest CW power demonstrated so far from one single disk in
a multimode resonator is 6 kW [37], which is still far from the
limits suggested in [13]. However, for passive modelocking, sta-
ble single-transverse mode operation is crucial. Different trans-
verse modes have slightly different sets of longitudinal modes,
and instabilities occur when trying to simultaneously lock these
modes in phase. The fundamental Gaussian mode provides the
highest peak intensity, and is therefore favorable. It is therefore
not surprising that progress achieved in the average power of
modelocked TDLs goes hand-in-hand with progress achieved in
power scaling of TDLs in single fundamental transverse-mode
in CW operation (see Fig. 2). In this case, the requirements on
the contacting, gain material quality and resonator design are
significantly more stringent. Residual small thermal aberrations
need to be compensated by an appropriate cavity design [40],
[41] or with adaptive optics [42]. Very recently, an impressive
4 kW of CW power was reported with a measured M? of 1.38,
using Yb:YAG as a gain medium and without the need for any
adaptive optics in the resonator [37]. This latest achievement
paves the way to passively modelocked oscillators in the kW
average power regime.

B. Modelocking of High-Power TDLs

The TDL geometry is ideally suited for passive modelocking
with high average power and high pulse energy. Compared to
other bulk and fiber approaches, the use of a thin gain medium
provides amplification with small interaction volume, which
results in low accumulated nonlinearities. However, the resulting
low-gain per disk pass typically leads to low gain per roundtrip
in standard resonator geometries. Therefore, ultrafast TDLs op-
erate with intracavity average powers and peak powers signifi-
cantly higher than the corresponding output (see Table I), and
modelocking instabilities need to be tackled. This represents
one of the main challenges for pulse energy scaling of this tech-
nology. However, it is worth noting that the high intracavity
peak powers available inside TDLs can also be exploited for
certain applications in a similar way to passive enhancement
cavities. This approach is particularly promising for HHG and
XUV frequency combs [34].

The most common regime of operation of modelocked TDLs
is the soliton modelocking regime [43]-[46], started and stabi-
lized by a semiconductor saturable absorber mirror (SESAM)
[47], [48]. The resulting sech’ shaped transform-limited pulses
even at extremely high output power levels are an inherent ad-
vantage of this type of oscillators compared to systems rely-
ing on recompression of chirped pulses such as chirped pulse
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Fig. 5. Schematic layout of a SESAM-modelocked TDL.

amplification (CPA). SESAMs are perfectly suited for power
and energy scaling of high-power oscillators, as they can be
designed to have high-damage thresholds in order to withstand
extreme intracavity conditions [49]. When designed appropri-
ately, they benefit from the same power scaling features as the
thin disk gain medium: the beam area on the SESAM and the
pulse energy can be scaled by the same factor, keeping a constant
level of saturation.

In Fig. 5 we present the layout of a typical SESAM soliton-
modelocked TDL. The laser oscillator footprint is not signifi-
cantly more complex than that of a standard low-power oscil-
lator. In the most standard layout, the disk is used as a folding
mirror in a linear cavity, but ring TDLs have also recently been
demonstrated in the Kerr Lens Modelocked (KLM) regime [50].
For some specific applications, such as intracavity HHG, uni-
directional oscillation is preferred, justifying the use of a ring
oscillator. However, in this configuration, the gain per roundtrip
is half that of a linear cavity. This increases the difficulties linked
to high intracavity average and peak powers when the oscillator
is operated efficiently. In addition, the layout for a few MHz
high-energy ring cavity becomes easily impractical due to the
length of the resonator (for example in a ring cavity, a 3 MHz
modelocked oscillator has a length of ~ 100 m). The difficulties
linked to increasing the resonator length will be discussed in
Section III. In this paper, we focus on output power and pulse
energy of modelocked TDLs. In this goal the linear resonator is
then preferable to the ring configuration, and we will focus the
discussion on this type of resonator.

During each round-trip in the cavity, the circulating pulse
accumulates a certain nonlinear phase due to self-phase modu-
lation (SPM). If the total phase shift due to SPM is not too strong
(typically than some hundred mrad per roundtrip), the resulting
spectral phase can be compensated by negative second-order
group delay dispersion (GDD), typically introduced with nega-
tive dispersion mirrors. Provided that the SESAM has the correct
parameters to start and stabilize the modelocking mechanism,
a sech? soliton pulse is formed. Once the soliton is started and
stabilized, its full-width half maximum pulse duration 73, only
depends on the balance between dispersion and SPM, according
to the well-known soliton formula [46]:

2|E|
= 1. 1
Tp = 167 3 (D
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where D is the total GDD per roundtrip in s, E,, the intracavity
pulse energy, and +y the total cavity SPM coefficient expressed
in rad/W and given for a Gaussian beam by:
kn LS )

2 2P M )

Wy

v=2

where ns is the nonlinear refractive index of the SPM medium
expressed in m?/W, Lgpas the total length of the SPM medium
as seen by the pulses in one roundtrip of the resonator, wy the
beam waist at the SPM medium and k& = 27 /A. Formula (2) is
valid provided that the beam size does not change significantly
throughout the length of the SPM medium, which is the case for
example for the thin gain medium in TDLs or for a thin Brewster
plate. For modelocked TDLs with very high pulse energies, the
nonlinearity of the air inside the resonator is typically the main
contribution to the SPM coefficient, and integration throughout
the spot size distribution of a specific laser cavity is needed
to evaluate the ~y-factor. The corresponding formula will be
presented and discussed in Paragraph II-E.

For modelocked TDLs that operate with a higher number
of passes through the disk to increase the gain per roundtrip,
the achievable pulse duration is longer and the soliton formula
needs to be adapted to take into account the degree of output
coupling [51]. As we aim to minimize complexity, we focus
here on resonators with few passes through the disk, where
the standard soliton formula can be applied. Although the final
pulse duration achieved in this regime does not depend on the
absorber parameters, the SESAM plays a crucial role in the
stabilization of the pulses, as it can influence whether a targeted
pulse duration can be reached in a stable configuration with a
certain SPM and GDD balance in the resonator, and can affect
the maximum tolerable SPM phase-shift per roundtrip.

Another important aspect for modelocking of high-power
TDLs are Q-switching instabilities that can occur due to compet-
ing saturation effects of the gain and the absorber, in particular
as large beam sizes are used on both components [52]. This
has so far not represented a crucial limitation due to the very
high intracavity pulse energies involved. However, as we move
to kilowatt average powers, spot sizes on laser and absorber
will be substantially increased and such instabilities could po-
tentially become non negligible, in particular as this regime
typically results in damage of intracavity components due to the
very large peak powers reached.

An important property of these high-power modelocked os-
cillators is their intrinsically low noise level. This property is
fairly uncritical for industrial applications, but is crucial for
the targeted scientific applications, where noise of the driving
source can be greatly amplified in the highly nonlinear processes
involved.

The low gain per roundtrip inherent to the thin-disk geometry
results in high quality factor (Q-factor) resonators in the standard
cavity designs we focus on in this article. This allows for very
low quantum noise limit, which can be aimed for with proper
stabilization electronics. For many years, it was believed that
the highly multimode pumping scheme of TDLs could degrade
the noise properties of such high-power oscillators. In particular
a complete stabilization (frequency and carrier-envelope phase)
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was believed to be impossible. However, we recently demon-
strated that the carrier envelope phase of this type of oscillator
can be reliably detected and tightly stabilized to a reference
[53], illustrating their outstanding noise properties. This opens
an even larger range of applications for these sources in the
field of frequency metrology and precision spectroscopy using
these high-power sources as frequency combs. A detailed inves-
tigation of the noise properties of such high-power oscillators
is currently in progress, which will allow to precisely com-
pare their performance to amplifier systems delivering similar
performance.

Other modelocking regimes have been explored in the thin-
disk geometry. Recently, Kerr-lens modelocked TDLs have at-
tracted attention as a modelocking regime where large fractions
of the available gain bandwidth can be exploited [50], [54], [55].
In conventional KLM oscillators, the gain medium is the main
source of nonlinearity and provides the necessary spatial Kerr
lens for the modelocking mechanism. In a thin-disk oscillator,
the gain medium is very thin and the laser beam radii on it
are typically large, resulting in a negligible Kerr effect. There-
fore, a separate Kerr medium is commonly used, for example
a fused silica or undoped YAG plate placed at a focus in the
resonator.

Although this type of modelocking mechanism applied to
TDLs has gained significant ground in the past few years, they
do not reach the peak power, average power, pulse energy and
pulse duration performance demonstrated by SESAM soliton-
modelocked TDLs so far, and it still remains unclear whether this
type of oscillators can be energy scaled in a straightforward way.

In Kerr-lens modelocking, the sources of SPM and self-
amplitude modulation (SAM) originate in one single cavity el-
ement. The resulting strong coupling of spatial and temporal
effects can become detrimental at extremely high peak pow-
ers. Furthermore, this eliminates the possibility to optimize the
strength of these two crucial parameters independently, which
will pose increasing challenges as these oscillators approach
several tens of kilowatts of intracavity average power and tens
of millijoules of intracavity pulse energy. In contrast, in SESAM
soliton modelocking, the SESAM parameters can be tuned for
stable modelocking, and SPM can be adjusted independently
for example by changing the air pressure inside the resonator,
or simply by placing a Brewster plate in a loose focus in the
resonator.

In addition, as the KLM mechanism relies on the spatial
Kerr-effect, stable modelocking is closely related to the spatial
resonator modes, which requires extremely careful cavity de-
sign, operation at the edge of resonator stability and intracavity
elements with nearly zero thermal lensing. These design con-
straints will also be greatly increased when trying to operate
with many tens of kilowatts of intracavity average power. In
SESAM soliton modelocked TDLs, the cavity design can be
optimized for robust single-fundamental mode at the center of
the stability zone greatly simplifying cavity design constraints.

Therefore, we believe energy and power scaling by increasing
the mode sizes in this type of oscillators will result in increased
difficulties to operate such oscillators reliably. Taking into ac-
count these aspects, we believe that the next step in energy and
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Fig.6. Top: Structure and calculated standing wave intensity pattern for center
wavelength normalized to incoming intensity [58] of a standard antiresonant
SESAM design and zoom into absorber section, in this case with three InGaAs
QWs. Bottom left: Nonlinear reflectivity showing the typical saturation behavior
of a SESAM. The macroscopic parameters are: Fg,: saturation fluence, AR:
modulation depth, A R,,5: nonsaturable losses, F5: rollover coefficient. Bottom
right: Picture of SESAMs used in high-power lasers. The large SESAM is 2.5 cm
X 2.5 cm and was designed for use in high-power TDLs.

average power scaling of modelocked TDLs will most likely
still be achieved with SESAM soliton-modelocking.

The chirped-pulse oscillator (CPO) regime has also been ex-
plored in the thin-disk geometry [56], [S7]. However, in the few
demonstrated results, power scaling was hindered by the diffi-
culty of achieving robust starting and operation of the oscillator.
It is worth noting that this regime was possibly not explored
further in this oscillator geometry because the limits of soli-
ton modelocking have not been reached yet. This regime will
most likely be explored in more detail as the intracavity peak
powers inside modelocked oscillators are increased, reaching
fundamental nonlinearity limits.

C. High-Power SESAMs

Modelocked TDLs operate at very high intracavity average
power and pulse energy and therefore require SESAMs with
adapted saturation and damage parameters.

SESAM structures are most commonly grown by Molecular
Beam Epitaxy. A commonly used SESAM structure is illustrated
in Fig. 6 (top). It consists of a distributed Bragg reflector for the
laser wavelength (AlAs/GaAs) and an absorber section that is
usually formed by one or several InGaAs quantum-wells (QWs)
embedded in GaAs or AlAs and placed in an antinode of the
resulting standing-wave electric field pattern.

The anti-resonant low-finesse SESAM is the most standard
design used for high-power TDLs, because the resulting field in
the semiconductor structure is low. An example of the character-
istic reflectivity versus fluence response and different relevant
macroscopic parameters are shown in Fig. 6.

The requirements for SESAMs in high-power TDLs are:

1) Large saturation fluence Fi,; (typically >100 pJ/cm?)

are preferred as they allow us to operate with moderate
spot sizes. Spot size scaling relaxes these requirements,
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but difficulties associated with beam distortions, thermal
effects and laser resonator stability are then also increased.
This will be discussed in more detail in Section III-A.

2) Moderate to low modulation depths AR in the order of
one percent are typically sufficient given the small gain
per roundtrip in TDLs. Modulation depths >1% up to
a few percent are required in specific cases for example
when the oscillator gain per roundtrip is increased by
multiplying the number of gain passes through the disk,
or when exploiting large fractions of the available gain
bandwidth is targeted.

3) Low nonsaturable losses AR, are desired to avoid ther-
mal effects.

4) Rollover shifted to high fluences: At very high fluences,
effects such as two-photon absorption and/or free-carrier
absorption result in a reduction of the reflectivity leading
to a “rollover” in reflectivity, characterized by the fit pa-
rameter F5. Avoiding operation in this regime is crucial
for TDLs, as it can favor multiple pulsing instabilities and
damage [49], [59]-[61]. When the SESAM is operated
beyond this “rollover”, several low-energy pulses circu-
lating in the cavity can have a gain advantage compared
to a single high-energy pulse [62].

5) Damage: In a recent investigation, this rollover was also
identified to be the main cause of damage of the samples
in the regime of operation of high-energy TDLs [49].
Therefore, shifting the rollover to higher fluences also
results in samples with increased damage threshold.

Taking into account these requirements, guidelines were es-

tablished to design SESAMs with such suitable parameters [49].
The most important findings are summarized here:

1) Damage is caused by energy deposited in the sample due
to the rollover, which originates mainly from the layers of
the structure with a strong two-photon absorption coeffi-
cient and a strong electric field. The use of antiresonant
SESAMs and dielectric topcoatings is therefore beneficial
for high damage threshold and a rollover shifted to high
fluences.

2) The use of a dielectric top-mirror (for example a quarter-
wave stack of SiO, / Si3Ny) to increase the finesse of the
structure increases the saturation fluence of the SESAM
but reduces the modulation depth (the product of satura-
tion fluence and modulation depth is constant for a given
absorber section [49]), which is beneficial for the large
pulse energies inside TDLs.

3) The damage threshold is nearly independent of the ab-
sorber section, therefore multiple QWs can be used to
tune the modulation depth of the sample without chang-
ing its saturation fluence.

4) The growth temperature of the absorbers can be used
to tune the nonsaturable losses [63]. A lower growth
temperature results in a sample with a faster recovery
time but higher nonsaturable losses. Soliton modelocking
can tolerate absorber recovery times much longer than
the pulse duration [43] and for high-energy modelocked
TDLs the advantage of low nonsaturable losses is more
crucial. Therefore, the absorber sections are typically
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grown at >300 °C, resulting in typical nonsaturable losses
<0.1%.

It is important to notice that a shifted rollover allows us to
tolerate much higher pulse fluences free of multiple pulsing in-
stabilities. Therefore, increasing the saturation fluence to avoid
oversaturation of the SESAM only makes sense for samples
with an appropriately shifted rollover. In [18], stable mode-
locking was achieved with a high saturation parameter of S
~ 90 which was only possible by using an optimized SESAM us-
ing our guidelines. Furthermore, the fluence where the rollover
occurs scales with VT [59], therefore lasers operating with
longer pulse durations 7, also tolerate higher fluences without
multiple pulsing instabilities.

These guidelines indicate that a large number of QWs in com-
bination with a high reflectivity dielectric top-mirror represents
the best option for SESAMs for high-power oscillators. The
SESAM used in our latest average power and pulse energy scal-
ing results were fabricated using these guidelines and proved
crucial to achieve this record performance.

Applying this concept further by increasing the number of
QWs requires considering some fabrication constraints. A large
number of QWs (typically >3) will make the fabrication more
challenging as strain compensation will most likely be required
to achieve samples with the required vanishing nonsaturable
losses. Strain compensation is a common technique in semicon-
ductor growth and can be considered for future samples.

Furthermore, a small number of QWs (typically up to 3) can
be placed in the first antinode of the electric field, and a larger
number can be placed in the consecutive antinodes. However,
this requires adding significant amounts of semiconductor mate-
rial where the electric field is strong, which can in turn decrease
the damage threshold.

At the same time, a large number of dielectric top layers will
ultimately increase the thickness of the structure and limit the
thermal properties of the sample. The use of different dielectric
materials with high refractive index contrast is an alternative to
be considered that could partially solve this problem.

In the future targeted laser systems, larger spot sizes on the
SESAMs will therefore most likely be required in combination
with these high-damage threshold designs. We will discuss spot-
size scaling of SESAMs in Section III-A.

D. Pulse Energy Scaling

For scaling the pulse energy (I,) of modelocked TDLs both
the average power P,, and the roundtrip time T} = 1/ fie, of
the pulses can be increased according to

Ep =P, T. 3)

Typically, the available average power in fundamental single-
transverse mode operation is limited given constraints imposed
by the quality of the available disk and thermal aberrations
of both the disk and other intracavity components. In order
to maximize pulse energy, the roundtrip time of the pulses is
increased thus reducing the repetition rate of the laser.

This can be achieved in a convenient way by inserting
a Herriott-type multi-pass cavity (MPC) in the modelocked
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TABLE I

OUTPUT AND INTRACAVITY PARAMETERS OF STATE-OF-THE-ART SESAM MODELOCKED TDLS

Yb:YAG Yb:YAG Yb:YAG Yb:YAG
output parameters
average power 275 W 242 W 145W 45W
output pulse energy 17 pJ 80 puJ 41 11 pJ
repetition rate 16.3 MHz 3.0 MHz 3.5 MHz 4.0 MHz
pulse duration 583 fs 1070 fs 1120 fs 791 fs
peak power 25.5 MW 66.0 MW 322 MW 12.5 MW
intracavity parameters (OC rate) (11%) (25%) (72%) (11%)
average power 238 kW 968 W 201 W 450 W
pulse energy 146 puJ 320 puJ 57 uJ 113 pJ
peak power 220 MW 263 MW 452 MW 125.7 MW
dispersion —8100 fs? —28000 fs? —236000 fs? —20000 fs?
gamma 0.34 mrad/MW 0.29 mrad/MW 37.5 mrad/MW 9 mrad/ MW
nonlinearity
main origin of remaining nonlinearity remaining air pressure, nonlinearities in mirrors ~ remaining air pressure air helium, Brewster plate
total phase shift 75 mrad 76 mrad 1695 mrad 1125 mrad
technique to minimize total nonlinear phase shift vacuum vacuum multiple gain passes helium
SESAM
Fat 140 pJ fem? 120 p1.J /em? 61 p1J fem? 115 pJ /em?
AR 0.95% 1.1% 3.5% 0.6%
AR, <0.1% <0.1% not stated <0.1%
spot radius on SESAM 1.2 mm 1 mm 0.55 mm 0.7 mm
saturation parameter S = F'/ Fy 25 90 100 60

resonator [64], (Fig. 7). This type of cell is most commonly
used for absorption spectroscopy to increase the detection sen-
sitivity by increasing the interaction length of light with a gas
(also called long path absorption cells), but the concept can eas-
ily be adapted to be inserted in an ultrafast laser resonator [65],
and has already proved successful in high-energy modelocked
TDLs [18]. In [66], repetition rates below 1 MHz were obtained
in a modelocked oscillator using this type of arrangement, but
only at low power levels of = 500 mW.

A g-preserving Herriott-type MPC operates in a similar way
to 4f telescopes [67]: provided that the correct distance d be-
tween curved mirrors with a radius of curvature R is chosen,
the g-parameter of the input Gaussian beam remains unchanged
after propagation through the cell. They can then provide tens
of meters of additional propagation L according to the formula:

L—nd—nR(l—cos(277:>>7 “4)

where n is the number of passes on the curved surface with radius
of curvature R. Such cells can be built in a compact layout and
can be inserted at any position in the laser oscillator without
modifying the beam parameters at the input.

Such an MPC was used in our latest pulse energy scaling result
to 80 uJ, and this technique will most likely be used un future
systems. We will discuss the design trade-offs in Section III.

E. Sources of Nonlinearity

In modelocked TDLs, the maximum tolerable nonlinear phase
shift to achieve stable soliton modelocking is one of the most
crucial elements that need to be taken into account. All sources
of SPM need to be minimized in order to achieve the highest
possible intracavity peak power. As illustrated in Fig. 5, the

thin-disk oscillator layout is ideally suited in this goal, as all
intracavity elements are used in reflection.

The total nonlinearity of a modelocked resonator is character-
ized by estimating the SPM coefficient +, taking into account all
sources of nonlinearity seen by the pulses within one oscillator
roundtrip. The main sources of SPM in a typical modelocked
TDL are

1) Air (or corresponding gas) in the resonator

21 N2 gas

by S(z)

Leas

Yatm — 4. dZ, (5)

where S(z) is the area of the Gaussian beam at a position
z in the cavity, X is the lasing wavelength in vacuum and
N2 gas 18 the nonlinear refractive index of the considered
gas at a given pressure.

2) Thin gain disk

27 Ny disk
A Sdisk

With the gain medium being very thin, it is typically as-
sumed that the area of the beam does not vary along it,
therefore we obtain (6) with ¢4;4i the thickness of the disk
and Sy the corresponding laser beam area.

3) Brewster plate (BP)

Ydisk = 4 - 2tqisk- (6)

4 21 ng pp

B =4 * Spp

with tgp the thickness of the BP and and Spp the corre-
sponding area of the laser beam.

In low to medium energy TDLs, the main contribution to the

total nonlinear phase shift originates from the Brewster plate

introduced to control the amount of SPM and ensure a linearly

tgp, (N
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Fig. 7. Herriott-type multi-pass cavities can add several tens of meters of

propagation in compact folded layouts. Here, we illustrate a multi-pass cell
using a mirror with a radius of curvature R = 10 m and a number of passes
n = 8.

polarized output. In the goal of minimizing the sources of non-
linearity inside the oscillator, the Brewster plate can be replaced
by a thin-film polarizer (TFP).

In high energy TDLs with very long resonator lengths the
nonlinearity of the gas inside the cavity plays an increasingly
important role in the total introduced SPM, and was identi-
fied as early as 2006 as one of the main limiting factors for
energy scaling of such modelocked oscillators [67]. Several ap-
proaches have since then, been proposed to reduce this parasitic
nonlinearity.

In Table I, we summarized these different methods, together
with output parameters obtained from state-of-the-art high-
energy modelocked TDLs. We present for each result the v -
parameter corresponding to each resonator design, the resulting
phase shift per roundtrip at the intracavity peak power reached,
and the necessary amount of dispersion used in the experiment
to achieve soliton modelocking.

The first approach use to reduce the SPM coefficient was to
flood the oscillator with Helium, which has a lower nonlinear
refractive index n, than air at ambient pressure (see Table III).
In this way, the first ultrafast oscillator with >10 pJ pulse energy
[68] was achieved, and a clear confirmation that the previously
limiting factor to achieve these high pulse energies was the
parasitic contribution of the air to the nonlinearity [67].

Another interesting approach that proved successful for en-
ergy scaling of TDLs consists of reducing the ratio between in-
tracavity power and output power of the oscillator [69]. This can
be achieved by multiplying the number of gain passes through
the disk and correspondingly increasing the output coupling
rate. This is achieved at high laser efficiency as the gain per
roundtrip is increased. This method was successfully imple-
mented to demonstrate pulse energies >40 pJ at an average
power of 145 W [70]. In this result, the laser resonator was
operated at an output coupling rate of 72%, and 11 passes (44
single disk passes in a linear cavity with the disk used as a fold-
ing mirror) were used. The accumulated phase shift of >1 rad
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per roundtrip (see Table I), and the observed Kelly sidebands
in the spectral domain clearly indicate that further scaling was
hindered by operation of the oscillator in air. This large amount
of nonlinearity had to be compensated by an equally large amout
of negative dispersion of —237 000 fs?. Using this approach of
multiplying the number of gain passes, both the complexity of
the resonator and the requirements on the thermal lensing of the
disk become extremely critical. With Yb: YAG, the requirements
on the disk can be fulfilled using very thin disks contacted on
diamond. For novel materials, where the disk and contacting
quality is not yet as high, this point will be of more critical
importance.

In order to reach the highest possible pulse energies in simple
resonator geometries, a third approach was recently demon-
strated which consists of operating the modelocked resonator
in a pressure controlled environment by building the laser in a
vacuum chamber [11]. This approach has an important number
of advantages:

1) v can be reduced by several orders of magnitude (see
Table I), therefore tolerating orders of magnitude higher
peak power.

2) Since there is very little SPM in such lasers, the disper-
sion required for soliton modelocking is moderate, even
at very high intracavity pulse energies. This is beneficial
as dispersive mirrors with large amounts of dispersion per
bounce normally exhibit decreased thermal properties.

3) The nonlinearity can be controlled by varying the gas
pressure in the chamber, therefore the pulse duration can
be easily adjusted and optimized at a given pulse energy
within the limit of the available GDD per roundtrip (see
as an example Fig. 13).

4) Different gases can be used to flood the chamber for ex-
ample in the goal of improving heat removal.

5) Pointing fluctuations and turbulences due to air fluctua-
tions are avoided.

6) The oscillator operates in a clean environment, and no
dust particles can degrade the intracavity components.

One point that needs to be considered however, are the in-
creased thermal effects, in particular as we aim to keep simple
geometries with low number of passes through the gain medium.
For day-to-day long-term stability, low-absorption optics and
water-cooling of different critical elements in the resonator be-
comes then a crucial requirement.

III. NEXT STEPS TOWARD MILLIJOULE LEVEL TDLS

So far, we have discussed general important aspects in the de-
sign of high-power modelocked TDLs, which have been crucial
in achieving all the currently record-holding systems. However,
moving toward the next generation will require further improve-
ments. In the near future, we target modelocked oscillators with
output pulse energies in the millijoule regime and average pow-
ers in the kilowatt range. In simple oscillator geometries with
low gain per roundtrip, we therefore aim for intracavity powers
of tens of kilowatts and pulse energies of tens of millijoules. This
appears feasible given the latest scaling of CW fundamental
transverse mode TDLs to 4 kW [37]. We will discuss in this
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Fig. 8. Layout of the two oscillators used for power (275 W, bottom) and energy scaling (80 1J, top) of modelocked TDLs, picture of the vacuum chamber and

obtained experimental results in the two experiments (autocorrelation trace and optical spectrum of the sech? pulses). The large vacuum chamber was designed for
maximum amount of flexibility. However, its footprint can be significantly reduced by optimizing for a given oscillator layout.

section what we believe will be the most important aspects to
achieve these goals, based on the limitations currently observed
in our two laser systems with the highest average power and the
highest pulse energy. The results obtained, as well as the nonlin-
earity parameters, dispersion and SESAM parameters that we
will refer to during this section are summarized in Table 1. The
layouts of the two oscillators, a picture of the vacuum cham-
ber and the corresponding experimental results are presented in
Fig. 8.

A. Milestone 1: Modelocking at the Kilowatt-Level

One of the most important limits for average power scaling of
TDLs are thermal effects and damage that can occur in intracav-
ity optics, in particular for oscillators operated at low pressure
and with simple resonator geometries with a small number of
gain passes through the disk. Already today, intracavity levels
surpass the kW-level of average power (see Table I). In the lat-
est result where we have demonstrated 275 W [11], reaching
higher average powers was clearly hindered by thermal effects
that occurred in the dispersive mirrors required for soliton mod-
elocking. Such thermal effects manifest themselves as beam
degradation that prevents us to reach higher power level. There-
fore, significant improvement needs to be made in the thermal
properties of these critical intracavity components as we aim for
intracavity powers of several tens of kilowatts.

1) Damage and Thermal Effects in Intracavity Optics: The
problem of thermal effects and damage of mirrors has been
an important limitation in femtosecond passive enhancement
cavities for many years [71]. These problems have partially been
circumvented by using more adapted resonator designs with
large-mode areas on the mirrors [72], which recently enabled
impressive average power scaling to 400 kW intracavity power
with 250 fs pulses at 250 MHz [73].

Although in amodelocked TDL the presence of gain allows us
to tolerate higher amounts of losses compared to a high-finesse
enhancement cavity, the limitations imposed by thermal effects
and damage of cavity optics can be more severe for TDLs. In
contrast to passive enhancement cavities, large amounts of neg-
ative GDD are required to achieve soliton modelocking at high
pulse energy. In this goal, dielectric Gires-Tournois Interferom-
eter (GTID)-type mirrors with significant field enhancement in
the multilayer structure are commonly used. In this way, im-
portant amounts of GDD can be achieved per bounce, however
typically with a reduced bandwidth [74]. The use of low-loss
double chirped mirrors [75] can also be considered: however
the low maximum achievable dispersion per bounce still re-
mains impractical for the total overall amount of GDD required,
therefore GTI-type mirrors still remain the preferred choice for
such oscillators.

The large field enhancement in GTI-type mirror structures
directly translates into a higher parasitic absorption compared
to a standard highly reflective multi-layer stack, deteriorating



SARACENO et al.: TOWARD MILLIJOULE-LEVEL HIGH-POWER ULTRAFAST THIN-DISK OSCILLATORS

TABLE I
THERMAL CONDUCTIVITY AND COEFFICIENT OF THERMAL EXPANSION AT
ROOM TEMPERATURE OF DIFFERENT POSSIBLE SUBSTRATE
MATERIALS FOR DISPERSIVE MIRRORS.

[e% K
Material 107¢/°C,at25°C  W/(m-K)
Fused silica 0.5 1.4
Undoped YAG 8.2 14.0
Sapphire (avg) 5.8 24.1
Silicon Carbide 4 150
Diamond (CVD) 1 1800
Ultra Low Expansion (ULE) glass <1078 1.3
Zerodur <1076 1.5

The values were taken from datasheets of common providers of optical-
grade substrates. However, it should be noted that values are given as a
reference, but can vary for different manufacturers.

thermal properties and increasing losses. In high-power TDLs,
pulses are at the moment still restricted to >500 fs. Therefore,
the bandwidth requirements for flat GDD can easily be fulfilled
by commercially available dispersive mirrors with high disper-
sion per bounce (typically <—500 fs? per bounce). However, the
aforementioned thermal issues of GTI-type mirrors still repre-
sent a limitation in our latest average power and energy scaling
results. Therefore, this represents one critical issue where sig-
nificant improvement needs to be made.

Power absorbed in the coating results in heating of the mirror
substrate leading to a deformation with a focal length f given
by [76]:

Iiwg

f o (3)

b)
a Py

where P,js is the absorbed power in the coating, which is
proportional to the mirror absorption coefficient, « the thermal
conductivity (in W/m-K), « the coefficient of thermal expansion
(in /K) and w the beam waist on the mirror.

According to Formula (8), the use of larger spots on these
critical cavity components results in smaller thermal lensing.
However, some resonator stability considerations need to be
taken into account: the tolerable variation of a lens in a laser
resonator is inversely proportional to the square of the spot size
on this lens [41]. This has been discussed in the context of TDLs
for the thermal lensing of the thin disk already in [40], where the
increased difficulty of operating TDLs with large spot size areas
in the gain disk is highlighted. The same arguments hold for
other intracavity optics that exhibit thermal effects: in order to
support resonators with larger spot sizes, mirrors with negligible
thermal lensing are crucial.

Important efforts are therefore currently being made to design
highly dispersive mirrors with very low absorption by using op-
timized material compositions, and using deposition techniques
that support dense coatings [74]. However, commercially avail-
able solutions are not widespread, and very little data is reported
on damage thresholds and thermal effects at MHz repetition
rates and with sub-picosecond pulses. Nevertheless, as interest
in such high-power oscillators increases, detailed investigations
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are being carried out, which are slowly leading to significantly
improved mirror structures [77].

Another potential improvement can be achieved by optimiz-
ing the properties of the mirror substrate. Improving the thermal
conductivity alone is not sufficient: a good ratio between thermal
expansion coefficient and thermal conductivity is required. Fur-
thermore, the polishing quality and price of large substrates is
another important aspect to be considered in the choice of a sub-
strate. In Table II, different materials that could be used as mirror
substrates are listed with their corresponding thermal conduc-
tivity and thermal expansion coefficient values. It appears that
a good option consists of using materials with ultralow thermal
expansion coefficient at room temperature such as Ultra Low
Expansion glass (ULE, Corning) or Zerodur (Schott), which
can be polished with similar quality to Fused Silica. Such im-
proved low-absorption coatings in combination with optimized
substrates should support the next average power-scaling step
of modelocked TDLs.

2) Flatness, Thermal Effects and Damage of SESAMs: Ther-
mal effects in SESAMs have so far, not represented a bottleneck
for power scaling of modelocked TDLs. In modelocked opera-
tion, the power deposited as heat in the SESAM is very small,
even at the high intracavity powers achieved so far. This is par-
ticularly the case as TDLs operate at very strong saturation of the
absorber, therefore the deposited power into heat is in a good
approximation restricted to the vanishing nonsaturable losses
which are usually <0.1%.

However, as we target tens of kilowatts of intracavity power,
this small fraction can become sufficient to create a thermal lens.
The discussion of the previous paragraph concerning thermal
lensing of dispersive mirrors then also applies to the SESAM:
particularly as larger spot sizes will become more crucial to sup-
port tens of millijoules of intracavity pulse energy. Furthermore,
the requirement on the flatness and contacting to the heatsink
of the SESAM will become increasingly critical, even in cases
where thermal lensing is negligible. As we can see in Table I,
the spot radius used on SESAMs in high energy TDLs has so
far never exceeded 1.2 mm. However, in our latest pulse energy
scaling result to 80 pJ, the flatness of the SESAM already rep-
resented a limitation, as we could not significantly increase the
spot size on the absorber without observing significant beam
degradation and power loss. This is illustrated in Fig. 10, where
the influence of varying the radius of curvature of the SESAM
on the mode size distribution of the resonator used for our latest
energy scaling result is shown for two different spot sizes on
the SESAM (1 mm and 2 mm). The increased demands on the
flatness and an eventual small thermal lensing of the SESAM
for larger spot sizes is here clearly illustrated: already at a spot
radius of 2 mm, a ROC smaller than 20 m results in significant
changes of the laser spot size on the gain disk, which will de-
grade the beam quality. It is important also to notice that this
only illustrates a spherical ROC, whereas in reality the surface
quality is most likely more complex.

To fully benefit from the outstanding power scaling and ex-
cellent damage properties of SESAMs in the next generation of
TDLs, these two aspects of better contacting and heat removal
will therefore be crucial. In the standard SESAM geometry,
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Fig. 9. Flip-chip bonding (‘“upside down”) SESAM fabrication procedure
(right) versus standard (“right-side up”) SESAM.

a thick GaAs substrate (typically =~ 600 pm thick) below the
thin SESAM (typically =~ 5 pm thick) limits thermal transport.
A well-known technique to improve thermal management of
semiconductor lasers is flip-chip bonding [78]. The same tech-
nique can be applied to SESAMs for high-power oscillators.
It consists of growing the semiconductor structure in reverse
order and then removing the substrate by selective etching (see
Fig. 9). The resulting structure is then only a few pm thick and
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Fig. 10.  Effect of an decrease of the ROC of the SESAM on the spot size

distribution of the resonator used for our latest energy scaling result for a I mm
(top) and b 2 mm (bottom) spot size radius on the SESAM. The increased spot
size on the SESAM is achieved by modifying the magnification of the telescope
in the resonator arm where the SESAM is placed, which results in no change
of the mode size distribution in the rest of the cavity layout. The dashed line
indicates the position of the disk, and the red line, the position of the SESAM.

can be cooled extremely efficiently if contacted on an appro-
priate heatsink (see for example Table II). Processing of such
samples is however more challenging than the standard struc-
tures. In order to support the desired spot size scaling, large
samples need to be fabricated. The surface quality needs to be
excellent and homogeneous in large areas, which is challenging
with chemical etching. Nevertheless, we successfully fabricated
a large sample (2.5 % 2.5 cm), which is currently being tested for
surface roughness, flatness and operation in a modelocked TDL
with significantly larger spot sizes.

Using these large samples with improved flatness and thermal
properties, we target upside down SESAMs with a uniform ROC
larger than 100 m. In the laser layout of our 80 pJ TDL, this
should support spot radius >3 mm which would already allow us
to increase our intracavity pulse energy by nearly a factor of 10.

B. Milestone 2: Pulse Energy Scaling to the Millijoule Regime

1) Increasing the Resonator Length Using Herriott-type
MPCs: In order to achieve the highest possible pulse energy
at a given output power the most straightforward approach is to
increase the roundtrip time of the pulses as described in I1.D, by
adding a Herriott-type MPC. In our latest energy scaling result
to 80 wJ [18], we used a MPC with n = 8 and R = 10 m which
was folded once, with which we were able to increase our cavity
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Fig. 11.  (a) Total added distance (color map) as a function of radius of curva-
ture and number of passes of a g-preserving Herriott type MPC. (b) Footprint
of MPC (folded two times) as a function of radius of curvature and number of
passes.

length by 23.4 m and achieve modelocking at a repetition rate of
3 MHz. Reducing the repetition rate even further would allow us
to reach even higher pulse energies. However, for significantly
longer cavities, design considerations such as the overall inser-
tion loss and the footprint of the layout need to be considered.
One should also not forget that high repetition rates are desired
for the targeted applications; therefore reducing the repetition
below 1 MHz is not of interest.

In the design of such MPCs we have two degrees of freedom:
the radius of curvature R of the MPC mirror, and the number of
passes n. In Fig. 11(a), we plotted the total added propagation
distance (color map) D as a function of R and n using Formula
(4), and in Fig. 11(b), the footprint of such an MPC when
folded two times. Note that in these figures the color map is
just indicative to illustrate the trend, as the number of bounces
can just be discrete. In Fig. 12 we plot the total insertion loss
versus the number of bounces on mirrors for a reflectivity range
of the MPC mirrors between 99.8% and 99.98%. In this figure,
the loss of an MPC folded two times with n = 8 is represented
on the vertical axis by 32 bounces.

A compromise needs to be made between the desired added
propagation distance, the footprint of the MPC and the insertion
loss: as an example for a repetition rate of 2 MHz, the total linear
resonator length is 75 m, a MPC with =70 m added propagation
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Fig. 12.  Total loss in % of Herriott-type MPCs versus number of passes on

the optics for different reflectivities of the MPC mirrors. The loss of an MPC
folded times times with n = 8 corresponds to 32 bounces on mirrors.

distance is therefore desired. This can be achieved at a fixed
number of bounces n by increasing the radius of curvature R,
but this results in a significantly increased footprint.

Increasing the number of passes can then again reduce the
footprint. However, this can only be achieved up to a certain
extent given tolerable insertion losses and the need for very
large optics. The requirements on the reflectivity of the used
mirrors are then increased as well. In particular, the use of
simple resonators with low gain per roundtrip, which will be
sensitive to losses, makes these requirements more stringent.

Reducing the repetition rate of TDLs to <2 MHz will
therefore require the use mirrors with very high reflectivity
(>99.95%), which will be supported by the development of
low-absorption coatings discussed in Section III-A. The foot-
print of the oscillator will then also be increased: other novel
MPC designs may then have to be considered in combination
with techniques to reduce the overall insertion losses [79].

Therefore, we believe the next energy scaling step will not
target repetition rates <2 MHz. Further increase in pulse energy
will most likely require an increase of the average output power.

2) Nonlinearity: We highlighted in II-E that one of the cru-
cial difficulties for energy scaling of TDLs is to sufficiently
reduce parasitic nonlinearities that, at very high pulse ener-
gies, can result in excessive phase shifts that destabilize soliton
modelocking. The most promising approach for further scal-
ing of modelocked TDLs is to operate the modelocked laser in
a pressure-controlled environment, thus reducing the parasitic
nonlinearity of the air in the resonator by several orders of mag-
nitude. We believe that the next energy scaling step will most
likely be achieved by using this method. This was the approach
used in both our latest average power and energy scaling results.
In both these results, the maximum pulse energy was reached
at the lowest vacuum achievable with our scroll pump (= 0.5
mbar) raising the question of how to further increase the pulse
energy.

The most straightforward first step to increase the pulse
energy is to increase the amount of negative dispersion per
roundtrip, which will allow us to tolerate larger nonlinear phase
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Fig. 13.  Measurement of pressure dependent pulse duration. The different

curves are obtained at a fixed pulse energy, by increasing the pressure of Ns.
All measurements were performed using the TDL that demonstrated 80 ;J of
pulse energy. The data obtained for the highest pulse energies are not fitted
because the amount of points is insufficient for a correct fit.

shifts. As indicated by the results obtained in [70], total phase
shifts of >1 rad can be tolerated in modelocked operation with
a total dispersion of 237 000 fs2. In our latest energy scaling
result, the total nonlinear phase shift is less than ten times lower
(see Table I). We therefore expect to be able to increase the in-
tracavity pulse energy simply by a similar factor by increasing
the amount of dispersion. However, to achieve this with simple
resonator geometries, this will require the above-mentioned im-
provement in the thermal properties of such dispersive optics,
which is at the moment one important bottleneck. In our cur-
rent results, the dispersion in the cavity is typically minimized
to avoid thermal effects and reach the highest possible average
power.

Further energy scaling will require a more important reduc-
tion of the SPM coefficient. Reduction of the air pressure to
even lower vacuum levels can be achieved by using for exam-
ple a turbo pump. However, as the influence of the air in the
resonator becomes smaller with lower gas pressure, other con-
tributions, which were so far considered negligible, can become
the dominant source of nonlinearity. Therefore, a further reduc-
tion of the pressure will not necessarily represent any significant
advantage and the maximum reachable pulse energy will clamp.
In this case, reducing the SPM factor by several orders of magni-
tude by reducing the gas pressure does not represent a significant
advantage. Ideally one would want to operate the oscillator in
a more comfortable regime where a minimum amount of gas
pressure is present and the pulse duration can be controlled. It
is therefore crucial to investigate in more detail these sources
of extra nonlinearity for further pulse energy scaling. Possible
sources for these extra parasitic nonlinearities are the disk, the
SESAM, and other intracavity optics, in particular multilayer
structures with strong field enhancements.

As afirst step, we are studying experimentally the dependence
of the nonlinearity present in the chamber to the gas pressure
using our oscillator that delivers up to 80 uJ of pulse energy. This
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TABLE III
THERMAL CONDUCTIVITY £ AND NONLINEAR REFRACTIVE
INDEX n9 OF DIFFERENT GASES AT 1 ATM AND 25 °C

(%) K
Gas 10719 cm?/W mW/(cm-K)
Ny,  23+4/-03([81] 03110 ([82]
Air 29 +/—04[81]  0.3092[81]
Ar 1.4 +/—02[81]  0.2048 [82]
Ne 0.08 [83] 0.5462 [82]
O, 51+4/-03[81] 0.3074[82]
He 0.04 [83] 1.704 [82]

is crucial for an accurate prediction of the laser parameters of
our future systems and can shine light on the above-mentioned
extra sources of nonlinearity at low pressures.

We measured the pulse duration of the soliton pulse as a
function of the pressure in the chamber for different constant
pulse energies ranging from 20 pJ (58 W) to 79 uJ (240 W).
The results are presented in Fig. 13. For a given pulse energy,
the pulse duration decreases with gas pressure. For the highest
pulse energy (79 pJ), an increase in the chamber pressure above
base pressure resulted in modelocking instabilities. In [80], the
dependence of the nonlinear refractive index to pressure for dif-
ferent gases was measured to be linear for pressures >0.05 mbar.
According to the soliton formula, the pulse duration should then
vary following a 1/P law. However, we experimentally observe
a discrepancy from the expected behavior: the duration reduces
slower than expected with pressure following a 1/(P — Py)%¢
law. Furthermore, an offset Py that increases with pulse energy
is necessary for a correct fit of our experimental data, which is
a clear indication that extra parasitic nonlinearities are present.
We are currently investigating this in more detail, and we believe
this study will enable us to clearly evaluate the limits for future
energy scaling.

However, it is worth noting that the use of laser resonators
with larger mode areas on the disk, on cavity optics and on the
SESAM discussed in IITA, which will in any case be crucial
for energy scaling, will most likely also reduce these parasitic
nonlinear effects. This could then justify going to lower vacuum
levels.

The use of other gases for controlling the SPM in the laser
resonator is another parameter that can be optimized for scaling
the pulse energy of TDLs. The thermal effects discussed in the
previous sections will become increasingly severe as we reach
tens of kilowatts of average power. The use of gases with good
thermal conductivity and lower nonlinear refractive index than
air at low pressures is an interesting alternative to contribute to
eliminating the thermal load on the optics. In Table III, we list
a number of possible gases with their nonlinear refractive index
and thermal conductivity. Most data concerning the nonlinearity
of gases was measured at 800 nm, but it gives a good enough
approximation at our laser wavelength of 1030 nm. Among these
gases, Helium appears to be the best candidate: it has a nonlinear
refractive index nearly two orders of magnitude lower than air
at the same pressure and has a higher thermal conductivity,
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relaxing the requirements on the pressure level and the thermal
effects on intracavity optics.

Given this discussion, we believe that the next energy scaling
step with TDLs will therefore operate in a pressure controlled
He environment, and will benefit from an increase in the total
amount of dispersion in the resonator.

C. Milestone 3: Pulse Duration Considerations

Until now, we have restricted our discussion to average power
and pulse energy scaling. As we mentioned in the introduction,
one important further aspect that will be crucial in future systems
is reducing the pulse duration obtained with record-high average
power and pulse energy. Although current TDLs reach pulse
durations well below 100 fs, they are still restricted to <1 pJ and
<10 W of average power. We will not discuss here in detail the
specific requirements to reach shorter pulses from high-power
TDLs. However, we will mention the most important difficulties
to be addressed, as it is also considered a crucial next step.

The challenges discussed until here all apply for TDLs with
shorter pulse durations, and the next steps discussed in the pre-
vious paragraphs will help to support this goal. However, in the
case of short pulses additional difficulties need to be taken into
account:

1) As nonlinearities scale with peak power, reaching high
energies will become increasingly challenging. Reaching
the millijoule pulse energy level with sub-100 fs pulses
will, for example, require ten times lower nonlinearity
than in current Yb:YAG based oscillators with = 1 ps
pulse duration.

2) The most important parameter to reach shorter pulses is
the available gain bandwidth. Although many Yb-doped
gain materials are available that support very short pulse
durations, their broadband nature usually comes at the ex-
pense of reduced thermo-mechanical properties, and do
not yet reach the quality available from Yb: YAG. Further-
more, these materials are in many cases not commercially
available. Significant progress in the quality of these mate-
rials and their contacting techniques will be an important
aspect to extend the current record performance of TDLs
to the short pulse regime.

3) The requirements on the SESAMs become more stringent
as the pulse duration is decreased. In particular, the two-
photon absorption coefficient of semiconductors scales
proportionally to the pulse duration, and the rollover flu-
ence in reflectivity with the square root of the pulse
duration. Furthermore, even in the soliton modelocked
regime, reaching very short pulse durations usually re-
quires somewhat higher modulation depths and faster
SESAMs, which typically result in higher nonsaturable
losses and increased thermal effects. Therefore, apply-
ing our guidelines for high-damage threshold SESAMs
specifically designed for short pulse generation will be
essential to support this goal.

In the near future, we expect the quality of the available gain
materials to significantly improve, supporting average power
and pulse energy scaling in sub-100 fs pulse regime. Detailed
understanding of the specific requirements of SESAMs for short

1100318

pulse durations from TDLs has already been done [25]. In com-
bination with high-damage threshold designs [49] the extra dif-
ficulties should be overcome in a straightforward fashion. As a
first step, we expect to reach the 100 W level with short pulse
durations in the near future.

IV. GUIDELINES, CONCLUSION AND OUTLOOK

The performance of SESAM-modelocked high-power TDLs
has recently reached new frontiers in average power (275 W)
and pulse energy (80 wJ) available directly from an ultrafast
oscillator. This recent progress seems to indicate that there are no
major roadblocks that prevent the so-far exponential increase of
the available pulse energy and average power from such sources
toward the kilowatt and millijoule level.

By evaluating the current limitations in our existing systems,
we have identified the crucial points that will need to be ad-
dressed for these future steps. The most important findings are
summarized here:

1) Thermal effects: Thermal effects in intracavity mirrors
will become increasingly important as output average
powers reach the kilowatt range. In particular, soliton
modelocked TDLs require significant amounts of nega-
tive dispersion for pulse formation, which is most con-
veniently introduced with multi-layer mirrors with field
enhancements. These mirrors typically show thermal ef-
fects that need to be tackled. Significant improvement in
the thermal properties of these optics can be achieved by
using dense coatings and improved substrates.

2) SESAM: Pulse energy and average power scaling will re-
quire both adapted saturation parameters and spot size
scaling. The guidelines established in [49] will be ap-
plied and possibly extended to SESAMs with even higher
saturation fluences, rollover fluence and damage thresh-
old. Spot size scaling will be enabled by improving the
contacting method of current large size SESAM:s to stress-
less techniques, to achieve better surface quality. Possible
thermal effects on the SESAM might also become increas-
ingly important as larger spot sizes are used. In a similar
way to the improved thermal properties of dispersive op-
tics, we plan to improve heat removal of our SESAMs by
substrate removal and contacting to better heatsinks.

3) Nonlinearities: The next steps in power and energy scaling
will most likely be achieved by operating the modelocked
oscillator in a pressure-controlled environment.

An increase in pulse energy by a factor of 10 can be
achieved by increasing the amount of negative dispersion
in the laser oscillator thus tolerating phase shifts up to the
maximum allowed by stable soliton modelocking (typi-
cally up to a few radians). This will only be possible with
the above-mentioned dispersive mirrors with improved
thermal properties.

Ultimately pulse energy scaling will require further re-
duction of the SPM coefficient: this can be achieved by
reducing the gas pressure further, but only up to a certain
limit. This ultimate limit is set by parasitic nonlinearities,
which were so far considered negligible, such as the disk
or nonlinearities due to the penetration depth of the field
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into the dielectric mirrors and the SESAM. These nonlin-
earities can however be reduced by operating with larger
spot sizes on these components.

The next step in energy scaling will therefore most likely
combine higher dispersion values, larger laser spot areas
on critical components and lower vacuum levels. Nev-
ertheless, as some control is desired for the amount of
nonlinearity, operation with low/medium pressure is pre-
ferred. The choice of the gas used then also plays an
important role. We believe operating with Helium will be
the best option as this gas offers a good ratio between
thermal conductivity and low nonlinear refractive index.

We believe millijoule pulse energies will be feasible directly
from passively modelocked thin-disk oscillators using soliton
modelocking in the near future, as we show here that we are
currently far away from maximum tolerable nonlinearity levels.
This will be supported by an increased widespread interest in
the well-suited disk technology for ultrafast applications.

In the future, as we approach the limits of soliton modelock-
ing, other strategies for reducing nonlinear phase shifts, such
as the CPO regime might be investigated in more detail. In ad-
dition, the resulting high-power oscillators with low-noise and
excellent pulse quality are outstanding candidates for further
seeding booster amplifiers, possibly using CPA techniques, and
eventually for coherent combination.
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