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Abstract: We report on a Kerr-lens mode-locked Yb:YSO lasers for the first time. Pumped
by a single-mode fiber laser with high brightness and linear polarization, the Yb:YSO laser
can deliver as high as 2 W average power with as short as 95 fs pulse duration at the
repetition rate of 137.2 MHz, resulting in the single pulse energy of 14.8 nJ and the peak
power of 155.7 kW. This work proves the potential on generation of sub-100 fs pulses with
multi-watt level average power with the Yb doped oxyorthosilicates crystals.
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1. Introduction

The generation of high power femtosecond pulses directly from a laser oscillator is currently
one of the frontiers of ultrafast optics, as their extensive applications range from nonlinear
microscopy [1] to ultrafast spectroscopy [2] as well as from frequency conversion [3] to
high-field science [4]. Femtosecond Ti:sapphire oscillator is currently mature in generating
tunable femtosecond pulses from 700 nm to 1000 nm as well as down to sub-5 fs pulses [5].
However, the power scalability is limited to about 4 W, due to not only the costly green
pump source but also its moderate quantum efficiency. On the other hand, Yb doped gain
media with several merits including more than 90% quantum efficiency, allowing direct
diode pumping, broad emission spectrum as well as long excited state lifetime are well
known as optimal alternatives in high power femtosecond pulse generation with reduced heat
deposition and thermal loading. Although a variety of Yb-doped materials have been
managed to deliver high power femtosecond pulses by means of either thin-disk technology
[6-8] or simple bulk geometry [9—11], it is still challenging to directly extract sub-100 fs
pulses with watt level average power from a Yb solid-state laser. Because such a laser
demands the Yb-doped gain medium with not only a flat emission spectrum of sufficiently
broad bandwidth but also excellent thermal conductivity to suppress the thermal lensing.
Currently, Yb-based femtosecond lasers delivering watt-level sub-100 fs pulses have been
reported only in a few kinds of crystals such as Yb:CaF, [12-14], Yb:CGA [15-17],
Yb:CYA [18], Yb:KGW [19-21], Yb:KYW [22], Yb:YVO, [22], and Yb:Lu,0; [23] as well
as Yb:LuAG ceramic [24]. Apart these materials, the family of Yb doped oxyorthosilicates
[25] (including Yb:GSO, Yb:LSO, Yb:YSO, Yb:GYSO and Yb:LYSO crystals) are also
promising candidates for producing sub-100 fs pulses with watt level average power, due to
their broad emission spectra as well as excellent thermal conductivities as summarized in Fig.
1. The large ground states and excited state energy splitting of Yb*" ions in Yb-doped
oxyorthosilicates not only lead to quasi-four level operation but also result in broad
fluorescence spectra, such as 48 nm in Yb:YSO and 73 nm in Yb:LSO, both of which
support generating transform limited pulses down to sub-50 fs. In addition, all the thermal
conductivities of Yb doped oxyorthosilicates beside Yb:GSO crystal are large than that of
Yb:KGW, implying the potential in high power operation. Thus, an increasing attention has
been paid to this family of gain media since last decade. Laser performances on both
continuous wave (CW) and mode-locking have been demonstrated. In 2005, M. Jacquemet
et. al. reported on the efficient laser actions of Yb:LSO and Yb:YSO oxyorthosilicates
crystals with high CW optical conversions of more than 50% for the first time [26]. In 2006,
F. Thibault et. al. reported on the high-power semiconductor-saturable-absorber-mirror
(SESAM) mode-locked operation based on Yb:YSO and Yb:LSO crystals, providing more
than 2.6W average output power with 198 fs and 260 fs pulse durations, respectively [27].
Recently, as high as 3.07 W average output power was directly generated from the SESAM
mode-locked Yb:LYSO laser, while the pulse duration was 297 fs [28].
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Fig. 1. Thermal conductivity and emission bandwidth of the Yb-doped crystals for high-power
femtosecond generation.

In general, passively mode-locked femtosecond lasers based on Yb-doped
oxyorthosilicates using SESAM produce comparatively longer pulses on the order of several
hundred femtoseconds [27, 29-32], which is mainly due to the multiple spectral peaks in
their fluorescence spectra. The advantage in gain of the peaks over the valleys limits the
spectral broadening of the mode-locked pulses. In addition, the multiple peaks structure will
also enable the dual-wavelength synchronously mode-locking operation [33]. In contrast, the
Kerr-lens mode-locking (KLM) technology is more feasible for sub-100 fs pulses generation
from a Yb doped oxyothosilicates laser. With multi-mode laser diode (LD) as the pump
source, previous studies demonstrated as short as 54 fs, 55 fs, 61 fs, 71 fs and 72 fs from the
KLM solid-state lasers based on Yb:LSO [34], Yb:GYSO [35], Yb:LYSO [36], Yb:SSO [37]
and Yb:GSO [38] crystals, respectively. In order to enhance the Kerr-lens effect for
generating sub-100 fs pulses, tight focusing cavities were implemented in the above lasers,
which is incompatible with the large pump spot of a multi-mode LD, resulting in bad mode
matching and then low efficiency. Therefore, all the KLM Yb-doped oxyothosilicates lasers
suffered from the limited output power on the order of several tens milliwatts, which severely
limits their applications. Employing a high-power single-mode fiber laser, which has very
high brightness as well as excellent linear-polarization property, as the pump source is an
effective method to cope this issue and improve the output power to watt level by providing
much better mode matching for higher efficiency.

In this paper, we firstly report on a single-mode fiber laser pumped KLM Yb:YSO laser.
Upon the incident pump power of 7.5 W, 95 fs pulses centered at 1040 nm with as high as
2.03 W average output power were obtained at the repetition rate of 137.2 MHz. The resulted
single pulse energy and peak power are 14.8 nJ and 155.7 kW, respectively.

2. Experimental setup

The pump source is a commercial single mode fiber laser (ALS-IR-75, Azur Light Systems)
emitting at 976 nm with up to 10 W output power. Compared with the common pump source
of laser diode, such single mode fiber laser has some evident advantages including very high
brightness (linewidth is only about 50 kHz), excellent beam quality with M? <1.1, distinct
linear polarization characteristic as well as much lower noise. With a lens of 60 mm focal
length, the pump beam was focused into the center of an Yb:YSO crystal (from Prof. Jun
Xu’s group) with 26.5 pm spot radius and as long as 4.5 mm confocal parameter. The
resulted maximum pump intensity was up to 0.9 MW/cm®. The 3-mm long gain medium was
wrapped with an indium foil and mounted tightly in a water-cooled copper heat sink
maintained at 14°C. The crystal was 5 at.% Yb’" doped and anti-reflective coating around
980-1100 nm. Since the absorption cross section is strongly polarization dependent in
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Yb:YSO crystal [39], a half-wave-plate (HWP) was used to adjust the polarization of the
incident pump for optimal absorption.

10 W 976 nm
fiber laser

Fig. 2. Experimental setup of the Kerr-lens mode-locked Yb:YSO laser. HWP: half wave
plate; L: lens; C1, C2 and C3: concave mirrors; OC: output coupler; GTI1 and GTI2: Gires-
Tournois Interferometer mirrors; HR: flat mirror with high reflectivity.

The schematic of the experimental setup is shown in Fig. 2. A modified X-folded
prismless cavity with seven mirrors was employed in the experiment. C1 and C2 were
dichroic concave mirrors with 100 mm radium of curvature (ROC), coated with high
reflectivity over 1020-1100 nm (R>99.9%), and high transmittance around 800-1000 nm
(R<5%). Thus, it promises us to record the unabsorbed pump power directly behind the
concave mirror C2 with laser effect. GTI1 and GTI2 (from LAYERTEC GmbH) were Gires-
Tournois Interferometer mirrors for intra-cavity dispersion compensation, with =550 fs* and
—800 fs* group delay dispersion (GDD) per bounce respectively. C3 was a concave mirror
with 300 mm radium of curvature (ROC), coated with high reflectively in the region of 1020-
1100 nm (R>99.9%). The cavity was ended by a flat mirror (HR) with highly reflectivity
over 1020-1100 nm and a wedged output coupler (OC) with 10% transmittance mounted on a
translation stage, respectively. The slight wedge of the OC was helpful to avoid disturbing to
the mode locking from the back reflection. The beam waist radius in CW operation (ignoring
the Kerr-lens effect) in the center of the Yb:YSO crystal was calculated to be 31x36 pm
(1/¢%) based on the ABCD matrix, which is larger than that of the focused pump beam. Thus,
a soft aperture was readily formed to enable the KLM. The total cavity length was about
1093 mm, corresponding to a repetition rate of 137.2 MHz.

3. Results and discussion

At first, we characterized the CW operation properties of the Yb:YSO laser. When the
polarization of incident pump was perpendicular to the X axis of the Yb:YSO crystal, only
1.03 W output power was produced with as high as 5.21 W unabsorbed pump power for the
maximum pump power of 10 W. The absorption efficiency and the corresponding optical-
optical efficiency were only 47.9% and 21.5%, respectively. When adjusting the polarization
to be parallel to the X axis, the maximum output power raised to 3.6 W and the unabsorbed
pump power dropped to 1.78 W, corresponding to an optical-optical efficiency of 43.8% and
an absorption efficiency of 72.2%. In this condition, we recorded the output power as a
function of the incident pump power as shown in Fig. 3(a). the threshold for laser operation
was 750 mW and the slope efficiency above 5 W incident pump power was about 48.7%.
The change in slope around 5 W in Fig. 3(a) is caused by the increasing of the absorption
efficiency for Yb:YSO crystal. The spatial distribution of the output laser was measured with
a commercial multiple-axis knife edge scanning laser beam profiler (Beam Analyzer USB,
Duma Optronics Ltd.) as presented in Fig. 3(b), where the diagonal lines labeled V and W
are the axes along which the measurements are made and displayed. As shown in Fig. 3(b),
the laser beam has an elliptical profile which was contributed to the astigmatism caused by
the two folded concave mirrors. Besides, the spot size in both horizontal and vertical
directions are 625 pm and 1340 pm (1/¢” level), respectively.
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Fig. 3. (a) CW output power versus the pump power. (b) Spatial distrubution of the CW
output.

In order to realize the KLM operation, the cavity was detuned close to the edge of the
stability domain by translating the C2 mirror, where the CW output power decreased from
2.4 W to 1.92 W under 7.5 W incident pump power. Reproducible mode-locking operation
could be achieved only if a weak perturbation was introduced such as taping the mirrors or
pushing the translation stage. When locked, the Yb:YSO oscillator delivers a stable pulse
train at 137 MHz repetition rate with the output power increasedg to 2.03 W for 7.5 W
pumping power. Using a commercial optical spectrum analyzer (AvaSpec-ULS2048,
Avantes), we measured the mode-locked optical spectrum as shown in Fig. 4(a). The full
width at half maximum (FWHM) of the spectrum was 11 nm with the central wavelength at
1040 nm, which supported a transform limited pulse duration of 85.4 fs assuming a sech’
pulse shape. The corresponding intensity autocorrelation trace was measured by a
commercial intensity auto-correlator (APE PulseCheck USB), as shown in Fig. 4(b). The
FWHM bandwidth of the autocorrelation trace was about 147 fs, corresponding to 95 fs pulse
duration if a sech” pulse shape was assumed, which was close to the Fourier limited pulse
duration.

1.0 1.04

95x1.54fs
0.5

Intensity (a.u.)
.(D
Intensity (a.u.)

0.0 +—=—F———————r— 0.0 e ey x
1010 1020 1030 1040 1050 1060 1070 800 -400 200 0 200 400 600
Wavelength (nm) Delay (fs)

Fig. 4. (a) Optical spectrum of the Kerr-lens mode-locked laser. (b) The corresponding
intensity autocorrelation trace. The experimental data and the sech’-fitting curve are described
by the solid magenta curve and the dashed black curve, respectively.

To claim the stability of the mode-locking operation, the radio frequency (RF) spectrum
was also measured via a photo detector with a 3-dB bandwidth of 1 GHz and a commercial
RF spectrum analyzer (R&S FSVA40). The signal was recorded for both a frequency
window of 500 kHz with 1 kHz resolution bandwidth (RBW) and a 1 GHz with 100 kHz
RBW as described in Fig. 5. The distinct signal to noise ratio of the fundamental beat note at
137.25 MHz was 80 dBc. Stable mode locking operation was illustrated by the clean RF
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spectrum, where no side peaks of the harmonics of the fundamental frequency were
observed. Once be started by slight perturbation, the mode-locking operation could stably last
for several hours.

@& RBW=1 kHz (b) RBW=100 kHz

o
o
L

RF Power (dBm)
IS
(=]

RF Power (dBm)

b T -804 T T 1
137.00 137.25 137.50 0.0 0.5 1.0 1.5
)

Frequency (MHz) Frequency (GHz

Fig. 5. The RF power spectrum of the Kerr-lens mode-locked laser in the frequency span of
500 kHz (a) and 1 GHz (b), respectively.

In addition, further characterizations including the beam profile and mode-locking
performances at different pump power were presented. As shown in Fig. 6(a), the Yb:YSO
oscillator could maintain single-pulse mode-locking operation when the pump power was
from 6 W to 7.5 W. It turned to multi-pulses region when higher pump power was employed
and failed to mode lock with lower than 6 W pump power. For temporal features, the pulse
duration shortened from 106 fs to 91 fs when the incident pump power increased from 6 W to
7 W and raised to 95 fs afterward. The shortest pulses of 91 fs were obtained under 7 W
incident pump power with 1.85 W output power, which shows the balance between the net
intracavity GDD and the self-phase-modulation. Figure 6(b) depicted the near field beam
profiles in the mode-locked operations recorded with an optical beam analyzer (Beam
Analyzer USB, Duma Optronics Ltd.). The transverse beam distribution gets more circular
than that in CW operation. And, the KLM laser beam has a spot size of 536 pm x 1095 pm in
the horizontal and vertical directions, respectively.

21 . . . —108
(a) —— L 106
20 L104
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L100

184 g Log
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Pulse Duration (fs)

6.0 65 70 75
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Fig. 6. (a)The output power and pulse duration of the mode-locked pulses as a fuction of the
incident pump power. (b) The spatial distrubution of the mode-locking pulse with 2.03 W
output power.
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Fig. 7. Summary of the state-of-art results from Yb-based bulk lasers in generating sub-100 fs
pulses with watt level output power [12-24].

A summary of the sub-100 fs mode-locked lasers based on bulk Yb-ion-doped crystals
with watt level average output power is shown in Fig. 7. Previously, Yb-based bulk lasers
delivering watt-level sub-100 fs pulses have been reported only with a few kinds of gain
media, such as Yb:CaF, [12-14], Yb:CGA [15-17], Yb:CYA [18], Yb:KGW [19-21],
Yb:KYW [22], Yb:YVO, [22] and Yb:Lu,0O3 [23] crystals as well as Yb:LuAG ceramic [24].
Among them, sub-50 fs pulses with watt level average power were only generated from
Yb:CGA as well as Yb:CaF, crystals, due to their broad emission spectra combining with
excellent thermal conductivities. In this work, pumped by a high-power single-mode fiber
laser, Yb:YSO crystal is proved to be capable in generating sub-100 fs pulses with over 2 W
average power. Taking into account of that other Yb-doped orthosilicates crystals such as
Yb:LSO, Yb:SSO, and Yb:LYSO has broader emission spectra and higher thermal
conductivities than Yb:YSO crystal does (see Fig. 1), it is possible to generate sub-50 fs
pulses with watt level average power from these Yb-doped orthosilicates crystals in the fiber
pumping geometry.

4. Conclusion

In conclusion, we have reported on a high power KLM Yb:YSO oscillator pumped by a
single-mode fiber laser emitting at 976 nm. With 10% output coupler, the CW thershold was
only 750 mW, and the optical-optical efficiency as well as an absorption efficiency were
43.8% and 72.2%, respectively. By finely tuning the cavity, stable pulses with as high as 2.03
W average power and 95 fs pulse duration were obtained. The pulses had 14.8 nJ pulse
energy and a record peak power of 155.7 kW. This work is not only the first demonstration
of KLM operation in the Yb:YSO oscillator, but also the first time to demonstrate a watt
level Yb-doped orthosilicate lasers delivering sub 100 fs pulses. It is believed that higher
power with even shorter pulses could be obtained from Yb-doped orthosilicates crystals in
this fiber pumping geometry.
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