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ABSTRACT

A femtosecond thin-disk Yb:YAG oscillator in both the anomalous and the normal dispersion regime is demon-
strated. Both regimes are realized with practically the same resonator configuration. The power scaling potential
of the anomalous and normal dispersion regimes is analyzed both theoretically and experimentally. The recipe
to obtain Kerr-lens mode-locking (KLM) in the thin-disk configuration is presented here and oscillator charac-
teristics as well as start-up difficulties are described. The oscillator stability in terms of output power, beam
pointing and sensitivity to back reflections is measured and corresponds to the level of commercial systems.
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1. INTRODUCTION

High-harmonic generation (HHG) at MHz repetition rate is one of the particularly interesting topics leading to
the large range of the applications. Due to the very low conversion efficiency (1078-107%) of the HHG process!
and the low average power amplifier systems driving at kHz repetition rate, the resulting average XUV power
is well below the mW level. This fact restricts the field of HHG applications. Attosecond pulse generation,
high-resolution spectroscopy with XUV frequency combs,?3 pump-probe measurements, photoelectron emission
microscopy, photoelectron imaging spectroscopy, pump-probe diffraction experiments with electrons and nanos-
tructure characterization could substantially benefit from MHz-repetition-rate XUV sources. For many of these
experiments the output of the signal level is very low and data acquisition over many hours or days is necessary
when operated at ~kHz repetition rate. A difference of three to four orders can be gained by working at MHz
repetition rate. Experiments such as electron diffraction* with fs time resolution can be enabled only in the
single electron regime (because of the space charge) and ultimately need MHz laser sources.

One of the approaches is to use a passive femtosecond enhancement resonator?® for storage of radiation.
By using this method, one can increase the power from a mode-locked seed oscillator by a large factor (10-10%)
inside the cavity. Extremely low-loss optics and fine dispersion control of the cavity are needed. Moreover, the
cavity has to be kept in resonance with the seeding oscillator and mode-matched to it. Nevertheless, due to the
low XUV conversion efficiency an enhancement cavity recycles circulating pulses with rather small influence on
the enhancement factor and remains the most promising tool in accessing HHG at MHz repetition rate.

The idea of utilizing the high average powers inside a laser oscillator cavity has become a reality with recent
progress in high-power femtosecond thin-disk (TD) lasers. 8 Typically, the output coupler transmission T of an
oscillator amounts to only a few per cent. This means that power stored inside the oscillator cavity is a factor
~1/T higher than the output power. On the other hand, the oscillator is a dynamic nonlinear system which
cannot simply be operated at arbitrarily high energies due to the instabilities of mode-locking. Recently, the first
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proof of principle experiment on laser intracavity HHG was demonstrated in Ref.? with Ti:Sa bulk oscillator
having 17 fs, 1 pJ pulses intracavity.

For any of the approaches (amplifier system, enhancement cavity, laser intracavity) the oscillator continues
to be the decisive element. An energy-upscaled seed oscillator (>puJ) can eliminate the need for pre-amplification
stages and thus simplify the system. A lesser gain needed from the amplifier results in less gain narrowing
and shorter pulses after compression can be realized. The enhancement cavity combined with a high-energy
table-top compact oscillator becomes an attractive tool for XUV generation in many labs. The constraints on
the enhancement factor can be substantially lowered when seed oscillators with higher pulse energies become
available. Progress on the development of a Kerr-lens thin-disk oscillator allows intra-cavity peak intensities
similar to those of the first generation of enhancement cavities.?

In contrast to TD oscillators, bulk oscillators are not power-scalable and their pulse-energies can only be
increased by lowering the repetition rate. Thus the development of Ti:Sa oscillators culminated in the output
pulse energies of >500 nJ'° and more recently >650 nJ in commercial systems!! with 50-fs pulse duration. Ti:Sa
oscillators generating sub-10 fs'? and even sub-6 fs'? with several nJ pulse energies were developed. The average
power of Ti:Sa bulk oscillators remains in the range of several watts. Other Yb bulk oscillators with different
gain media could approach the level of 10 W.'* Fibre and innoslab amplifier systems!® 16 are operating in a way
similar to kHz amplifier systems, but at MHz repetition rate and corresponding power levels approaching 1 kW.
These systems continue to be fairly complex, bulky and expensive. The power scalability of TD technology makes
it a promising candidate for developing the next generation of femtosecond oscillators, yielding average output
powers exceeding 140 W.,%7 pulse energies of 40 ;J% and pulse durations of 600-1000 fs. Until recently,® all
TD oscillators had been mode-locked with semiconductor saturable absorber mirrors (SESAM). Their moderate
modulation depth and finite relaxation time prevented the generation of pulses shorter than 600 fs in Yb:YAG.
In contrast, nearly gain-bandwidth-limited pulse generation from a TD Yb:YAG oscillator is demonstrated via
KLM.® It will be shown further that pulses shorter than 200 fs can be generated even from Yb:YAG and even
shorter in other Yb-doped TD oscillators. The many shortcomings originating from SESAM are not intrinsic to
the KLM method.

2. KLM OSCILLATOR IN THE ANOMALOUS DISPERSION REGIME

So far, all femtosecond TD oscillators have been mode-locked by means of SESAM. The KLM technique has been
proposed many times and simultaneously criticized as difficult to realize.!”™ Actually, the limitations caused
by SESAM* were the most motivating factor for experiments on the KLM TD oscillator. The main concerns
and uncertainties in initiating this work were the natural coupling between SPM and self-focusing (the main
mechanism for mode-locking), initiation of mode-locking and the influence of the TD thermal lens.

2.1 KLM cavity

The cavity configuration used for most mode-locking experiments is the bow-tie illustrated in Fig.1 or so-called
X-shape cavity or Z-shape cavity. These types of resonators were analyzed in detail in.20 23
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Figure 1. Schematic of the X-shape resonator standardly used for low-power bulk oscillators. R1, R2, concave mirrors;
K, Kerr medium; OC, output coupler.The replacement of the HR mirror by a TD leads to a design proposed in Ref.?*
for KLM realization in a TD oscillator.

*at least, by the SESAMs available from Batop, ANU, Reflekron, WSI
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As one can see, the resonator configuration of the TD oscillator in Fig.3 is more complex in relation to that
in Fig.1. First, in Fig.1 the Kerr medium simultaneously serves as a gain medium. This is not only hard to
realize but also unnecessary in the TD configuration. It would strongly counteract the power-scaling concept,
according to which the pump power density should be kept constant by enlarging the mode area on the disk and
proportionally increasing the pump power. Moreover, the disk is too thin to exhibit reasonable self-focusing.
There are a number of publications in which the gain medium and Kerr medium were separated. These are the
experiments on Kerr-lens mode-locking of Nd:YAG?25 and Nd:YLF?° lasers. Indeed, they also have bow-tie-type
cavities. This type of cavity is not used in the TD configuration because of the small mode diameters over the
optical elements, which is typically below 1 mm. The simple and convenient solution for KLM in the TD cavity
was to implement a telescopic arrangement inside the cavity, which, in first approximation, can be considered as
a 4f extension. This resonator configuration shows average mode diameters >2 mm over the intracavity optical
elements.

2.2 Starting the KLM

One of the few drawbacks accompanying KLM is the difficult initiation of mode-locking. Small random initial
intensity fluctuations are too weak to make the self-focusing effect pronounced. Thus, external cavity perturbation
is necessary to induce stronger fluctuations and initiate pulse build-up. It can be accomplished by i) moving one
of the cavity mirrors or ii) placing one of the mirrors on a piezo transducer or shaker,?” or iii) by using active
mode-locking,?%:2® iv) semiconductor-doped glass structures®® or v) SESAM®'? for initial pulse build-up. In any
case the oscillator has to operate near the stability edge where the oscillator is most susceptible to intensity
fluctuations. This is typically accomplished by changing the distance between two focusing mirrors. In Fig.2 the
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Figure 2. Mode sizes on the disk and end mirror vs separation distance d for the CW cavity. The inset shows a strongly
astigmatic beam profile at the stability edge corresponding to d~312 mm.

CW behaviour of the resonator at different stability edges is shown. Four stability edges appear as a function of
the separation distance d. The stability edge corresponding to d~312 mm was used in this work. The inset shows
a strongly astigmatic CW beam profile at the stability edge which agrees well with calculations. In principle,
measurements of the beam profile at different cavity mirrors can be performed to derive the position with respect
to the stability edge in the KLM regime.

In some respect the starting problem is similar to the situation described for the SESAM mode-locked
case®® when the mode-locker cannot be optimized for a whole range of energies and peak powers. Some weak
mode-locking mechanism is needed to cover the low-energy range and pass on the baton to KLM for higher
peak powers. Indeed, the situation concerning start-up is not very critical and is a subject for optimization.
For example, self-starting stably mode-locked pure-KLM oscillators were demonstrated,?! and even turn-key
commercial stable self-starting systems with <10 fs pulse duration are available.!! It is worth noting that such
an oscillator experiences a peak-power change of six to seven orders of magnitude.

2.2.1 Weak SESAM

SESAM used to be the intracavity element most susceptible to damage in high-power systems, typically via
self-Q-switching or relaxation oscillation spikes during the pulse buildup process. Moreover, it also exhibits two-
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photon absorption (TPA), which tends to give rise to breakup into multi-pulsing and limits both the achievable
intracavity pulse energy and minimum pulse duration. However, the use of a SESAM as a starter for mode-locking
strongly reduces constraints on the cavity design. In that case, it is no longer necessary to keep the saturable
absorption large and relaxation time very short to maintain mode-locking. These considerations inspired us to
design a SESAM more suitable to start mode-locking. We applied a dielectric top coating on a one quantum-well
(InGaAs) SESAM. The top reflective dielectric coating consists of six alternating layers of TagOs (128 nm) and
SiOy (178 nm). The coating reduces the intensity level in the SESAM by a factor of 9. As a consequence, the
SESAM modulation depth drops by the same factor to AR<0.1% and the saturation fluence rises to Fy,; >400
pJ/em?; which leads to reduced TPA and an increased damage threshold.?! Because of the small modulation
depth, this SESAM alone cannot result in stable mode-locking. To our knowledge, such a low-modulation-depth
weak SESAM was used as KLM starter for the first time.

In the experiments described below we used an OC with transmission of 5.5% and a weak SESAM as end
mirror M. The experiment with OC transmission of 14% and HR as end mirror will be treated separately.

As a first approximation we took the Kerr-lens as a thin lens and used simple ABCD calculations to model
the influence of the Kerr-lens. Such simulations gave a qualitative understanding of the cavity behaviour at the
stability edge and possible influence of the Kerr lens on it.

3. KERR-LENS MODE-LOCKING OF YB:YAG OSCILLATOR

Kerr-lens mode-locking of an Yb:YAG bulk oscillator was already performed by S. Uemura et al. and resulted
in 35-fs pulses.?? This remarkable performance came at the expense of dramatically reduced output power and
efficiency, achieved by spectral filtering which shifted the central wavelength from 1030 nm toward 1060 nm,
limiting the output power to 110 mW. Even so, this can be compared with results for a similar bulk oscillator
configuration mode-locked by a SESAM. In this case the shortest pulses were about 340 fs and the output power
110 mW.33
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Figure 3. (a): Schematic of the KLM Yb:YAG disk oscillator in the presence of anomalous GDD. All flat mirrors are
HD mirrors with 8 =-1000 fs?> and 8 =-3000 fs? per bounce; OC, an output coupler with 5.5% or 14% transmission;
R1, R2 concave mirrors with 0.3 m radius of curvature ; R3=-4 m; R4=4 m; K, Kerr medium; H, hard aperture; M,
weak SESAM or HR mirror. The pulse repetition rate is 40 MHz. (b): Mode radius vs cavity length. Calculated for the
concave TD with Rrp=25 m.

Our experimental setup, sketched in Fig.3, includes a 220-um thin-wedged Yb:YAG disk of 7% doping from
D+G GmbH. A disk head is aligned for 24 passes of the pump beam through the gain medium with a pump spot
diameter of 3.2 mm. The Yb:YAG TD is used as one of the folding mirrors in a standing-wave cavity pumped
by fibre-coupled diodes centred at a wavelength of 940 nm. The cavity is a convex—concave type designed for
providing large mode sizes over its entire length, in order to minimize nonlinear propagation effects in air and
also the risk of damage to optical components. As we can see in Fig.3, the average mode radius inside the cavity
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is >1 mm, and the beam radius on the disk is ~1.2 mm and 0.9 mm on the end mirror M. Dispersion from all
intracavity elements as well as the nonlinear phase shift induced by the Kerr-medium are compensated for by
the round-trip negative GDD of approximately -22.000 fs?. All flat mirrors were high-dispersive (HD) mirrors
with -1000 fs? and -3000 fs? per bounce.?* In order to provide high sensitivity of the Kerr effect, the oscillator
is operated at the stability edge corresponding to the increased distance d between mirrors R1 and R2. This
stability edge can be used for both soft- and hard-aperture KLM.

3.1 Experiments with different Kerr media

In the beginning lead-containing SF 57 glass, with a high nonlinear refractive index n,=4.1-10"1° m? /W was
chosen as Kerr medium to enhance the self-focusing effect and identify the resonator configuration and alignment
necessary to obtain KLM. Mirror R2 was mounted on a precision micrometer stage. A gradual increase of the
distance d resulted in a gradual decrease of the output power and changed the beam profile to more astigmatic.
Near the stability edge the output power substantially dropped because of the poor overlap with the pump spot
on the TD. This point serves as a reference near which Kerr lensing can be obtained. The mode-locking could
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Figure 4. Oscillator characteristics operating with 4-mm-thick SF 57 glass plate as Kerr medium. (a): Pulse train at 7
W output power; (b): Pulse train at 3 W output power; (¢): Optical spectra at 3 W and 7 W output power (measured
with Ocean Optics HR 4000); (d): Beam profile at 3 W and 7 W output power.

be started by pushing mirror R2 and carefully aligning the position of the Kerr medium relatively to the focus
(distance x in Fig. 3). The latter alignment was not critical because a 4-mm-thick SF 57 plate can be placed in
the focus with a small uncertainty. The distance d had to be increased to ~312 mm in order to bring the cavity
to the edge of the stability zone. It is clear that the beam radius of 50-100 pm in the Kerr medium and the high
nonlinearity of SF 57 glass cause very high SPM, which cannot be balanced by the GDD of -22000 fs? introduced
in the cavity. Unavoidably, this situation leads to unstable mode-locking with onset of multi-pulsing. Up to 10
pulses per cavity round-trip could be detected with a fast photodiode at 7 W output power and 70 W pump
power (see Fig.4(a)). A 5.5% OC was chosen to decrease the lasing threshold and keep the intracavity power
relatively large for initial experiments. Decreasing the pump power down to 50 W and 3 W output power reduces
the amount of pulses down to 3 (see Fig.4(b)). The spectral bandwidth, however, does not change appreciably
and maintains A pw gy ~1.5 nm (see Fig.4(c)). Pronounced CW spikes appear at reduced output power. The
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thinner 1.8-mm plate of SF 57 glass was tried out as next step. It did not change the situation drastically as
strong multi-pulsing and optical spectra with similar bandwidth were observed.

As a next step the 6.4-mm-thick fused silica plate with 175=2.5-1072° m? /W35 was taken. It reduced the
nonlinearity by almost an order of magnitude in relation to the 4-mm-thick SF 57 plate and simultaneously
kept the plate thick in order to have no constraint on the alignment relatively to the beam focus. This could
slightly improve the situation. The optical spectrum became broader with AApyw ry =3 nm for the mode-
locked regime with onset of multiple pulses at 3 W and exhibited a pronounced CW component and narrower
width AApw gy ~2 nm in the single-pulse regime. This was accomplished by starting the oscillator in the
multi-pulsing regime and bringing it to the single-pulse regime by reducing the pump power.

The thickness of the plate was further decreased down to 3 mm. KLM was achieved by going to the stability
edge and pushing the stage with mirror R2. Multiple pulses can be recognized by the strong modulation of the
optical spectrum. The decrease of the pump power leads to stable single-pulse operation at 4.5 W output power.
There are two noticeable differences in comparison with previous regimes in the presence of strong nonlinearity.
First, the spectral bandwidth AXpw gy &3 nm is much broader and accordingly pulses are shorter. Second, the
difference in output power between the mode-locked and CW regimes becomes more pronounced. This difference
Py, /Pow = 4.5W/1.5W = 3 indicates a large effective modulation depth of the KLM mechanism.
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Figure 5. Oscillator characteristics operating with 1-mm-thick fused silica plate as Kerr medium. (a): Optical spectrums
at 17 W; (b): Autocorrelation trace at 17 W; (c): Beam profile in the CW and ML regimes.

The best performance was achieved with a 1-mm-thick fused silica plate as Kerr medium. The oscillator was
successfully operated with two different output couplers with 5.5% and 14% transmission. With the lower output
coupling, we achieved 17 W of average power at 110 W of pump power, which corresponds to an optical-to-optical
efficiency of 15%. Under these conditions, we measured a pulse duration of 200 fs (assuming a sech? pulse shape)
with a spectral width of 6 nm (FWHM) and time-bandwidth product of 0.34 (ideal 0.315) ; see Fig.5. Kelly
sidebands are visible in the spectral wings. As can be seen the spectral bandwidth AXpw gas ~6 nm approaches
the emission-bandwidth limit of Yb:YAG and the difference in output power between the mode-locked and CW
regimes is now very pronounced (see Fig. 5(c)). This difference Py /Pow = 17TW/2W = 8 indicates the large
effective modulation depth of the KLM mechanism, which according to the simulations is ARg=5%. With
high output coupling, we could achieve stable operation up to pump power levels of 180 W, resulting in an average
output power of 45 W, corresponding to 1.1-uJ pulses and 25% optical-to-optical efficiency. The autocorrelation
and spectral shapes are shown in Fig.6 with a pulse duration of 270 fs, a spectral width of 4.9 nm (FWHM) and
the time-bandwidth product of 0.37 (ideal 0.315). In both operation regimes, the intracavity pulse energy was
approximately 8 uJ and the intracavity average power was 320 W. The attempts to reach higher energy led to
the onset of multipulsing or CW background. Again, the strong hysteresis behaviour of the oscillator was utilized
to start and reach a stable operation regime. At high pump power levels of approximately 150 W for 5.5% OC
and 220 W for 14% OC the oscillator self-started in multiple pulses or with CW background; afterwards, the
pump power was decreased to bring the oscillator into stable single-pulse operation.

Q-switched mode-locking instabilities used to appear only during the alignment of the oscillator. The sup-
pression of these instabilities is very likely caused by saturation of the KLM self-amplitude modulation.
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A small red shift of the spectrum relatively to the gain maximum at 1030 nm could be observed. This shift
amounts to 1-2.5 nm and is more pronounced for higher intracavity peak powers. It can be explained by the
action of radiation reabsorption in combination with gain saturation and dispersion of the gain medium.3% 37
Typically, the optimal cavity alignment and mode-locking regime corresponded to a maximal red shift of the
spectrum.
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Figure 6. Oscillator characteristics operating with 1-mm-thick fused silica plate and 14% OC. (a): Optical spectra at 46
W; (b): Autocorrelation trace at 46 W; (c): Beam profile in CW and ML regime.

It is worth noting that the cavity in the CW regime is not sensitive to the alignment of such a thin plate as
long as its position x relatively to the focus is fixed. The light refraction in the thin plate is weak, thus small
misalignment from the Brewster angle due to a plate exchange or due to a shift along the focus is not critical
for the overall cavity alignment.

The above-described experiments were carried out with the weak SESAM as a starter for mode-locking. In
order to check the influence of a weak SESAM on the oscillator performance, it was replaced (see position M
in Fig.3) by an HR mirror. The first experiment was carried out without a hard aperture inside the resonator
and KLM was realized due to the soft-aperture on the TD pump spot. This oscillator configuration showed high
sensitivity to the position d at the stability edge as well as difficult start-up. Critical sensitivity to the alignment
and difficult start-up were decisive factors for not using this configuration for further experiments.

An additional hard-aperture in the form of a pinhole was added into the cavity between the focus and
concave mirror R2 (see Fig.3). The hard-aperture drastically reduced the alignment sensitivity of the oscillator
and simplified the starting procedure. The oscillator could easily be started by pushing mirror R2 or self-started
at increased pump power levels, as described for weak-SESAM-assisted KLM. In the first experiments a simple
1-mm-thick copper plate with a drilled hole >2 mm in diameter in it was used as a hard-aperture. Due to the
high intracavity power >300 W it quickly warmed up and caused an oscillator drift. In order to eliminate this
issue a water-cooled monolithic copper aperture (Fig.7(c)) was recently designed and used in later experiments.
This water-cooled aperture does not cause pronounced drift of the oscillator, but it also hardly tolerates such
oscillator drifts due to the thermal effects in the intracavity optics. Thus, several alignments may be necessary
due to the oscillator warm-up. Once aligned, the oscillator keeps running stably for the whole day. With the
low output coupling of 5.5% we achieved 15 W of average power. Under these conditions, we measured a pulse
duration of 190 fs (assuming a sech? pulse shape) with a spectral width of 6.5 nm (FWHM) in Fig.7(a), which
is 10% broader than that reported for the SESAM-assisted case. This pulse shortening by 10% is due to the
combined action of the soft and hard apertures with somewhat higher effective modulation depth. This argument
can also be checked by the absence of Kelly sidebands in the optical spectrum in Fig.7(a).

A test experiment was made by exchanging the 1-mm-thick plate for a 0.5-mm-thick plate. The alignment
relatively to the beam focus became more critical. The oscillator was not self-starting as described before,
but slight mirror perturbation was sufficient to initiate KLM. The regime showed single-pulse operation with
characteristics similar to the case with the 1-mm plate at somewhat higher output power.

3.2 Damage to HD mirrors and Kerr medium

Unlike in the experiments with a pure SESAM mode-locked oscillator, damage of the weak overcoated SESAM
was not observed. There are two reasons for this: first, the field penetration-depth into the SESAM structure
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Figure 7. Oscillator characteristics operating with 1-mm-thick fused silica plate, 5.5% OC and hard-aperture. (a): Optical
spectrums at 15 W; (b): Autocorrelation trace at 15 W; (c): Water-cooled hard-aperture.

is by a factor 9 less than for the usual SESAM with no dielectric coating; second, the beam on the end mirror
is enlarged near the stability edge and consequently reduces the peak intensity on it. However, damage to the
HD mirrors and the Kerr medium was observed. This damage was only observed during oscillator start-up and
alignment. It was mostly caused both by the non-optimal position x of the Kerr medium relatively to the focus
and by moving the oscillator too close to the stability edge via changing the distance d. It was noticed that
HD mirrors located closer to the output coupler and that those with higher GDD values were most susceptible
to damage. The beam diameter shrinks near the stability edge in the part of the oscillator close to the output
coupler and makes the optics in this part most susceptible to damage during the oscillator start-up. As long as
the oscillator is optimally aligned it can be started and run with no damage to the optical elements.

3.3 Energy scaling of KLM

KLM as realized in our work allows energy/power scaling. The average power scaling is supported by the TD
concept and the cavity calculations show that spot sizes over 5 mm on the TD are feasible. Energy scaling
can be performed by increasing the mode size inside the Kerr medium in proportion to the increase of the
intracavity energy. This procedure would keep the peak intensity and self-focusing parameters in the Kerr
medium constant. This can be accomplished in turn by exchanging the mirrors R1 and R2 for new ones with
larger radii of curvature. The mirrors R1, R2 separated by the distance d can be considered as a telescopic 4f
arrangement in first approximation. Consequently, exchanging the mirrors will not influence the beam parameters
on other critical cavity elements such as the TD. Further optimization of KLM can be accomplished by changing
the thickness of the Kerr medium.

The theoretical analysis based on the variational approximation®® suggests the following laws for energy
scaling in the anomalous dispersion KLM regime under the condition of fy/ 02|k >> 1 (v is the net-SPM
coefficient, €2 is the gain bandwidth multiplied by square root of the oscillator net-loss; /5 is the net-GDD
coefficient; « is the inverse power coefficient characterizing the KLM mechanism, e.g. effective gain increase with
power for soft-aperture KLM or effective loss decrease with power for hard-aperture KLM) :

2
£~ 20nls] , (1)
Ky
for soft aperture KLM, and
3.5Q
E~ M’ 2)
v

for hard aperture KLM (here p is the effective modulation depth of the KLM mechanism).

Since k o< v due to the inherent connection between KLM and SPM, one may conclude that hard aperture
KLM provides better energy scalability with GDD and such the scalability improves with gainband broadening.
The SPM reduction is able to improve the scalability as well. But one has to keep in mind that such a reduction
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makes the start-up process more difficult; thus there exists an some optimal value for SPM for in a given
configuration of the laser.

4. OSCILLATOR STABILITY IN THE ANOMALOUS DISPERSION REGIME
4.1 Beam pointing

The oscillator is operating in the stability zone II3° with large mode sizes. Despite this, the laser shows excellent
beam pointing stability with <10 urad r.m.s. deviation, as can be derived from the measurements in Fig.8(b).
Figure 8(a) shows the beam pointing drift during oscillator warm-up, which takes 10-30 minutes. Beam pointing
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Figure 8. Beam pointing fluctuations of the mode-locked oscillator at 1 m distance from the output coupler (measured
with WinCam beam profiler). (a): Beam pointing drift during oscillator warm-up; (b): Beam pointing fluctuations after
oscillator warm-up; (c): Power spectral density (PSD) of intensity noise from the free-running Yb:YAG TD KLM oscillator
(red curve), from the commercial oscillator Amplitude t-pulse 50 (black curve) and the noise floor of the Agilent spectrum
analyzer (gray curve).

fluctuations correspond to the level of commercial Ti:Sa oscillators, and so no active stabilization schemes are
needed for further experiments with this laser. Many research applications such as CEP stabilization,*® spectrum
broadening,*" white light generation, repetition rate synchronization*? and seeding of enhancement cavities® call
for unprecedented power stability of the oscillator, specifically on a short time scale. All these experiments utilize
nonlinear phenomena, thus any small intensity fluctuations of a driving field can be transferred to the amplitude
and phase noise of the output signal. The oscillator intensity noise is typically caused by fluctuations of the
pump diodes and by external mechanical noise. The power spectral density of the intensity fluctuations is shown
in Fig.8(c). The main intensity noise lies within the 5 kHz bandwidth and has a small relaxation oscillation spike
near 1 kHz. Corresponding r.m.s. fluctuations are below 0.3%. Intensity noise is compared to the commercial
Yhb-oscillator Amplitude t-pulse 50 (black curve in Fig.8(c)), which has 20 times lower pulse energy and average
power. Intensity fluctuations of our TD KLM system are comparable to those of commercial oscillators.

It is difficult to give an adequate comparison between the intensity noise of the pure SESAM mode-locked
TD oscillator®® and the KLM TD oscillator as the first one was mode-locked at 3 times higher intracavity pulse
energies than the former, but with similar intracavity peak powers of 40 MW. Generally the SESAM mode-locked
oscillator had a stronger tendency to Q-switched mode-locking, which was not observed in the KLM oscillator.
The simplest way of characterizing intensity fluctuations is to detect the repetition rate frequency with an RF
spectrum analyzer. As shown in Fig.9, the sidebands in the case of the SESAM mode-locked oscillator are
suppressed by 60 dBm and sidebands of the KLM oscillator are suppressed by 70-75 dBm. It is worth noting
that suppression of the sidebands by 40 dB was reported for a SESAM-ML active multi-pass oscillator.% 43 This
shows a remarkable superiority of KLM over SESAM mode-locking.
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4.2 Sensitivity to back reflections

Typically, back reflections disturb the oscillator operation and can cause strong fluctuations or interrupt mode-
locking. Measures should be taken to avoid back reflections from all intracavity elements, and so TD and
OC should be wedged. Moreover, a Faraday isolator may be necessary to prevent back reflections from the
experimental setup outside the cavity. The sensitivity of the oscillator to back reflections was tested by placing a
plane-parallel output coupler with 2% transmission having an AR coating <0.1% instead of the wedged one. The
oscillator could easily be mode-locked at 6 W output power; no pulse train modulation was noticed. Moreover, the
mode-locking could not be disturbed even by placing a HR mirror after the output coupler and reflecting back all
of the 6 W output power. Further experiments with spectrum broadening in a fibre and CE phase characterization
were performed without the Faraday isolator and with no influence on the oscillator performance. The influence
of back reflections on the self-starting oscillator behaviour** was not studied.

5. KERR-LENS MODE-LOCKED YB:YAG THIN-DISK CHIRPED-PULSE
OSCILLATOR

The regime of normal intracavity GDD has already demonstrated its potential for energy scaling of long-cavity
Ti:Sa oscillators,* reaching pulse energies of >500 nJ'° and more recently >650 nJ in commercial systems.'! This
approach has also been applied to SESAM mode-locked Yb:KYW and Yb:KLuW bulk*® and TD*7 oscillators
allowing a substantial increase of the intracavity pulse energy. Nevertheless, while constituting the standard
operation regime of femtosecond fibre oscillators,*® normal GDD is still an exception to the rule in bulk solid-
state oscillators. As a follow-up of our work on the Yb:YAG KLM TD oscillator in the anomalous GDD regime,
here the operation of such a system is described in the regime of normal intracavity GDD. The experimental
setup is practically the same as the one in Fig.3(a) for the case of the anomalous GDD.

At first, pure KLM was tried by using a hard-aperture. However, all attempts to start this mode of operation
proved unsuccessful (as opposed to the system operated with anomalous GDD, where hard-aperture KLM could
be readily started. Therefore, the results reported here were achieved with soft-aperture KLM and with the
assistance of a weak SESAM employed merely for self-starting mode-locking.

Theoretical analysis based on the variational approximation® predicts the following energy scaling law for
the chirped sech-shaped pulses in the normal dispersion soft-aperture KLM regime:

340
Ex 7ﬂﬁ,

K

3)

while for the flat-top-shaped pulses the energy scalability is ideal when 8 — 1.57/ kQ? (so-called dissipative
soliton resonance; the latter condition is obtained on the basis of the adiabatic theory3®).
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The normal intracavity GDD regime has several advantages over the anomalous one. The peak power inside
the oscillator is drastically reduced owing to a large pulse chirp and remains constant with energy scaling. As a
result, the GDD needed to stabilize a pulse is approximately an order of magnitude less than in the anomalous
GDD regime. This means that an energy scaling-scheme with normal GDD is superior to one employing the
anomalous GDD (compare Eqgs. (1) and (3)). Moreover, the normal dispersion regime can provide an ideal
energy scalability via the increase of average power when scaling of the GDD is not required at all. Further
the normal GDD allows shorter pulses after compression down to the Fourier limit. Indeed, a solitonic pulse
duration 7 scales with the anomalous GDD in the soft-aperture regime as

T~ 0.45 ﬂ (4)

Y
This expression corresponds to the width of chirped sech-shaped pulses after compression. In the case of ideal
energy scaling, however, the minimal pulse width in the normal GDD regime with the soft-aperture KLM does
not depend on GDD and approaches the value of 7 — 0.3 / /i which is defined only by gain-bandwidth,

oscillator net-loss and modulation depth.

5.1 Oscillator start-up
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Figure 10. Oscillator self-starting behaviour. (a): Pulse train during build-up (black) and mode-locked pulse train (red);
(b): Spectrum corresponding to the pulse build-up.

The benefits of the normal GDD regime come at the expense of a more challenging start-up behaviour of
the mode-locking process. In practice pulse formation with normal GDD can only be initiated within a limited
parameter window (of the SPM and GDD values). In contrast to anomalous-regime-KLM which tends to start in
the multiple-pulse regime, normal intracavity GDD tends to prefer the formation of a single pulse in the cavity.
As compared with our KLM disk laser operated originally with a net intracavity GDD of -22000 fs?, a normal
GDD nearly an order of magnitude smaller was chosen while leaving other parameters of the cavity unchanged.
The round-trip GDD of 43500 fs? was introduced by 4 bounces on dispersive mirrors. This modification of the
cavity did not allow mode-locking. Therefore, subsequent increase of SPM inside the cavity was performed by
replacing the 1-mm-thick fused-silica nonlinear medium with one having a thickness of a quarter of an inch (6.4
mm).

The pulse build-up process is rather hard and starts most likely from Q-switching. This Q-switching often
resulted in white light generation and occasionally damaged the Kerr medium but never damaged any other
optics in the cavity. The transit situation, when the oscillator is close to the optimal point and tries to build up
a pulse train, is shown in Fig.10. A small pump power increase leads to a stable pulse train, depicted by the red
curve in Fig.10(a). The peak intensity is at least six times higher during the oscillator start-up than for the stable
situation (compare black and red traces). The optical spectrum corresponding to the start-up situation is shown
in Fig.10(b). It exhibits both a CW component and small broad pedestal corresponding to the mode-locked
pulse train. The experiments were carried out with output couplers of 5.5% and 10% transmission and 6.4- and
9.5-mm-thick fused-silica Kerr media. Generally, the tendency for softer self-start and alignment flexibility was
observed for the case of the 5.5% OC and 6.4-mm-thick Kerr plate.
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5.2 Results

In the configuration with an output coupling of 5.5%, 17 W of average power at 150 W of pump power was
achieved, which corresponds to an optical-to-optical efficiency of 11%. Under these conditions, a pulse duration
of ~2 ps (assuming a sech? pulse shape, Fig.12(a)) with a full spectral width of over 20 nm (see red spectrum
in Fig.11) was measured. The calculated Fourier limit is 150 fs. The pulses were compressed externally in an
all-dispersive mirror compressor introducing -60.000 fs> GDD at 20 bounces.?* The resulting pulse duration
after the compressor is 190 fs full-width at half-maximum (assuming a sech? pulse profile) with 11 W throughput
(Fig.12(b)). The relatively high loss of 40% in the compressor is caused by clipping the beam on the mirrors and
is related to the limited amount of mirrors. The pedestal in the autocorrelation trace (Fig.12(b)) may be caused
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Figure 11. The spectra at different output power levels. The red spectrum was measured at 17 W of output power, a
5.5% output coupler and a 6.4-mm-thick Kerr plate. The other spectra were measured with 10% output coupler and
9.5-mm-thick Kerr plate.

by the high-dispersive mirrors, which were designed for the range 10304+10 nm and could be slightly shifted in
the central wavelength because of coating deposition errors.?* Depending on the mode-locking parameters, the
spectrum can exhibit strong non-linear chirp at the edges, a common feature of the normal dispersion regime.
The autocorrelation with pedestal may be due to an uncompensated non-linear chirp.’® The issue of optimal
compression corresponding to the maximally “fat” chirp®® was beyond the scope of this work. The spectral
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Figure 12. The autocorrelation measurements before compressor (a) and after compressor (b).

shapes in Fig.11 have relatively smooth edges as a result of the narrow gain-bandwidth and the relatively large
net loss'®3® and become more truncated with the growth of the GDD. Also, there is an asymmetry of the spectra
relatively to the emission bandwidth maximum at ~1030 nm. This can be explained by a similarly asymmetric
shape of the Yb:YAG gain and the high-order dispersion induced by phase change in such a narrow-band gain
medium.>?
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After the oscillator self-started it was slightly realigned to operate closer to the stability edge by means
of increasing the distance d (see Fig.3(a)) and proportionally the pump power. This optimization procedure
typically provided an increase of the average power by 30%; see blue, olive and black spectra in Fig.11, measured
with 10% output coupler transmission and 9.5-mm-thick Kerr plate. An extreme case is the red spectrum in
Fig.11, measured with 5.5% output coupling and a 6.4-mm-thick Kerr plate. In this case the output power
could be increased by 50%, from 12 W to 17 W. A slight increase of the pump power by 3-5% with all other
parameters fixed resulted in a tendency to instabilities and strong Q-switching, similar to that in the build-up
process (see Fig.10(a)). Decrease of the pump power by the same amount always brought the laser back into
the stable regime (see Fig.10(b)). This was characterized by typical peak-to-peak amplitude fluctuations of <3%
within the 1-minute measurement time, a value significantly higher than that for the negative GDD regime.

As predicted in Ref.,?® a normal GDD regime in combination with soft-aperture KLM can allow powerful
energy scaling without the need for a substantial GDD increase and comprising bandwidth. Nevertheless, we
found experimentally that the energy growth increasingly impedes the ability of the laser to self-start and
requires an increase of the GDD level for self-starting KLM. Such a GDD growth required for self-starting
results in spectral narrowing (Fig.11). This behaviour is similar to the one reported in.>® The oscillator could
substantially benefit from the ability to tune the GDD inside the cavity and use this ’knob’ to implement a
hysteresis in the energy vs GDD coordinates. This was realized by means of two prisms.’* Our attempts to
initiate mode-locking at an increased GDD level >+10000 fs? were not successful. Further power scaling of the
oscillator with normal GDD was limited by the inability to start mode-locking.

5.3 Summary

Even though the difficult mode-locking initiation can be explained qualitatively by the long chirped pulses, being
especially critical for KLM, the details and theoretical investigation of the starting mechanism remains one of the
most intriguing and non-investigated issues for energy-scalable oscillators. This work provides strong motivation
for theoretical research on the starting mechanism, specifically in the normal GDD regime. 0.4-pJ pulses with
an average power of 17 W and a pulse duration of 190 fs were demonstrated. This result is realized with nearly
an order smaller GDD compared with the regime of anomalous GDD. Power scaling with GDD and output
coupling up to 30 W demonstrated, however, approaching GDD levels similar to the negative dispersion regime
(Fig.11). Inability to start the oscillator at increased GDD levels was found to be the limiting factor in further
energy scaling. An additional starting mechanism such as regenerative mode-locking?® or SESAM!? with an
increased modulation depth offers the potential for scaling the pulse energy and the power of KLM disk lasers
to unprecedented values.

6. CONCLUSION

This paper describes the experimental steps in the first realization of KLM in the TD oscillators, motivated by
the limitations of SESAM mode-locking. The experimental results of the oscillator operating with 0.5-,1-, 3-,
6-mm-thick fused silica as Kerr medium are presented. The best performance was reached with the 1-mm-thick
Kerr plate and a total GDD of -22000 fs?. The oscillator was successfully operated with two different output
couplers of 5.5% and 14% transmission. With 5.5% transmission 200 fs pulse duration and 0.4 pJ pulse energy
with 17 W of average power at 15% optical-to-optical efficiency was achieved. With higher output coupling the
parameters were 250 fs, 1.1 pJ, 45 W and 25% efficiency. These results were obtained with a weak SESAM having
both negligible modulation depth AR<0.1% and thermal effects. The chip was developed in the frame of this
work. Pure hard-aperture KLM was also realized with similar parameters and a somewhat shorter pulse duration
of 190 fs. Intensity fluctuations of the oscillator are below 0.3% r.m.s. The laser shows excellent beam pointing
stability with <10 urad and is insensitive to back reflections. This oscillator configuration was also operated in
the normal dispersion regime with the weak SESAM as a starter. The average power of 17 W and pulse duration
of 1.7 ps with a full spectral width of over 20 nm could be reached at an output-coupling transmission of 5.5%.
The pulses were externally compressed down to 190 fs. These parameters were obtained at nearly an order of
magnitude lower GDD in comparison with the negative dispersion regime. It was found that the main factor
preventing further energy scaling is an inability of the laser to self-start.
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