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260-megahertz, megawatt-level thin-disk oscillator
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A Kerr-lens mode-locked (KLM) Yb:YAG thin-disk oscillator delivering 215-fs pulses with 75-W average power and
1.4-MW peak power at a repetition rate of 260 MHz is presented. Self-starting KLM is demonstrated at an output
power of 68 W. This is the highest repetition rate of any mode-locked thin-disk oscillators so far. Concepts for scaling
the repetition rate up to 1 GHz are discussed. © 2015 Optical Society of America
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Highest peak powers directly from laser oscillators rely
on diode-pumped solid-state thin-disk (TD) laser technol-
ogy [1]. Mode-locked Yb:YAG thin-disk lasers permitted
the generation of sub-picosecond pulses at unprec-
edented average and peak power levels in the multi-
100-W average power and near-100-MW peak power
range, respectively [2-5], thus paving the way to a new
third-generation femtosecond technology [6]. The peak
power of mode-locked oscillators can be scaled via
reducing the repetition rate and/or increasing average
power [2-5]. By contrast, the power delivered per mode,
highly relevant in frequency-domain metrology [7], can
be maximized by increasing the repetition rate. To date,
the highest repetition rate of a mode-locked thin-disk
oscillator is 81 MHz [8], and no attempt was reported
to scale this repetition rate toward the GHz frontier.
The combination of high average power (> 100 W) and
high repetition rate (> 200 MHz) is of interest for a
number of applications, including the development of
compact sources of coherent radiation all the way from
the mid-infrared to the extreme ultraviolet (via nonlinear
frequency conversion), with particular emphasis for
UV-XUV and MIR frequency-comb spectroscopy [9-11].
The enhanced power per mode implies an improved
signal-to-noise (S/N) ratio in optical-frequency metrology
and frequency-comb spectroscopy [12]. Femtosecond en-
hancement cavities [13,14] also benefit from such a com-
pact front end with high average power and repetition
rate due to relaxed demand on the cavity Q-factor and
to the more compact setup and resultant mechanical
stability.

The first KLLM thin-disk oscillator was demonstrated in
2011 generating 200-fs and 270-fs pulses at energy levels
of 0.4 pJ and 1.1 pJ, respectively, at a 40-MHz repetition
rate [15]. Recently, such a system has been scaled up to
38-MW peak and 270-W average power, the highest
values to date for oscillators operating in ambient air [5].
Capitalizing on these two previous experiments, in this
Letter, we report on a KLM thin-disk Yb:YAG oscillator
delivering 215-fs pulses at an average power level of
75 W and a repetition rate of 260 MHz.
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Initially, the laser oscillator with a cavity length of
1.5 m was realized to yield a repetition rate of 100 MHz.
The experimental setup is shown in Fig. 1(a) with a thin
(= 1/10 mm) wedged Yb:YAG disk with a concave radius
of curvature of about 20 m and a multi-pass pump cavity
generating a pump spot diameter of 2.5 mm (TRUMPF
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Fig. 1. Schematics of the KLM thin-disk Yb:YAG oscillator
realized at a repetition rate of (a) 100 MHz, (b) 200 MHz,
and (c) 260 MHz, along with their output beam profiles (insets).
The distances between resonator elements are to scale. All flat
mirrors are highly reflective; HD1 and HD2, high-dispersion mir-
rors with a group-delay dispersion of approximately —3000 fs?
and -2000 fs> per bounce, respectively; OC, output coupler
with 10% transmission; R1-R3 and R4-R5, concave spherical
mirrors with a radius of curvature of 150 mm and 50 mm,
respectively; F1, convex lens with a focal length of 75 mm;
KM, Kerr medium, 1-mm sapphire plate positioned at
Brewster’s angle at the beam waist; H, hard aperture with a
diameter of 2.2 mm.
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Laser GmbH). The disk is used as one of the folding mir-
rors in a Z-shaped cavity. It is pumped by a fiber-coupled
diode laser at 940 nm. The cavity is slightly asymmetric
relative to the position of Kerr medium (KM). The disk is
placed in one of the cavity arms exhibiting a beam diam-
eter of 2.2 mm on the disk (defined as 1/e? of intensity
maximum). A 1-mm-thick sapphire plate is used as a non-
linear Kerr medium at the beam waist of a diameter of
45 pm. With an output coupler of 10%, the oscillator
delivered 250-fs pulses [assuming a sech? pulse shape,
see Fig. 2(a)] centered at 1030 nm with a beam quality
of M2 ~ 1.1. The average power is 90 W at 470-W pump
power corresponding to an optical-to-optical efficiency
of 19%. The oscillator was enclosed in a robust water-
cooled housing, sealed to prevent air flow and external
environmental influences. These engineering efforts re-
sulted in an excellent intensity stability of <0.3% (root
mean square, rms) over the bandwidth from 1 Hz to
200 MHz, beam-pointing stability of better than 2 prad
(rms deviation), and unattended operation over the
full day.

The main challenge in increasing the repetition rate
and average power simultaneously is posed by the con-
flicting requirements of short cavity length and large
beam size on the disk, respectively. The power scaling
concept of the TD geometry implies enlargement of the
beam diameter on the TD crystal with increased pump
power. Depending on the pump wavelength (940 nm or
969 nm for Yb:YAG) implying a different quantum defect,
the maximum pump power density applicable varies in
the range of 8-12 kW/cm?. This requires pump beam
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Fig. 2. Spectra and pulse durations of the KLM Yb:YAG oscil-

lator depicted in Fig. 1 at a repetition rate of (a) 100 MHz,
(b) 200 MHz, and (c) 260 MHz.

diameters of several millimeters for a 100-W-class KLM
laser taking into account an efficiency of about 25% [15].
However, shortening the cavity tends to reduce the intra-
cavity beam size [16], deteriorating the overlap between
the resonator mode and the pump beam and thereby the
optical-to-optical efficiency. For example, in a symmetric
confocal resonator consisting of two concave mirrors
with radius of curvature R and separated by the distance
L (L =R), the mode radius at the mirrors scale as
@ = ~/AL/7. Moreover, geometric constraints set a lower
limit to the distance between the disk and a neighboring
optical element at about 70 mm, dictated by the multi-
pass pumping configuration (see Fig. 1).

Possible solutions to the difficulties described above
include (i) a strongly asymmetric resonator and/or (ii) a
single pass (per round-trip) through the disk. Approach
(i) can be realized with two concave mirrors of different
radii of curvature. The resulting cavity is asymmetric
with strongly differing beam sizes in the two cavity arms
[17,18]. In contrast to [17,18], the oscillator presented
here has the gain medium separated from the Kerr
medium, which on the one hand grants more freedom
in optimizing the oscillator power, but on the other hand
increases the complexity of the oscillator. This is op-
posed to the typical KLM oscillators operating with only
a soft-aperture and a combined gain and Kerr medium.
Additionally, due to the complex spatio-temporal dynam-
ics of the Kerr-lens regime and the correspondingly com-
plex numerical simulations, it is also hard to predict the
peak power level of the oscillator, especially when a non-
standard asymmetric cavity configuration is chosen. Our
previous experiment on power scaling concepts of KLM
thin-disk oscillators [5] utilized symmetric cavity configu-
rations and could not be straightforwardly used to pre-
dict peak power levels of non-standard asymmetric
resonator configurations. One of the cavity arms spans
the distance from the output coupler to the focal point
within the KM, and the second cavity arm spans the
remainder of the cavity (see Fig. 1). This strongly asym-
metric configuration reconciles, to some extent, the
inconvenience of arrangement due to the short cavity
length and the extension of the TD module (incl. pump
optics). In Fig. 1, the disk is used as one of the folding
mirrors. Approach (ii) may be considered to trade off the
round-trip gain against repetition rate and appears to be a
must if repetition rates above 300 MHz are to be achieved
with the commercial thin-disk laser module employed.

Based on this analysis, in a second experimental step, a
strongly asymmetric configuration was used to further
increase the repetition rate up to 200 MHz. The setup
is illustrated in Fig. 1(b). The radii of the two concave
mirrors are 150 mm and 50 mm, respectively. This results
in a larger mode size in the cavity arm containing mirror
R3. The beam is well collimated in this arm, meaning that
the beam size on the output coupler and the disk are
almost the same. Furthermore, shortening or increasing
the length of this arm does not have any pronounced
influence on the beam size and divergence. The TD is
placed in this arm to enable a beam size well matched
to that of the pump beam of a diameter of 2.5 mm. As
a consequence, the beam size in the other cavity arm de-
creases to a beam diameter of 160 pm on the OC. The
dispersive mirrors are placed in the arm with larger beam



size in order to avoid damage caused by the high inten-
sities during the oscillator start-up. 75 W of average out-
put power under 315-W pump power was achieved with
an output coupler of 10%, corresponding to an optical-to-
optical efficiency of 24%. The spectral width is 4.5 nm,
and the pulse duration is 260 fs [see Fig. 2(b)]. The pulse
energy and the peak power are 0.38 pJ and 1.4 MW,
respectively.

A further increase in repetition rate made a replace-
ment of the 150-mm concave mirror [R3 in Fig. 1(b)] with
a 75-mm lens [F1 in Fig. 1(c)] necessary. This measure
shortens the distance between the TD module and the
first concave mirror and simultaneously decreases intra-
cavity astigmatism caused by the large folding angle of
the concave mirror. The lens could be placed directly
in front of the TD module, considerably shortening the
distance from the disk to the lens. By this approach,
the cavity length was decreased down to 577 mm, yield-
ing a repetition rate of 260 MHz. The corresponding setup
is shown in Fig. 1(c). The size of the entire 260-MHz
cavity is now comparable to the size of the TD module.
This oscillator provides 75-W average power and 0.3-pJ
pulse energy with an optical-to-optical efficiency of
21.4%. The spectrum and the intensity autocorrelation
are shown in Fig. 2(c), exhibiting a pulse duration of
215 fs. The beam size in the KM stayed the same as in
the 200-MHz oscillator, so the fact that the peak power
stayed constant with differing GDD should not come
as a surprise.

All oscillator configurations described (see Table 1)
can operate in the self-starting KLM regime, however,
with somewhat reduced power. This mode of operation
yields an average output power of 68 W, 56 W, and 53 W
for the 100-MHz, 200-MHz, and 260-MHz oscillators, re-
spectively. Self-starting was achieved by optimizing the
position of the KM relative to the beam focus. After
blocking the beam inside the cavity and unblocking it
again, mode-locking immediately resumes. The KM can
be moved away from this optimal self-starting position.
In this case, the oscillator output power can be increased
at simultaneously increased pump power (see Table 1).
The maximum 90-W, 75-W, and 75-W average power
levels were obtained in that non-self-starting mode-
locked regime. Mode-locking in this latter case needs
to be initiated by gentle translation of the output coupler
mirror.

Table 1. Summary of the Parameters of Different
Repetition-Rates Thin Disk Oscillators”
Jrep (MHz) 100 200 260
Pump 4 (nm) 940 940 940
Pyyg (W) 90 75 75
Ep (nd) 0.9 0.38 0.3
Ppeac (MW) 3.6 1.4 1.4
7 (fs) 248 260 215
GDD (fs?) -6000 -8000 -5500

“f rep, TEPELition rate; pump 4, pump wavelength; P,,, average
power; Ep, pulse energy; Pp..x, peak power; 7, pulse duration;
GDD, intra-cavity dispersion; 7,_o, optical-to-optical
efficiency.
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Fig. 3. Sampling oscilloscope measurement of different
oscillators (a) with pulse separation of 9.7 ns, corresponding
to a repetition rate of 100 MHz, (b) with pulse separation of
4.95 ns, corresponding to a repetition rate of 200 MHz, (c) with
pulse separation of 3.84 ns, corresponding to a repetition rate of
260 MHz.

A fast photodiode (bandwidth >5 GHz) and an oscillo-
scope with 3.5-GHz bandwidth were used to confirm
a single-pulse operation in the range of 500 ps~!/ f rep
(see Fig. 3). Additionally, a homemade autocorrelator
was used to confirm single pulses in the range 0-500 ps.

To further increase the repetition rate, a resonator
with even stronger asymmetry will be necessary to pre-
serve a pump beam size of 2.5 mm on the disk. Also, a
single-pass configuration with the TD placed as an end
mirror is needed. Our experiments along with these con-
siderations suggest that a repetition rate of about 0.5 GHz
can be reached in the near future. Approaching or even
surpassing the 1-GHz frontier, however, would require a
side-pumped thin-disk geometry [19], which does not
have strict spatial constrains on placing the neighboring
optical elements closer to the disk. Thanks to the high
peak power that will be maintained up to the 1-GHz re-
gime, carrier-envelope phase stabilization, and extracav-
ity pulse compression are expected to be achievable in a
similar way as demonstrated earlier in the sub-100-MHz
regime [20,21].

In conclusion, we have demonstrated thin-disk oscilla-
tors spanning the range of output powers from 75 to
100 W and repetition rates from 100 to 260 MHz (see
Table 1). We have shown that a strongly asymmetric
geometry of the KLM resonator offers nearly the same
performance as the symmetric configuration while help-
ing scale the repetition rate in the high-power regime.
Additionally to this, the oscillator can be easily started
and even self-started at slightly lower output power. A
next milestone of 0.5 GHz appears to be feasible with
an even more asymmetric resonator configuration and
the thin-disk implemented as one of the resonator end
mirrors.
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