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Abstract:  We redlized a stable Kerr-lens mode-locked operation in a
diode-pumped Yb:Y3GasO12 laser. Pulses as short as 88 fs at the center
wavelength of 1042 nm were obtained at a repetition rate of 159.3 MHz.
The maximum output power was 104 mW under the incident pump power
of 3.9 W. By comparing the mode-locked characteristics under different
output transmissions, we obtained pulses with the highest output power of
330 mW and a duration of 149 fs. To the best of our knowledge, thisisthe
first demonstration of a Kerr-lens mode-locked Y b:Y 3GagO1, |laser.
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1. Introduction

In recent years Y b-doped laser materials are attracting more and more attentions for ultrafast
lasers because of their numerous excellent characteristics, such as no excited state absorption,
no cross relaxation, high quantum efficiency, long fluorescence lifetime, broad emission bands
and ability of being directly pumped by diode lasers. Benefiting from the rapid development
of the available Y b-doped laser materials and the high brightness diode lasers, remarkable pro-
gresses on diode-pumped mode-locked Y b-doped lasers were achieved. With a semiconduc-
tor saturable absorber mirror (SESAM) which is commonly used in solid-state mode-locked
lasers[1, 2], stable femtosecond laser pulses have been generated with various Y b-doped | aser
materials [3-13]. Kerr-lens mode locking is another well-devel oped technique for the genera-
tion of ultrashort pulses [14-16]. Up to now, several kinds of Y b-doped laser materials have
been studied and used to generate the sub-100 fs pulses by Kerr-lens mode locking [17-24].
Among all these laser materials, Yb:YAG has attracted the most attentions because of its re-
markabl e advantages and capability of support sub-100 fs laser pulses[18]. As a special case,
pulse duration as short as 35 fs was obtained by shifting the central wavelength from 1030 nm
to 1060 nm when a prism pair was used to precisely compensate the intracavity group velocity
dispersion (GVD) [17]. By employing athin disk as gain medium, O. Pronin et a. even realized
high-power Kerr-lens mode-locked (KLM) operation with the average power of 17 W and pulse
duration of 200 fs [25]. Meanwhile, the attempt of exploring new Y b-doped gain medium for
supporting even shorter pulse duration and higher power never stop, it still attracts extensive
interesting for the pursue of directly diode-pumped ultrafast laser with promising gain materials
in laser field.

Yb:Y3GasO12 (YGG) is obtained with gallium replacing aluminum in the YAG crystal [26,
27]. As the isomorph of YAG crystal, YGG shows similar properties as YAG [28, 29], and
supports a strong Kerr effect for its high linear refractive index of 1.91 and nonlinear refractive
index of 5.2x 10716 cm?/W at 1.06 um [30]. Although the physical and optical properties have
been studied in previous reports [31-35], Yb:Y GG crystal was not recognized as an attractive
material for ultrafast lasers until optical floating zone method was introduced to grow high-
quality crystals[36]. Asthefirst femtosecond operation, Y. Zhang et a. generated 245 fs pulses
from a diode-pumped Y b:Y GG laser by using Gires-Tournois interferometer (GTI) mirrors for
dispersion compensation and a SESAM for passive mode locking [37]. Further experimental
research demonstrated an efficient continuous-wave (CW) operation with an optical-to-optical
efficiency of 39.5% and maximum slope efficiency of 84.5% [38], which revealed that even
higher mode-locked power should be possible. In addition, in those works Yb:Y GG shown a
broad emission bandwidth of about 22 nm (FWHM) which was nearly four times wider than
that of Yb:YAG [37] and had a great potential to support even shorter pulses and higher power.
In this letter, we report the first demonstration, to our knowledge, of a directly diode-pumped
KLM Yh:YGG laser with the pulse duration of 88 fs. This result is much shorter than our
previous result which has the pulse duration of 245 fs with a SESAM [37]. Although several
Y b-doped materials have been used to generate sub-100 fs or high-power pulses, Yb:Y GG
could become another excellent candidate which has great potential for high-power ultrashort
solid-state laser with KLM mode.

2. Experimental setup

The experimental setup is described as Fig. 1. A 4.5-mm-long, antireflection-coated, and
5 at. %-doped Yh:Y GG crystal was used as the gain medium. It was end-pumped by a high-
brightness fiber-coupled diode laser at emission wavelength of 970 nm (Jenoptik, JOLD-7.5-
BAFC-105). The pump beam from the fiber (50 um core diameter and 0.22 NA) was focused
into the crystal by an imaging system. In this situation, we calculated the confocal parameter
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Fig. 1. Experimental setup of aKLM Yb:Y GG laser.

of the pump as 0.31 mm, which was much shorter than the length of the crystal. This might
result in the decrease of the laser efficiency, however, the small pump spot diameter (50 pm)
was beneficial for the increase of the pump power density, the laser power density at the focus
will also increase because of the small laser beam waist. High laser power density would be
very important for Kerr-lens mode locking. A standard X-folded cavity was employed to com-
pact the whole size. Both M1 and M2 were plane-concave dichroic mirrors with the curvature
radiuses of 75 mm. They were coated with high transmission at 970 nm and high reflection
at 1020-1100 nm. The tight focusing configuration is helpful to increase the intracavity power
density and enhance the Kerr-lens effect. M3 was a plane mirror with areflection of more than
99.9% in the 1020-1070 nm range. To compensate the normal dispersion resulted from the crys-
tal and the air inside the cavity, a GTI mirror with the group velocity dispersion of -1000 fs?
per bounce within the wavelength range from 1035 nm to 1055 nm was used. A plane mirror
with the transmission of 0.3% was used as the output coupler (OC) to ensure the intracavity
pulse energy high enough. The whole cavity length was approximately 941.6 mm correspond-
ing to arepetition rate of 159.3 MHz. Based on the above design, we calculated the intracavity
transverse mode and got the beam waist diameters of 45 umx38 um (1/€? level).

3. Experimental resultsand discussion

At first we adjusted the laser cavity to generate the maximum output power under the CW
operation, then by finely tuning the position of M2 mirror, we got the KLM operation after a
small, fast translation of the end mirror of M3 when the incident pump power exceeded 3.2 W.
Under the pump power of 3.2 W, the maximum average output power under CW operation
was 38 mW. After the tuning of M2 mirror to a proper position for mode locking, the aver-
age power decreased to 20 mW. At this position, the laser was mode-locked and the average
power increased to 36 mW. When we increased the pump power to 3.9 W, we could get a CW
output power of 72 mW and the maximum mode-locked laser power of 104 mW. In this case
we measured the autocorrelation trace, as shown in Fig. 2(a). The width (FWHM) of the auto-
correlation trace was about 136 fs, corresponding to mode-locked pulse duration of 88 fsif a
sech?-pulse shape was assumed. Figure 2(b) shows the corresponding spectrum measured by
a commercia available spectrum analyzer (YOKOGAWA, AQ6370C) with high resolution of
0.1 nm. The center wavelength is 1042 nm with the spectrum bandwidth (FWHM) of about
16.8 nm, corresponding to a time-bandwidth product of 0.41. It indicates that there is residual
dispersion inside the cavity because of the uncompleted compensation by the GTI mirror. Ac-
cording to the laser specifications, we calculated the intracavity peak power of laser pulses as
8.5x 10° W when the pump power was 3.2 W. With the nonlinear refractiveindex of 5.2x 1016
cm?/W [28], the focus length of the equivalent lens was estimated as 1.54 mm. Considered the
larger nonlinear refractive index of Yb:YGG crystal, the Yh:YGG laser would be easier to
obtain Kerr-lens mode locking than Ti:sapphire laser.
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Fig. 2. (8) Intensity autocorrelation trace of the KLM laser pulses. The experimental data
and the sech?fitting curve are shown by the solid curve and the dashed curve respectively.
(b) Laser spectrum.

We measured the radio frequency (RF) spectrum of the laser with a RF spectrum analyzer
(Agilent E4407B). The fundamental beat note at 159.3 MHz with a high extinction down to
73.9 dBc was recorded with aresolution bandwidth of 1 kHz, as shown in Fig. 3(a). Figure 3(b)
is the wide-span measurement which shows the high harmonics of the fundamental beat note.
The RF spectrum clearly proves that the oscillator is in a stable mode-locked operation. Once
started, the KLM operation was stable for nearly two hours even though no care was taken to
isolate the laser from the environment. Thelost of the KL M operation was owing to the obvious
perturbation from the surroundings. After a dlight and fast trandation of the end mirror M3, we
could obtain the KLM operation again. Now thelaser is constructed directly on the optical table
without any housing, we believe that the KLM operation will be stable for awhole day with a
good housing. Figure 4 shows the beam profiles in the CW and mode-locked operations with
acommercial available CCD camera (WinCamD-UCD15). The M? factors in the mode-locked
operation are 1.17 and 1.36 for tangential direction and sagittal direction, respectively. For the
CW operation, these two parameters are 1.08 and 1.73.

T T 0 T T T T T
(a) RBW: 1kHz 10F ® RBW: 100kHz |
g 1 2
=) a 20 i
A 2
z -40 1 z 30F 4
= 73.9 dBc ‘2
£ £ aof 1
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Fig. 3. Radio frequency spectrum of the mode-locked Yb:Y GG laser. (a) RF spectrum at
the fundamental beat note with the RBW of 1 kHz. (b) RF spectrum of 1 GHz wide-span
range with the RBW of 100 kHz.

As we know, the Kerr-lens effect strongly depends on the laser intensity inside the medium.

Therefore, apart from the pump power, the intracavity laser power aso plays an important role
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Fig. 4. Beam profilesin CW and mode-locked operations

for the stable KLM operation. To explore the characteristic, we readjusted and optimized the
mode-locked performance for different output couplers with transmissions of 0.5%, 0.8% and
2% respectively. Stable KLM operations were also demonstrated experimentally with the pulse
durations of 96 fs, 112 fs and 149 fs by sech?-fitting. The corresponding maximum output
powers were 133 mW, 171 mW and 330 mW under the pump powers of 4.1 W, 4.0 W and
4.0 W respectively. Figure 5 shows the spectra, pulse durations and laser powers under the four
different transmissions, which indicates a blue shift of the central wavelength and an increase
of the output power under higher transmission. According to this result, we inferred that the
weaker self-phase modulation (SPM) led to a shorter wavelength, which meant the central
wavelength of the mode-locked laser would be more close to the peak emission because of
the lower intracavity power density. Moreover, we noticed that the bandwidth became narrower
under higher transmission. That isreasonable, for the weak self-phase modulation (SPM) under
high transmission would lead to a weak spectrum broadening, thus limiting the available pulse
duration. This well agrees with the results in Fig. 5(b). Based on the results and analysis, we
may further choose an optimized output coupler to support even higher mode-locked power,
and finely compensate the SPM with suitable dispersion control to obtain the corresponding
shorter pulse duration. With suitable optical components balancing the intracavity SPM, we
could obtain even higher-power and shorter pulses.

T T T T T T 350 T T T T T T T
LOF (2 — T=0.3%| - (b) T=2% =m
- — T=0.5% 300 J
0.8f o TR08%
3 T=2% E 250k |
< o} 1 3
Z E_ 200 .
2 04p 1 = B T=0.8%
= g 1s0f 1
0.2 1 o B T=0.5%
100 W T=0.3% 4
1010 1020 1030 1040 1050 1060 1070 1080 80 90 100 110 120 130 140 150

Wavelength (nm) Pulse duration (fs)

Fig. 5. () Spectrum of the Kerr-lens mode-locked operation under four different transmis-
sions (T = 0.3%, 0.5%, 0.8% and 2%). (b) Summary of the results (output power versus
pulse duration).

#196772 - $15.00 USD  Received 30 Aug 2013; revised 4 Nov 2013; accepted 12 Nov 2013; published 26 Nov 2013
(C) 2013 OSA 2 December 2013 | Vol. 21, No. 24 | DOI:10.1364/OE.21.029867 | OPTICS EXPRESS 29872



4. Conclusions

In conclusion, we have demonstrated the first diode-pumped KLM Y b:Y GG laser to the best of
our knowledge. Pulses with a duration of 88 fs and an output power of 104 mW were obtained
at arepetition rate of 159.3 MHz. Thisis, to our knowledge, the shortest result obtained from
Yb:YGG laser up to now. In addition, we further compared the KLM laser characteristics of
output powers and pulse durations under different transmissions, pulses with average power of
330 mW and duration of 149 fs were obtained. It shows that Yb:Y GG is an excellent material
for ultrashort pulse generation. Currently, limited by the cut-off wavelength of the cavity mir-
rors (1020 nm) and the GTI mirror (1035-1055 nm), the center wavelength of 1042 nm of the
present spectrum is not coincided with the gain peak of the emission spectrum(1025 nm), which
means that the gain bandwidth has not been fully taken advantage of. In next step, we would
choose mirrors with suitable coatings to solve this problem. Meanwhile, we could optimize the
intracavity dispersion compensation and the transmission of the output coupler, we believe that
higher power and shorter pulse duration should be possible.
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