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Abstract: We present a first power-scaled nonlinear-mirror (NLM) modelocked thin-disk laser
based on an Yb-doped gain material. The laser oscillator delivers average output powers up to 87
W and peak powers up to 14.7 MW with sub-600-femtosecond pulses at ≈9-MHz repetition rate.
We demonstrate a threefold improvement in average output power and sixfold improvement in
pulse energy compared to previous NLM-modelocking results. We obtain peak powers in excess
of 10 MW for the first time from an NLM-modelocked laser oscillator. In our laser, the NLM
is assisted by a semiconductor saturable absorber mirror (SESAM) to reliably initiate pulsed
operation. We validate the high-power suitability of the NLM modelocking technique using
low-absorption χ(2) crystals and optimized dichroic-mirror coating designs. Furthermore, we
discuss stability against Q-switching and study how the tuning of the nonlinear mirror affects the
laser performance.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrafast laser sources are key technological devices to a variety of applications both in industry
and scientific research. For example, the combination of high peak power and ultrashort pulse
duration has enabled industrial micro-machining, nonlinear biomedical imaging, and frequency
conversion to extreme wavelengths such as the extreme ultraviolet (XUV) and THz [1–4].
The development of Yb-based systems, with low-cost direct diode-pumping schemes, further
facilitated the deployment of these sources and provided the technology for combining high-power
and ultrafast laser operation. Today, the leading technologies for high-power ultrafast laser
amplifier systems, namely fiber, slab and thin-disk, are based on a geometry that optimizes
the surface-to-volume ratio for efficient heat removal, enabling kW-level average powers [5–8].
These benchmark performances are achieved in amplifier systems which consist of a low-power
seed oscillator followed by pulse shaping stages, several amplification stages and compression.
Besides the overall large footprint of these multiple stages, high-power amplifiers generally have
various trade-offs in terms of beam quality, nonlinearity management, repetition rate scaling,
spectral bandwidth, pulse quality, and pulse contrast. Alternatively, high-power ultrafast laser
operation can be achieved from a single modelocked laser oscillator combining diffraction-limited
beam quality, transform-limited pulses, megahertz repetition rates, and low noise [9]. The
thin-disk geometry is well-suited for this purpose, with the thin gain medium providing excellent
heat removal capabilities, low nonlinearity and power-scalability [10]. Based on the high quality
and technological maturity of Yb:YAG as gain material, thin-disk laser (TDL) oscillators have
demonstrated continuous-wave (cw) operation up to 10 kW (M2 ≈10) from a single disk [11] and
ultrafast operation up to 350 W [12].

Ultrafast laser operation in TDL oscillators is achieved via passive modelocking and requires
an intracavity saturable loss to initiate and stabilize the pulse formation with soliton modelocking
[13,14]. The record performance of 350 W [12] was achieved using a semiconductor saturable
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absorber mirror (SESAM) [15] (Fig. 1(a)). The SESAM consists of semiconductor layers forming
a distributed Bragg-reflector topped by InGaAs quantum wells acting as saturable absorbers and
a top coating for a high damage threshold [15–17]. The epitaxially-grown SESAM structure can
be contacted onto a heatsink and directly placed inside the laser resonator to initiate and stabilize
soliton modelocking [13]. This flexibility is reflected in the numerous results achieved with
very diverse laser configurations and gain materials [9]. However, for targeting shorter pulses, a
trade-off between gain bandwidth and average power has been observed for Yb-doped thin-disk
gain media when using alternative host materials with broader bandwidths than YAG (see Fig. 3 in
[9]). This trade-off is attributed to a combination of less favorable material properties and crystal
quality for high-power laser operation, and the slow saturable absorber behavior of the SESAM.
Alternatively Kerr-lens modelocked (KLM) thin disk lasers have demonstrated high output powers
up to 270 W with 330-fs pulses [18] and 155 W with 140-fs pulses [19] (Fig. 1(a)). Relying on
Kerr-lensing combined with soft- and hard-aperture effects, this modelocking scheme provides a
fast absorption-free loss modulation. For a given gain material, KLM has enabled shorter pulse
durations due to its fast saturable loss mechanism, which enables a larger fraction of the available
gain bandwidth to be utilized. However, this comes at the cost of an increased complexity in
the resonator design, which couples resonator stability and pulse formation. This reduces the
flexibility of KLM and makes initiating pulse formation more challenging.

Fig. 1. (a) Overview of passively modelocked thin-disk laser results obtained with the
gain material Yb:YAG and different modelocking techniques. References [18,19,24–37].
NPR: nonlinear polarization rotation [38]. The dashed lines indicate constant pulse energy
values. The average power of state-of-the art results is indicated on the graph and the
presented results are highlighted by the green circle. (b) Average output power and pulse
duration of NLM-modelocked oscillators in the thin-disk and bulk geometries. References
[21–23,39–43]. The peak power of state-of-the-art results is indicated on the graph and the
presented results are encircled in green.

An attractive alternative providing a fast loss modulation is for example the frequency-doubling
nonlinear-mirror (NLM) modelocking technique [20]. In this technique, the output coupler
(OC) of the laser cavity is replaced with a new device: an intracavity χ(2) crystal cut for
type-1 second-harmonic generation (SHG), combined with a dichroic output coupler (OC) fully
reflecting the second harmonic (SH) but only partially reflecting the fundamental wave (FW) [20].
The incident intracavity FW light is partly converted to the SH in the χ(2) crystal, experiences
losses at the dichroic OC, and is partially replenished by the fully reflected SH in the return pass
through the χ(2) crystal (described in Section 2.1 and Fig. 2). Since SHG is a nonlinear process,
higher reflectivities are obtained at higher intensities, yielding a saturable loss mechanism [20].
The resulting NLM promises to combine the advantages of SESAM modelocking and KLM
by providing a large, ultrafast, and absorption-free loss modulation that is decoupled from the
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oscillator geometry. These features make NLM modelocking ideally suited to generate ultrashort
pulses at high average powers.

Fig. 2. Nonlinear mirror (NLM): (a) Operating principle of the NLM device: the incident
fundamental wave (FW) at 1030 nm is partially converted to the second harmonic (SH) in
the χ(2) crystal, then experiences higher losses than the SH upon reflection on the dichroic
output coupler (OC), and is finally replenished by the OPA process during the second
propagation through the χ(2) crystal. The phase-mismatch ∆k and the air gap determine
the efficiency of the second harmonic generation (SHG) process and the back-conversion,
respectively. (b) Evolution of the power in the FW and SH during the first pass through the
χ(2) crystal leading to the generation of the SH (solid lines) and during the second pass
through the crystal converting the energy back to the FW (dashed lines). TFW: transmission
of the dichroic OC for the FW.

NLMmodelocking wasmainly investigated with low-power, high repetition rate bulk oscillators.
Due to the low available intracavity power, this required the use of few-millimeter-long χ(2)

crystals, which severely limited the lowest achievable pulse duration to >5 ps [21–23] (Fig. 1(b))
due to group-velocity mismatch (GVM) between the FW and SH in the χ(2) crystal. The higher
intracavity peak power available from thin-disk laser oscillators allows for the use of much thinner
crystals (≈1 mm), thereby enabling significantly shorter pulses. In our recent first demonstration
of an NLM-modelocked thin-disk laser, we used a 0.5-mm-thick BBO crystal and obtained
pulses as short as 323 fs at an average power of 21 W, reaching 3.2 MW of peak power [24]
(Fig. 1(b)). It is worth noting that the achieved pulse duration is comparable to typical pulse
durations obtained with KLM (Fig. 1(a)), and is the first sub-picosecond pulse duration reported
for NLM-modelocking, to the best of our knowledge (Fig. 1(b)).

Here we demonstrate significant improvements in NLM-modelocked thin-disk lasers towards
the state-of-the-art demonstrated with other modelocking techniques. We combine the fast loss
modulation of the NLM with a SESAM to obtain a reliable initiation of pulsed operation and
optimize the NLM-modelocking process in terms of Q-switching instabilities that arise in this new
regime of laser operation (femtosecond NLM). We demonstrate an NLM-modelocked thin-disk
laser delivering 66 W in 426-fs pulses at 9.3 MHz in a first configuration, and up to 87 W with
586-fs pulses at 8.8 MHz in a second configuration. The ultrafast oscillator produces pulses with
energies up to 9.8 µJ and peak powers up to 14.7 MW (Fig. 1). In particular, we demonstrate
peak powers in excess of 10 MW for the first time with an NLM-modelocked oscillator, while
the average power is three times higher than previously demonstrated with this modelocking
technique, to the best of our knowledge. Moreover, as illustrated in Fig. 1, the pulse duration is
significantly shorter than typically achieved by high-power SESAM-modelocked Yb:YAG thin
disk lasers.
In the following, we first present our modelocking results (section 2) and comment on our

approach to mitigate Q-switching instabilities (section 3). In the final part we present our
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investigation of the NLM-modelocking regime (section 4) and conclude with prospects for further
power scaling.

2. High-power NLM-modelocked oscillator

In this section we present our high-power NLM-modelocked thin-disk laser. We took several key
steps compared to our earlier result [24] to enable the improved performance:

(1) We used a state-of-the-art Yb-doped thin-disk module from TRUMPF.

(2) We implemented an active-multipass cavity geometry to optimize the oscillator for
high-power operation and simultaneously lower the repetition rate compared to previous
results.

(3) We improved the thermal and damage properties of the NLM device by using a low-
absorption LBO crystal as the χ(2) medium, and optimized dichroic output coupler (OC)
coatings leading to a higher damage threshold.

(4) We included an intracavity SESAM to assist the optimization of the NLM device during
modelocking and reliably initiate pulsed operation.

(5) We carefully characterized the NLM operating regime, allowing us to define guidelines to
avoid Q-switching instabilities and tune the pulse duration during modelocked operation.

We first present the operating principles of the NLM device and introduce its tuning parameters,
then describe the thin-disk oscillator and finally present the modelocking results.

2.1. NLM operating principle

Here we describe the three-stage operating principle of the frequency-doubling NLM and
introduce the key parameters used to tune the NLM device, as illustrated in Fig. 2:

(1) An incident FW with a power Pinc
FW generates a SH with an efficiency depending on the

phase-mismatch ∆k= kSH – 2kFW (Fig. 2(b), solid lines).

(2) The FW and SH co-propagate to the OC where a part Pout
FW of the FW is transmitted.

The reflected FW and SH co-propagate back to the χ(2) crystal. The waves accumulate a
relative phase offset due to dispersion in the air gap and different reflection phases in the
dichroic OC coating layers.

(3) The SH is converted back to the FW via optical-parametric amplification (OPA) (Fig. 2(b),
dashed lines), resulting in a reflected power Pref

FW at the FW and a residual power loss Ploss
SH

in the SH. The efficiency of the back-conversion process is determined by the relative
phase offset introduced by the difference in the refractive index of air for the FW and SH,
and can be adjusted experimentally via the air gap.

As emerges from this description, for a given beam size on the χ(2) crystal, the operation of the
NLM is mainly determined by two parameters: the phase-mismatch ∆k, given by the angle of
incidence of the intracavity beam on the χ(2) crystal, and the air gap between the χ(2) crystal and
the dichroic OC. The operation of the NLM can be characterized experimentally by carefully
measuring Pinc

FW and Ploss
SH via leakages of intracavity mirrors in addition to Pout

FW. The effective
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nonlinear reflectivity, effective nonlinear transmission and SH losses of the NLM are then
calculated as follows:

Reff = 1 −
Pout
FW + P

loss
SH

Pinc
FW

(1)

Teff = Pout
FW/P

inc
FW (2)

LSH = Ploss
SH /P

inc
FW (3)

2.2. Thin-disk laser oscillator

The thin-disk laser oscillator used in our experiments is depicted in Fig. 3(a) and is based on an
Yb-doped thin-disk module from TRUMPF Lasers GmbH. In our experiments, we used a pump
laser with a central wavelength of 940 nm and up to 400 W of power with a beam diameter of 4.4
mm on the disk. Under these conditions, the diopter change due to thermal lensing of the disk is
<0.1 m−1 which we measured with an interferometer. In order to optimize the laser resonator for
high output power, we increase the available roundtrip-gain by increasing the number of passes of
the intracavity laser beam through the disk via a re-imaging scheme [32]. With three reflections
on the disk, our cavity supports laser operation with an OC transmission >40% (Fig. 3(c)). The
multipass arrangement also significantly increases the cavity length, leading to repetition rates
around 9 MHz. The cavity layout is shown in Fig. 3(a). In addition to the multipass arrangement,
it includes a telescope extension at one end of the cavity to adjust the beam size on the NLM
device from ≈290 µm to ≈400 µm (Fig. 3(b)).

We first characterized the performance of the laser in cw operation, i.e. without the χ(2) crystal
and the SESAM inside the cavity. As we expect the overall cavity losses to decrease during
modelocked operation, we operated the laser at two different values of the OC transmission.
We achieved up to 160 W of average output power with a linear 25% OC, and 99 W with a
linear 45% OC, at a pump power of 355 W (Fig. 3(c)). This corresponds to an optical-to-optical
efficiency of 45% and 28% respectively. We also characterized the beam quality in both cases
and measured an M2 <1.15, confirming that the beam is close to diffraction-limited. For the
modelocking experiments we choose to use a large linear OC transmission around 40% to
minimize the intracavity power. The power slope with a 25% OC confirms that the cavity behaves
well for lower cavity losses and higher intracavity powers.

2.3. Modelocking experiments

Femtosecond thin-disk lasers are usually modelocked in the soliton modelocking regime and
therefore rely on the balance of intracavity self-phase modulation (SPM) and dispersion for pulse
shaping, and a saturable absorber to initiate and stabilize pulsed operation [13]. The re-imaging
scheme implemented to increase the number of laser passes on the disk results in numerous
intracavity foci (Fig. 3(b)), leading to a large SPM contribution from the intracavity air. We
compensate this nonlinear phase with Gires-Tournois-Interferometer (GTI)-type dispersive
mirrors inserted in the multipass arrangement (Fig. 3(a)). Accounting for the dispersion of
the intracavity thin-film polarizer (TFP) introduced for polarization selection, and the optional
addition of a −5000 fs2 GTI mirror to the cavity, the total cavity dispersion amounts to either
≈-31,600 fs2 or ≈-41,600 fs2 per roundtrip. In order to facilitate the optimization of the NLM
device and achieve reliable initiation of the modelocked operation, we introduce a SESAM at
one end of the cavity. Using the approach of Ref. [44], we characterized the SESAM nonlinear
reflectivity as a function of the incident pulse fluence and retrieved a saturation fluence of 35
µJ/cm2, a modulation depth of 2.7%, nonsaturable losses of 0.35% and a rollover parameter of
0.5 J/cm2 (for a pulse duration of 170 fs). The 1/e2 intracavity beam radius on the SESAM is
≈950 µm.
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Fig. 3. SESAM-assisted NLM-modelocked thin-disk laser oscillator: (a) Cavity layout. The
mirrors indicated with a blue color are Gires-Tournois-Interferometer (GTI)-type mirrors and
introduce negative group delay dispersion (GDD). The multipass arrangement is extended
on one end towards the SESAM and on the other end towards the NLM device. A thin-film
polarizer (TFP) is introduced for polarization control. The multipass arrangement also
includes most of the intracavity dispersion. (b) Evolution of the 1/e2 cavity mode radius.
The re-imaging scheme on the disk leads to numerous foci. (c) Output power slopes in cw
operation for two different OCs. The insets show the corresponding beam profiles at the
highest power.

For our first modelocking experiments, we used a 0.5-mm-thick BBO crystal and a 45%
dichroic OC for the NLM device. The 1/e2 intracavity beam radius on the BBO crystal was
≈290 µm. We operated the NLM at a non-zero SHG phase-mismatch ∆k in order to mitigate
Q-switching instabilities (see section 3). With an intracity dispersion of ≈-31,600 fs2, we achieved
up to 66 W of average output power with pulses as short as 426 fs full-width at half maximum
(FWHM), at a repetition rate of 9.3 MHz (Figs. 4(a)–4(c)). This corresponds to a pulse energy of
7.1 µJ and a peak power of 14.7 MW. Using a leakage through one of the intracavity mirrors, we
estimate the intracavity average power to be ≈180 W, corresponding to an effective transmission
of the NLM device of ≈36.7% (Eq. (2)). We also measured the maximum temperature of the
BBO crystal with a thermal camera and found that it exceeds 80 °C, which would ultimately limit
power scaling [45]. The heat load on the crystal is likely due to linear absorption at the laser or
second-harmonic wavelength. The linear absorption is specified by the manufacturer (EKSMA)
as <1000 ppm/cm at 1030 nm. Additionally, the dichroic OC was very susceptible to damage
when initiating modelocking.

To target higher powers, we therefore improved the thermal and damage properties of the
NLM device. We replaced the BBO crystal by a low-absorption LBO crystal (<20 ppm/cm at
1030 nm, Cristal Laser) and designed an optimized dichroic coating for the OC mirror with
high-damage threshold (see section 3). Furthermore, we increased the beam size on the LBO
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Fig. 4. High-power NLM-modelocked thin-disk laser oscillator: (a) Autocorrelation trace
of the 426-fs pulses obtained at 66 W. (b) Optical spectrum of the 426-fs pulses, with a
time-bandwidth product (TBP) of 1.34 × 0.315 (a transform-limited sech2-pulse has 0.315).
(c) Microwave spectrum analyzer (MSA) trace showing the repetition rate of 9.3MHz. (d)
Autocorrelation trace of the 586-fs pulses obtained at 87 W. (b) Optical spectrum of the
586-fs pulses, with a TBP of 1.21 × 0.315. (c) MSA trace showing the repetition rate of
8.9MHz. The inset shows a sampling scope measurement with a 45-GHz fast photodiode.
No side-pulse is apparent over the roundtrip time of 112.4 ns.

crystal to ≈400 µm, in order to saturate the NLM device at higher peak powers. Using a
1-mm-thick LBO and a 40% dichroic OC, and with ≈-41,600 fs2 of intracavity dispersion, we
achieved modelocking up to 87 W with a pulse duration of 586 fs and a repetition rate of 8.9
MHz (Figs. 4(d)–4(f)), corresponding to a pulse energy of 9.8 µJ and a peak power of 14.7 MW.
In this configuration, no damage of the dichroic OC occurred and the LBO crystal stayed at a
temperature <25 °C, for an intracavity power of ≈240 W. The effective transmission of the NLM
device in that case was ≈36.3%. For both results, we verified that no double-pulse was present
by scanning the autocorrelation delay over a range of ≈60 ps. Additionally, we measured the
pulse train with a fast (45 GHz) photodiode and a sampling oscilloscope.
The results presented in this section show the power-scalability of the NLM modelocking

technique towards the 100-W level. We improved the average power by a factor ≈3 over previous
results while keeping femtosecond pulse durations and demonstrated peak powers close to 15MW.
Optimizing our oscillator also provided us with new insights into the mitigation of Q-switching
instabilities and the influence of the NLM device on the pulse formation, which we present in the
following section.

3. Study of the nonlinear-mirror modelocking regime

Here we describe the results of our investigation of the NLM-modelocking regime. In particular,
we focus on avoiding Q-switching instabilities, which requires operation of the NLM device
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with a finite phase-mismatch ∆k. We carefully characterize the operation of the NLM in these
conditions and show its influence on the shaping of the intracavity pulse.

3.1. Q-switching instabilities

The NLM provides a saturable nonlinear reflectivity for initiating and stabilizing pulsed operation
[13]. However, unlike SESAM and KLM modelocking schemes, the NLM effectively saturates
the reflectivity of the OC, i.e. the main contribution to the total cavity losses. On one hand,
this enables a straightforward scaling of the available modulation depth by changing the OC
transmission. On the other hand, however, this implies that the saturation of the NLM device
strongly affects the Q-factor of the laser cavity (e.g. by potentially halving the cavity losses).
As a result, NLM-modelocked lasers are susceptible to Q-switched modelocking instabilities
with a strongly modulated amplitude of the pulse train.

The modulation depth provided by the NLM is maximized when operating the χ(2) crystal at
phase-matching ∆k= 0, and adjusting the phase offset between the electric field of the SH and
the electric field squared of the FW on the return pass to π (mod 2π) for optimal back-conversion
(Fig. 5(a), blue curve) [24]. For short pulse durations, the group-velocity mismatch (GVM)
between the FW and SH in the χ(2) crystal leads to a reduction of the modulation depth, however
this effect is small for the pulse durations considered here (>400 fs). In our experiments, we
initially attempted to operate the NLM for optimal efficiency (∆k= 0 and optimal back-conversion),
however we systematically damaged the dichroic OC due to Q-switching instabilities (Fig. 5(b));
the OC in this case was obtained commercially.

In the aftermath of these damage events, we fabricated a custom OC using ion-beam sputtering
(IBS), designed to minimize the interaction of the SH with the coating layers. We designed this
dichroic mirror to optimize the reflection of the SH within the first layers (see the green line
in Fig. 5(c)) and adjusted the underlying layers for a flat 40% transmission of the FW and flat
and nearly zero-dispersion for the FW and SH (Fig. 5(d)). We used SiO2 as low- and Ta2O5
as high-index material. Since Ta2O5 has a bandgap of ∼4.2 eV [46], two photon processes
of the SH (about 2.4 eV) could ultimately limit further power scaling. Therefore we kept the
field intensity of the SH (green line in Fig. 5(c)) low in the Ta2O5 layers. This resulted in a
significantly improved damage threshold as no damage was observed with this mirror, despite
continued Q-switched operation. If nonlinear effects or damage were a limiting factor for further
power scaling, we could use HfO2 (bandgap ∼5.7 eV [47]) as a high-index material.

In order to mitigate Q-switching instabilities, we introduce a rollover in the nonlinear reflectivity
curve of the NLM. The onset of rollover effects generally determine the transition between
Q-switched modelocking and cw modelocking [48]. We detune the NLM from its optimal
operation regime by rotating the χ(2) crystal and changing the angle of incidence compared
to phase-matching, and therefore operating at a finite phase-mismatch ∆k , 0. This induces
a rollover in the nonlinear reflectivity of the NLM that can be understood as follows: for
a phase-matched cw interaction, the single-pass SHG process of the NLM does not exhibit
back-conversion to the FW; however, with a finite phase-mismatch, back-conversion occurs
after a certain distance through the SHG crystal, and the maximum SHG efficiency is reduced.
Moreover, this distance decreases with input intensity and phase-mismatch [49]. In the context
of an NLM device, these effects lead to a reduced maximum reflectivity and a rollover of the
reflectivity at high intensities. Hence, the crystal phase mismatch can be used to limit both the
available modulation depth and to reduce the intensity at which maximal reflectivity is obtained
(Fig. 5(a), yellow and green curves).

By operating the NLMwith a finite phase mismatch ∆k, we suppressed Q-switching instabilities
and achieved stable cw modelocking. Both results presented in section 2 were achieved in this
regime, with a phase-mismatch ∆k <0. We further characterized the operation of the NLM in
this regime, in particular its influence on pulse shaping.
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Fig. 5. Optimization of the NLM: (a) Simulated effective nonlinear reflectivity of the NLM
device as a function of the incident pulse peak intensity for a 1-mm-long LBO and a 40%
dichroic OC. The 1/e2 beam radius on the LBO is 300 µm and the pulse duration is set to
500 fs; the simulation assumes a Gaussian beam profile and a sech2 pulse profile. The
nonlinear reflectivity curve is plotted for different values of the phase mismatch ∆k. For each
case we adjust the phase offset between FW and SH to obtain an optimal back-conversion.
(b) Microscope images of the OC mirror used in our first modelocking experiments at
phase-matching ∆k= 0, showing several damaged spots. (c) Custom-made dichroic OC
using ion-beam sputtering (IBS). Layers and standing-wave pattern of the coating developed
for increasing the damage-threshold of the dichroic OC. (d) Transmission and GDD of the
produced dichroic mirror, shown for the FW and SH wavelengths.

3.2. Operation at non-zero phase-mismatch

In order to characterize the operation of the NLM, we carefully measure the output power at
1030 nm Pout

FW directly with a power meter, as well as the incident power at 1030 nm Pinc
FW and

the SH loss power Ploss
SH from the NLM via leakages of intracavity mirrors. The experimentally

deduced effective nonlinear reflectivity and SH losses of the NLM are then calculated using
Eqs. (1) and (2). Furthermore, we estimate the nonlinear phase contribution of the NLM under
the assumption of soliton modelocking [13].

The total roundtrip nonlinear phase contributing to the soliton pulse formation can be estimated
using soliton theory [50]:

ϕsol = −(1.76/τp)2Drt, (4)
where τp is the full-width at half-maximum (FWHM) pulse duration and Drt is the total roundtrip
dispersion. The two main sources of nonlinear phase-shifts contributing to the roundtrip B-
integral Brt are the NLM and the intracavity air. Brt is the accumulated nonlinear phase for the
peak of the pulse in space and time, and for free-space propagation the soliton phase ϕsol is
related to Brt via [51]:

ϕsol =
3
4
Brt =

3
4
(BNLM + Bair) = ϕNLM + ϕair, (5)

where ϕNLM and ϕair are the effective roundtrip nonlinear phase contributions to the soliton pulse
formation, accumulated in the NLM and the intracavity air respectively. The effective nonlinear
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phase contribution from the intracavity air can be calculated using:

ϕair =
3
4
Bair =

3
4
·
2π
λ
nair2

∫ Ppk
π
2w(z)

2 dz, (6)

where λ is the central wavelength of the pulse, n2
air is the nonlinear refractive index of air,

w(z) is the 1/e2 intracavity beam radius, and Ppk is the pulse peak power. We deduce the
nonlinear phase contribution from the NLM, under the assumption of soliton modelocking, by
calculating: ϕNLM = ϕsol − ϕair. We further define the SPM coefficients γNLM = ϕNLM/Ppk and
γair = ϕair/Ppk.
For our study, we use a 1-mm LBO and a 40% OC for the NLM. In cw operation, we

initially align the LBO to obtain phase-matched SHG. The SH power generated in cw is of
order 100 nW-1 µW and can be measured with a calibrated photodiode in order to optimize
phase-matching. We then detune the angle of incidence by ≈20.7 mrad, corresponding to a
phase-mismatch ∆kL= -0.61 π, similar to the detuning used in our modelocking experiments
(L= 1 mm is the length of the LBO). Next, we optimize the air gap in cw operation to obtain
optimal back-conversion of the SH to the FW. We then initiate modelocking by gently knocking
the OC and tune the air gap in pulsed operation by moving the LBO to study the influence of the
phase offset on the laser performance.
In Fig. 6(a), we show the evolution of the output power and the pulse duration as a function

of the air gap. The first point of the scan (air gap ≈83 mm) corresponds to the optimal air gap
for back-conversion in cw, with modelocked operation initiated at this point. We then translate
the LBO away from the OC to increase the air gap. As observed on Fig. 6(a), the output power
is ≈70 W and varies by less than 5% over the scan range. However, the pulse duration varies
significantly over the same range, from ≈790 fs down to ≈490 fs, hinting towards a large change
of the roundtrip nonlinear phase as a function of the air gap. Since the intracavity beam size on
the LBO (predicted from ray transfer matrix calculations) stays virtually constant (310± 2 µm)
across the scan range, the change in nonlinear phase can be attributed to the change of the NLM
parameters, in this case the phase offset. Under the assumption of soliton shaping, we calculated
the SPM coefficients γair, γNLM for the intracavity air and for the NLM device and show the results
in Fig. 6(c). The intracavity peak power was evaluated using Ppk = 0.88(Pinc

FW/frep)/τp,FTL, where
f rep is the pulse repetition rate and τp,FTL is the transform-limited pulse duration deduced from the
measured spectrum of the output beam. As expected, the SPM coefficient for air is almost constant
at ≈8 mrad/MW, as most of the SPM from air originates from the multipass part of the cavity,
which essentially stays unaffected by the changing NLM air gap. The inferred SPM coefficient of
the NLM device, however, varies significantly from ≈3.2 mrad/MW to ≈8.9 mrad/MW, becoming
comparable to the SPM coefficient of the intracavity air for large air gaps. We conclude that
the nonlinear phase introduced by the NLM is strongly dependent on the phase offset between
the FW and SH on the return pass, and that this dependence leads to the tuning of the pulse
duration we observe in Fig. 6(a). We have recently demonstrated compensation of positive
SPM contributions with an intracavity phase-mismatched second-harmonic-generation crystal
in a high-power thin-disk laser [52], which could be implemented to compensate or add to the
nonlinear phase from the NLM device when targeting short pulses at higher powers and keep the
laser operated in air.

We also calculated the experimental effective reflectivity and SH losses of the NLM device as a
function of the air gap and plotted the results in Fig. 6(b). Interestingly, we initiated modelocking
in a regime for which the effective reflectivity of the NLM is lower than the linear reflectivity of
the OC, clearly indicating that the NLM device is not operating optimally. This indicates that the
experimental conditions for optimal back-conversion in cw operation are different than those for
pulsed operation, which could be due to a combination of intensity and temperature dependent
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Fig. 6. Experimental characterization of the NLM-modelocking regime at a phase-mismatch
∆kL= -0.61 π. The NLM device combines a 1-mm LBO with a 40% dichroic OC. We tune
the air gap in pulsed operation by moving the χ(2) crystal relative to the OC. We show
the evolution of: (a) the output power and pulse duration, (b) the experimentally deduced
effective reflectivity and SH losses, the dashed line represents the linear reflectivity of 60%,
(c) the deduced SPM coefficients for the intracavity air and the NLM device as a function of
the air gap.

phase-shifts in the LBO crystal. This difference also justifies the presence of the SESAM in the
cavity for initiating modelocking. We can differentiate two regimes of operation:

- Modelocking initiation: At the optimal air gap found in cw operation, we initiate modelocked
operation. The SESAM losses are saturated, providing a modulation depth of ≈2%, but the NLM
losses increase (Reff <Rlin) by ≈1%, resulting in a net ≈1% saturable loss in the cavity.
- Modelocking optimization: As we increase the air gap, the SESAM losses stay saturated,

but the effective reflectivity of the NLM increases and eventually provides a net positive loss
modulation (i.e. when Reff >Rlin = 60%) of ≈2%, resulting in a net 4% saturable loss in the
cavity.

The fast loss modulation provided by the NLM supports the shorter pulses generated at larger
air gaps. This improvement of the NLM operating regime when increasing the air gap is also
reflected in the decreasing SH losses. It is worth noting that pulse durations <700 fs are usually
not supported by SESAM-modelocked thin-disk lasers based on Yb:YAG [9,51], which further
confirms the additional pulse reduction due to the fast saturable-absorber effect of the NLM
device.

To summarize: we characterized the operation of the NLM device at a fixed phase-mismatch
and variable air gap between the LBO crystal and the OC. By adjusting the air gap, we change the
efficiency of the back-conversion process and hence the strength of the NLM. This tuning also
yielded shorter pulses at the output of the oscillator. Based on the assumption of soliton pulse
shaping, i.e. that the reduced pulse duration corresponds to a change in intracavity nonlinearity,
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we deduce a strong dependence of the nonlinear phase contribution of the NLM on the phase
offset set by the air gap.

3.3. Power scaling prospects

The underlying mechanism of the NLM is readily scalable by the beam size on the device.
However, at some power level the thermal load on the crystal due to absorption at the FW or SH
will become significant and lead to thermo-optic distortions. While thermal lensing effects are
well-known in the context of power scaling, for an NLM there is the additional, related effect
of thermal dephasing of the nonlinear interaction. Therefore, in this section we consider the
sensitivity of the NLM process to changes in the phase mismatch, as would occur in the presence
of excessive absorption in the crystal. We evaluate the case of an NLM consisting of a 1-mm-thick
LBO crystal and a 40% dichroic OC, operating at a phase-mismatch ∆k.L = −0.36π, for which
the optimal peak intensity lies around 100 GW/cm2 (Fig. 5(a), yellow). For a phase-mismatch
∆k.L = −0.52π, the optimal peak intensity is reduced by a factor of two (Fig. 5(a), green).
Using the temperature sensitivity of the phase mismatch of d∆k/dT = 0.09mm−1/K, calculated
from the Sellmeier relations [53], we can evaluate the temperature difference leading to such a
dephasing for a 1-mm LBO crystal and find a value of ≈5.6°C. Power scaling could most readily
be achieved by finding a suitable crystal and beam geometry to keep the on-axis temperature
increase (arising due to absorption at the FW and SH) below these levels. Given the multi-100-W
SHG results achieved in recent years [7,52,54], we are optimistic about further power scaling of
the NLM approach.
Additionally, shorter pulse durations could be generated by using GVM compensation

techniques [22]. This could allow for the generation of sub-200 fs pulses from a multi-100 W
NLM-modelocked TDL.

4. Conclusion and outlook

We presented a first power-scaled NLM-modelocked thin-disk laser oscillator delivering close to
15 MW of peak power in 426-fs or 586-fs pulses, representing a promising alternative to KLM for
generating peak powers >10 MW at sub-500-fs pulse durations. We designed our laser resonator
using a re-imaging scheme on the disk allowing us to couple out >40% of the intracavity power
and operate at reduced repetition rates <10 MHz. We further used a SESAM to facilitate the
optimization of the NLM device and enable reliable modelocked operation.
During our first modelocking attempts, we identified Q-switching instabilities as the main

obstacle for stable cw modelocking because the NLM can saturate a large fraction of the cavity
losses. We designed a new dichroic OC coating with a minimized interaction of the second
harmonic wave and the coating layers, which led to significant improvements in terms of damage
threshold. Furthermore, we mitigated Q-switching instabilities by operating the NLM device at a
finite phase-mismatch, thus introducing a rollover in the nonlinear reflectivity of the device.
Using a BBO crystal, we demonstrated modelocking up to 66 W with 426-fs pulses at a

repetition rate of 9.3 MHz. The crystal however suffered from a high absorption leading to a
significant temperature increase during laser operation. For our next modelocking experiments,
we replaced the BBO with a low-absorption LBO crystal and achieved up to 87 W of average
power with a pulse duration of 586 fs and a repetition rate of 8.9 MHz. This is to the best of our
knowledge the highest power demonstrated with the NLM-technique (≈3 times more than the
previous record [23]). The corresponding pulse energy is 9.8 µJ and the peak power is 14.7 MW.

We characterized the operation of the NLM device at a fixed phase-mismatch and in particular
the influence of the phase offset on the laser performance. We tuned this parameter by adjusting
the air gap between the χ(2) crystal and the OC, which effectively adjusts the efficiency of
the back-conversion process. This is confirmed by our experiments, showing an increase of
the NLM reflectivity and a simultaneous decrease of the SH losses when tuning the air gap.
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However, this tuning also significantly impacts the pulse formation process, likely due to a
phase-offset-dependent nonlinear phase-shift provided by the NLM device. In our experiments,
we could tune the pulse duration by a factor of almost two, from 790 fs down to 490 fs at almost
constant output power. Based on this change and the other sources of nonlinear phase inside the
cavity, we infer a change in the SPM coefficient introduced by the NLM device by one order of
magnitude.
Our experiments validate the compatibility of the NLM for high-power modelocking. We

expect that modelocking at multi-100s-W is achievable with the combination of low-absorption
nonlinear crystals and optimized dichroic OC coating used in this work. Additionally, we
identified a strong dependence of the NLM nonlinear phase on the tuning of the air gap, which
can be exploited to tune the output pulse duration or calls for a strong intracavity source of
SPM to decouple pulse shaping from NLM optimization. Finally, new NLM designs with a
reduced loss modulation could allow for high-power NLM-modelocking at phase-matching
without Q-switching instabilities.
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