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We reported a high-power pure Kerr-lens mode-locked
Yb:CALYO laser based on the dual-confocal cavity deliver-
ing sub-100-fs pulses. The output pulses at 81 MHz have
an average power of 10.4 W and the pulse duration of 98 fs,
corresponding to the peak power of 1.14 MW. This is, to
the best of our knowledge, the highest average power ever
reported for a Kerr-lens mode-locked Yb-bulk oscillator.
Analysis of the dual-confocal cavity was also conducted,
which indicates a way to achieve higher average power. We
believe the result described in this Letter may pave a way
to develop Kerr-lens mode-locked bulk lasers with much
higher average power. © 2021 Optical Society of America

https://doi.org/10.1364/0L.419370

The generation of high-power ultrashort pulses has always been
attractive to researchers due to its wide range of applications in
scientific researches and industries [1,2]. With excellent thermal
management, the thin-disk laser (TDL) is one of the most popu-
lar methods to generate high-power ultrashort pulses directly
from the laser oscillator [3]. Average output power as high as
270 W [4] by Kerr-lens mode-locking (KLM) and up to 350 W
[5] using a semiconductor saturable absorber mirror (SESAM)
has been reported successfully. However, the pulse durations
are typically several hundred femtoseconds due to the narrow
emission bandwidth of the most widely used Yb:YAG thin disk.
To obtain sub-100-fs pulses, the Yb:Lu, O3 and the Yb:CALGO
thin disk have been employed in the past years. However, the
average power was only 1.6 W for 35 fs pulse duration [6], 5.1 W
for 62 fs pulse duration [7], and 21 W for 95 fs pulse duration
[8]. In fact, this kind of level of average power does not need
very high pump power whose thermal load is actually in the
reachable margin of conventional Yb-bulk lasers. Considering
the difficulty of the fabrication of a high-quality thin disk and
the complexity of the pumping geometry, it is significant to
develop high-power bulk lasers with short pulse duration.

As for the high-power ultrashort bulk lasers, there are more
suitable gain media with both high thermal conductivity and
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wide spectral bandwidth, such as Yb:KGW [9], Yb:CaF, [10],
Yb:Lu, 03 [6], Yb:YSO [11], Yb:CALGO [12],and Yb: CALYO
[13]. With the help of a SESAM, several watt-level Yb-doped
bulk lasers with sub-100-fs pulses have been demonstrated [14—
19]. However, a customized SESAM with higher damage and
two photon absorption thresholds is needed for higher average
power. In contrast, the high-power KLM bulk laser is very prom-
ising. There are two ways currently to implement high-power
pure KM, either pumping with a powerful single-mode fiber
laser or employing the dual-confocal cavity with an additional
Kerr medium. The single-mode fiber laser has an excellent beam
quality (M? < 1.1) so that its output beam can be focused to a
very small spot with a long Rayleigh length. By pumping with
a single-mode fiber laser, a few watts pure KLM lasers have
been demonstrated operating at sub-40-fs pulses. In 2014,
Sévillano e al. demonstrated a KLM Yb:CALGO laser with
1.1 W average power and 40 fs pulse duration [20]. By pumping
Yb:CALYO crystal, 36 fs pulses with 2 W output power were
realized by Tian ez a/. [21]. However, the single-mode fiber laser
is not only expensive but also power limited. The dual-confocal
cavity allows us to separate the gain medium and Kerr medium.
Combining a big beam size in the gain medium and a small
beam size in the Kerr medium, a high-power multi-mode laser
diode (LD) can be used as the pump to obtain both high average
power and strong Kerr-lens effect. The first KLM Yb-doped
bulk laser based on this configuration was reported in 2015
[22], which generated 135 fs pulses with an output power of
1.85 W. Then shorter pulse duration of 68 fs was delivered by
Yb:CALYO crystal with 1.5 W average power [23]. Soon after
that, 4 W output power with 73 fs pulse duration was reported
by the Yb:KGW crystal [24], and 6.2 W output power with 59 fs
pulse duration was obtained from the KLM Yb:CALYO bulk
laser [25]. However, the potential in high average power of this
method is yet fully developed.

In this Letter, we demonstrated the generation of more than
10 W average power from a KLM Yb-bulk laser at 81 MHz.
The long-term power stability is better than 0.3% (root mean
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Fig. 1.  Schematic of the high-power Yb:CALYO laser. DM,

dichroic mirror; C1 and C2, concave mirrors with RoC of 300 mm;
C3 and C4, concave mirrors with RoC of 100 mm; GTI1, GTI2,
and GT1I3, Gires—Tournois interferometer mirrors; KM, 2 mm CaF,
plate as Kerr medium; HR, highly reflective mirrors; OC, 20% output
coupler.

square, RMS) in 1 h. Thanks to the excellent optical properties
of Yb:CALYO crystal and fine dispersion management, the
pulse duration is less than 100 fs, resulting in a peak power of
1.14 MW. To our best knowledge, this is the highest average
output power from a KLM bulk laser generating sub-100-fs
pulses. The study of the dual-confocal cavity in terms of the Kerr
sensitivity and pump-laser mode matchingare also carried out.

The layout of the high-power KLM laser cavity is shown in
Fig. 1. The pump source used for the experiment was a 50 W
fiber-coupled unpolarized laser diode emitting at 976 nm
(105 um core diameter, 0.15 NA, M? ~ 25). After a com-
mercial 1:0.8 couple system, the pump beam was reimaged
into a 3 x 3 x 6mm c-cut Yb:CALYO crystal with 5 at. %
doping, forming a beam radius around 52 x 54 um (measured)
at the focal plane. Without laser operation, over 91% of the
pump power was absorbed due to the long crystal length and
the high doping level. A 2-mm-thick CaF, plate acting as the
Kerr medium was placed in the cavity at the Brewster-angle. In
addition to providing Kerr nonlinearity and self-phase modu-
lation (SPM), it also maintained the linear polarization and
compensated for the astigmatism from the concave mirrors.
The concave mirrors C1 and C2 provided a loose focusing in
the gain medium (radius of curvature RoC = 300 mm), while
C3 and C4 formed a tight focusing in the Kerr medium (radius
of curvature RoC = 100 mm). The separation of C1 and C2
was fixed at 300 mm, and the gain crystal was positioned in the
middle of them. Three Gires—Tournois interferometer (GTT)
mirrors (Layertec GmbH) were used to introduce negative
group delay dispersion (GDD) of —5800 fs* per round trip
in the cavity, which balanced the positive GDD (41268 fs*)
from the intracavity dispersion medium and SPM. To efficiently
suppress the low-intensity background and extract high average
power from the cavity, an output coupler (OC) with transmis-
sion 0f 20% was used in this work. This cavity was compact with
a total length close to 1.85 m, corresponding to a repetition rate
of 81 MHz.

When the cavity was set up and the continuous-wave (CW)
laser started to oscillate, the optimization of the spatial match-
ing between the pump and cavity modes was the first thing we
did. First, the pitch of the end mirror and OC were adjusted
to make the laser in the fundamental mode. Next, we changed
the laser mode size in the gain crystal to fit the pump by moving
the position of C4 along the light path. In the lower edge of the
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Fig.2. Average output power and pulse duration as a function of the
pump power. The red circles refer to the power of CW laser, while the
green circles are the ML laser. The pulse duration is indicated by blue
circles. Red dashed line from 25 to 33 W has a slope of 39% and 21%
from 33 to 37 W. The left gray dashed line represents the start power for
mode-locking, and the right gray dashed line recorded the pump power
where the pulse duration and the ML power started to saturate.

stable region, we obtained a high slope efficiency of 39% in CW
operation. But it decreased to 21% when the pump power was
higher than 33 W because of the pump-saturation effects [26],
as shown in Fig. 2. In order to avoid the damage of crystal, the
maximum pump power was limited to 40 W.

As shown in Fig. 2, mode-locking operation can be initiated
with the pump power of 26 W by a fast moving OC on the trans-
lation stage. The average output power at this point was 7.8 W,
and the pulse duration was 138 fs. As the pump power increased
to 33 W, the mode-locking power ramped up to 10.2 W. Because
of the raise of the intracavity power density, the pulse duration
decreased to 98 fs. As the pump power continued to increase,
realignment of the laser cavity was needed for mode-locking,
so that the average output power of the mode-locked (ML)
laser did not increase and the pulse duration did not get shorter
accordingly. This was because of the saturation of self-amplitude
modulation (SAM) [27], where multiple pulses were likely to
occur. Replacing folding mirrors of C3 and C4 to bigger RoC
ones to enlarge the mode size on the Kerr medium may improve
this situation [4].

The spectrum of the ML laser was characterized with an
optical spectrum analyzer (AvaSpec-ULS4096CL-EVO) with
a resolution of 0.6 nm, as shown in Fig. 3(a). A full width at
half-maximum (FWHM) bandwidth of 12 nm at a center wave-
length of 1050 nm was obtained. The sech’-fit pulse duration
of 98 fs was measured by a commercial intensity autocorrelator
(APE PulseCheck USB) [Fig. 3(b)]. The autocorrelation trace
measured in 50 ps delay span as inserted in Fig. 3(b) indicates
that it was not operating in mult-pulse regime. The corre-
sponding time-bandwidth product was 0.32, which is close
to the Fourier transform limit assuming the sech” pulse shape
(0.315). We recorded the pulse train by a 500 MHz bandwidth
oscilloscope as shown in Fig. 4. There was neither Q-switched
mode-locking nor multi-pulses observed.

In order to claim the stability of the 10 W KLM laser, the
radio frequency (RF) spectrum was measured by a commer-
cial RF spectrum analyzer (Agilent 4407B). Figure 5(a) shows
the fundamental beat note at 81 MHz with a signal-to-noise
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Fig. 3. (a) Optical spectrum of the 98 fs pulses at a pump power

of 33 W. (b) The corresponding intensity autocorrelation trace with
sech2-fit in the red curve and measured data in red squares. Inset,
autocorrelation trace measured in a 50 ps delay span.
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Fig.4. Sampling oscilloscope traces of 98 fs pulses at repetition rate
of 81 MHz in the time scale of (a) 4 ns/divand (b) 100 ns/div.

ratio of 56 dB with a resolution bandwidth (RBW) of 10 kHz.
Figure 5(b) shows the harmonics in 500 MHz frequency range
with 10 kHz RBW. No obvious side peaks around the several
harmonics were observed, which indicated that the mode-
locking is very clean. We also measured the long-term stability
of the output power shown in Fig. 5(c). Once mode-locking
was started, it was stable longer than 6 h, and the RMS in 1 h
was smaller than 0.3% at average power of 10.4 W. At last,
we tested the M? factors using a commercial M factor meter
(BSQ-SP920), which were 1.3 and 1.4 in the horizontal and
vertical directions, as shown in Fig. 5(d).

The soft aperture technique was used in the experiment for
KLM as it introduces less loss than the hard aperture [28]. It is
important to note that the soft aperture KLM in this kind of
cavity behaves differently from that of the conventional one.
In the conventional KLM cavity, the Kerr-lens effect and soft
aperture effect happen in the same place (gain medium), while
in the dual-confocal cavity, they happen in the Kerr medium and
the gain medium, respectively, which means that the Kerr-lens
effect can be optimized independently meanwhile keeping the
well overlap between the pump and the ML laser. For deeper
understanding of this dual-confocal cavity, the Kerr sensitivity
and pump-laser mode matching are discussed.

The Kerr sensitivity parameter § is widely used to quan-
titatively evaluate the KLM operation [29-31], defined as
follows:

_ —ldo
T wdP’
where @ means the mode radius at the aperture plane and P

is the intracavity peak power. § represents the relative spot size
variation due to the self-focusing effect. When it is negative, the
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Fig.5. (a) Radio frequency spectrum of the fundamental repetition
rate frequency at 81 MHz with a RBW of 10 kHz. (b) The harmonics
within 500 MHz span with 10 kHz RBW. (c) Average power stability
during 60 min. (d) Beam quality of the laser beam with max average
power of 10.4 W.

mode size would be reduced for the ML laser to the CW laser
in the aperture plane so that the system can favor the pulsed
regime over the CW one with a soft aperture. Here we used
the analytical solution of § presented by Magni ez al. [32]. As
shown in Fig. 6(a), the stable ranges were determined by the
distance of mirrors C3 and C4, which was around 2.5 mm
between the two horizontal black dotted lines (from 100.6
to 103.1 mm). The horizontal coordinate represents the KM
position. The value of § was shown in the colors of red (>0) and
blue (<0). According to Cerullo ez 4., the KLM could be easily
started and maintained for hours if § < —0.5 [33]. So in this
dual-confocal cavity, we find that there were two strong Kerr
sensitivity regions in the upper and lower edges of the stable
region where 100.6 mm < C3—C4 < 101.2 mm, 48.5 mm
< C3—KM < 50 mmand 102.5 mm < C3—C4 < 103.1 mm,
51.1 mm < C3—KM < 52.5 mm. But in the experiment, we
could only start the KLM in the lower edge of the stable region.
And the most stable Kerr-lens mode-locking operation was
obtained where the separation between C3 and C4 was 101 mm
and the corresponding distance between the C3 and CaF, plate
was 49.5 mm. Thus, the CaF, was a little away from the focus
point, and the laser mode radius in CaF, plate was estimated
to be 20 pm. To explain this phenomenon, the mode match
ratio of the CW laser and pump was calculated, as shown in
Fig. 6(b). The vertical coordinate represents stability zones, and
the horizontal coordinate equals the CW laser mode (in the
middle of the gain crystal) divided by the pump radius. For a
suitable soft aperture KLM, the fundamental CW laser mode
should be a little bit bigger than the pump. However, in the
upper stable region, the laser mode becomes too big, and it not
only influences the start of KLM but also reduces laser efficiency
because of the reabsorption effect in the unpumped regions of
the gain crystal. Perfect mode match was found in the lower edge
of the stable region, where soft aperture KLM could be worked.
The above analysis about the Kerr sensitivity and pump-laser
mode indicates a solution to further scale the average power
in this dual-confocal cavity. First, a higher ratio couple system
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Table 1. Overview of the State-of-the-art of High-
power KLM Yb-doped Oscillator with Sub-100-fs
Pulses’

Type Gain Crystal T P No—o Reference
TDL Yb:Lu, O3 35fs  1.6W  5.8% (6]
TDL Yb:Lu, O3 95fs  21.1W 16.2% (8]
Bulk Yb:YVO, 80 fs 1w 28.5% [34]
Bulk Yb:YSO 95 fs 2W 27% [11]
Bulk Yb:CaF, 68fs 23W 33% [35]
Bulk Yb:KGW 73 fs 4\ 18% [24]
Bulk Yb:CALGO 40 fs 1.1W 12% [20]
Bulk Yb:CALYO 68 fs 1.5W 6% [23]
Bulk Yb:CALYO 36fs 2W 31% [21]
Bulk Yb:CALYO 59fs  6.2W - [25]
Bulk Yb:CALYO 98fs 10.4W  30% This work

‘r, pulse duration; P,., average output power; 1,,, optical-to-optical
efficiency.

could be used to expand the pump radius in the gain medium.
So higher pump power can be used before encountering the
pump-saturation effects. Second, the operation area of mode-
locking is then moved to the upper edge of stable region, where
the laser mode becomes much bigger and matches the pump
better. Therefore, a suitable soft aperture effect could be formed
for the high-power KLM laser.

In summary, we have demonstrated the generation of 98 fs
pulses with an average power of 10.4 W at a repetition rate of
81 MHz directly from the KLM Yb:CALYO oscillator, cor-
responding to the pulse energy of 0.12 pJ and the peak power
of 1.14 MW. The final average output power is much higher
than any other KLM bulk laser as summarized in Table 1. The
optical-to-optical efficiency was 30% using 20% OC. The
power stability was better than 0.3% (RMS) over 1 h with
a beam quality of 1.3 and 1.4 in the horizontal and vertical
directions.

In the next step, scaling of the mode radius of the pump and
laser would be taken by the use of a large coupled system and
adjusting the mirror distance. The dual-crystal geometry would
be able to generate higher average power when mode-locking in
the upper edge of the stable region.
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