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We experimentally demonstrate a diode-pumped passively mode-locked femtosecond laser with Yb**-doped

yttrium lanthanum oxide ceramic. Mode-locking is achieved by using a semiconductor saturable absorber

mirror, and intracavity dispersion is compensated by a pair of SF6 prisms. Laser pulses as short as 357 fs

at a central wavelength of 1 075 nm are obtained. The maximum average output power is 670 mW under

4.5 W of pumping power with a slope efficiency of 20%. To the best of our knowledge, this is the shortest

pulse generated from Yb-doped yttrium lanthanum oxide ceramic lasers with a sub-500 fs pulse duration.
OCIS codes: 140.3480, 140.3615, 140.4050, 140.7090.

doi: 10.3788/COL201210.121403.

In the past several years, trivalent ytterbium ion (Yb3*)-
doped material has attracted considerable attention as
a promising ultrafast laser medium. A variety of Yb3+-
doped crystalline hosts have been developed for laser
operation. The highest average output power derived
from a mode-locked laser oscillator was achieved from
a thin disk laser based on Yb:LuyOs with an average
power of 141 W and a pulse duration of 738 fs!!. Joule-
level pulse energy was achieved from a chirped pulse
amplification laser system based on a Yb:YAG thin-disk
laser with a repetition rate of ~100 Hz!?. The shortest
pulse duration was realized with a passively mode-locked
Yb:YCOB laser®! and a Kerr-lens mode-locked Yb:YAG
laser!¥, which both generated 35-fs pulses. Such pulse
duration is comparable to conventional prism-pair-based
femtosecond Ti:sapphire oscillator, making the Yb laser
a promising femtosecond laser source with a sub-100
fs pulse duration. Other kinds of Yb-doped crystals
have also been successfully realized by either passive
mode-locking or Kerr-lens mode-locking; these crys-
tals include vanadates Yb:YVO4! and Yb:LuVO,,
oxyorthosilicates Yb:LYSO!" and Yb:GYSO®!, double-
borate Yb:BOYS!!, fluorite Yb:YLF!O sesquioxide
Yb:Sco 031, and Yb:CaGdA1O,[12],

Among these materials, the sesquioxides ResOg
(Re=Y, Sc, Lu)*3¥ are highly attractive materials for
high-power femtosecond laser because of their excellent
thermal conductivity and relatively broad emission spec-
tra compared with those of YAG!4. However, growing
Re2 O3 single crystalline requires a high melting temper-
ature. For example, the melting temperature for YoOg3
single crystalline is 2 430 °C, and the transition from cu-
bic to hexagonal phase occurs at a temperature of about
2 280 °C. These conditions make fabricating high-quality,
large-size crystals extremely difficult. The development
of transparent Y503 ceramic enables the fabrication of
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large homogeneous bulk at a relatively low sintering
temperature of 1 700 °C, which is about 700 °C lower
than the melting point of Y503 crystal’®). Watt-level
continuous-wave (CW) and mode-locking experiments
have exhibited that Yb:Y2Os3 ceramic is a promising
diode-pumped laser medium™®—19, Adding LayOs3 as a
sintering aid to form yttrium lanthanum oxide ceramic
(Yb:(Y1-z,La,)203) further decreases sintering tempera-
ture to 1 450-1 600 °C[2% thereby shortening the fabri-
cation period and reducing the cost of mass production.
A CW laser operation for Yb:(Y;_,La;)203 (z = 0.1)
ceramic with a low threshold and 52% slope efficiency
was reported?!l. Picosecond mode-locking with a 174-ps
duration and 162-mW power was demonstrated by Li et
al.?2 and picosecond mode-locking with a 3.1-ps dura-
tion and 1.2-W power was achieved by Zhang et al.[23.
Sub-picosecond operation was realized by Wang et al.?4,
but the pulse duration was 730 fs and the output power
was only 92 mW because of the lossy optics applied in
the experiment.

In this letter, we report a diode-pumped passively
mode-locked femtosecond Yb:(Yop9Lag.1)203 ceramic
laser that generates 357-fs pulses at 1 075 nm with an av-
erage power of 670 mW, a value shorter than that derived
in Ref. [24]. We achieve this considerably higher output
power by optimizing the experimental setup through a
prism pair for chirp compensation.

Yb:(YooLag1)203 ceramic is fabricated with high-
purity Y203 (9999%), La203 (9995%), and Yb203
(99.99%) powder, sintered at 1 450 to 1 550 °C for 2-10 h.
The Yb?* concentration is 5 at-%. The absorption and
fluorescence spectra of the Yb:(Yo.9Lag.1)203 ceramic at
room temperature are shown in Fig. 1. The absorption
spectra are measured by Fourier-transform infrared spec-
troscopy, and the fluorescence spectra are calibrated us-
ing a monochromator with an excitation light of 940 nm.

© 2012 Chinese Optics Letters
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Fig. 1. Absorption and fluorescence spectra of the 5 at.-%-
doped Yb:(Yo.9Lao.1)203 ceramic at room temperature.

The coverage of the broad absorption bandwidth is
from 850 to 1 050 nm with peaks at 904, 948, and
974 nm, whose corresponding absorption cross-sections
are 0.43x10729, 0.55x1072%, and 0.61x102° cm?, re-
spectively. Each peak has a bandwidth (full-width at
half-maximum (FWHM)) of more than 10 nm, which is
highly suitable for diode pumping without the need for
precise temperature control. The emission spectra with
three peaks that correspond to transitions from substate
2F5/2 to ground state 2F7/2 are located at 976, 1 032,
and 1 075 nm. The FWHM bandwidths of each peak
at 1 032 and 1 075 nm are 20 and 24 nm, respectively,
both supporting the sub-100-fs Fourier transform-limited
(TL) pulse duration.

Figure 2 depicts the experimental setup. A 2-mm-thick
uncoated Yb:(Yg.9Lag.1)203 ceramic with a 3x3 (mm)
cross-section is used as the gain medium. To eliminate
surface reflection loss, the ceramic is placed at Brewster’s
angle. To eliminate heat, the ceramic is wrapped with an
indium film and placed on a water-cooled copper mount
at 12 °C. The pump is a fiber-coupled diode laser that
emits a maximum power of 7 W at 976 nm (Jenoptik,
JOLD-7.5-BAFC-105). The diverging output from the
fiber (NA=0.22, 50-pm core diameter) is re-imaged into
the ceramic by two 50-mm focal length achromatic dou-
blet lenses, thereby resulting in a diameter of about 60
pm. The laser cavity is designed as an astigmatically
compensated X-type cavity with two arms. Folding mir-
rors M2 and M3 have a radius of curvature (ROC) of 200
mm. The laser beam is focused onto a semiconductor
saturable absorber mirror (SESAM) by a concave mir-
ror (M4) with ROC = 300 mm. This SESAM enables
the initiation of self-starting mode-locking. The SESAM
(Batop GmbH) is designed to work at approximately 1
040 nm (£40 nm) with a modulation depth of 0.4%, a
saturation fluence of 120 uJ/cm?, and a relaxation time
of less than 500 fs. Two SF6 prisms with a tip-to-tip dis-
tance of ~40 cm are used to introduce a negative group
delay dispersion of about —2 000 fs? for the chirp com-
pensation of the Yb ceramic and SESAM. The output
coupler has a transmission rate of 2.4% (1 040£50 nm).
The total cavity length is 1.86 m, which corresponds to
a repetition frequency of 80.6 MHz.

The laser has a threshold pumping power of 0.74 W.
With increasing pumping power, the laser runs at an
unstable @-switched mode-locking state. ~When the
pumping power exceeds 1.5 W, it turns to stable CW

mode-locking. Figure 3 shows the dependence of out-
put power on incident pumping power. The maximum
output power for CW mode-locking is about 670 mW at
4.5-W pumping power. The calculated slope efficiency is
20%. Mode-locking runs very stable by monitoring the
pulse train using a fast photodiode and digital oscillo-
scope, and the long-term power stability is better than
3% in a 2-h period. The output power is limited by mul-
tipulse instability with increasing pumping power; at the
same time, the beam profile worsens. The broad emission
bandwidth at 1 075 nm is favorable for obtaining a short
pulse duration even though the emission cross-section at
1 032 nm is larger than that at 1 075 nm (Fig. 1). Given
the strong reabsorption effect, laser oscillation is sup-
pressed at 1 032 nm!'”l; mode-locking therefore runs at
1 075 nm. Figure 4(a) shows the mode-locking spectra
recorded by a high-resolution infrared spectrometer. The
FWHM bandwidth is 4.6 nm and the spectrum supports
a Fourier TL pulse duration of 284 fs. The pulse du-
ration is monitored by using an intensity autocorrelator
(FR-103MN, Femtochrome Research, Inc.). Figure 4(b)
depicts the intensity autocorrelation trace of the shortest
pulse duration. Assuming a sech? pulse shape results in a
pulse duration of 357 fs. The calculated time-bandwidth
product is 0.427, which is bigger than 0.315, the trans-
form limit of sech? pulse. This result indicates the pres-
ence of a residual chirp in the cavity. Further efforts to
minimize the residual chirp may obtain shorter pulses
close to the TL pulse duration. The current bandwidth
of 4.6 nm is considerably narrower than the FWHM
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Fig. 2. Experimental setup. M1: plane dichroic mirror with
a high transmission at 976 nm and a high reflection at 1 020—
1 200 nm; M2 and M3: curved high reflection (HR) mirrors
with ROC=200 mm; M4: curved HR mirrors with ROC=300
mm; P1 and P2: SF6 prisms; LD: laser diode; OC: output
coupler.
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Fig. 3. (Color online) Average output power as a function of
input power. The red line indicates a slope efficiency of 20%.
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Fig. 4. (a) Spectrum and (b) autocorrelation trace of mode-
locked pulses. Dots: measurement data; solid curve: sech?
fitting curve. Inset shows the Fourier TL pulse duration of
the spectrum in (a).

emission bandwidth at 1 075 nm. Therefore, a sub-100
fs pulse duration may be obtained by exploring methods
for broadening mode-locking spectra.

In conclusion, we demonstrate a diode-pumped fem-
tosecond mode-locked Yb:(Yg.9Lag.1)203 ceramic laser.
With a 5 at-%-doped Yb:(Yp.9Lag.1)203 ceramic, fem-
tosecond pulses with a 357-fs duration and 670-mW aver-
age power at 1 075 nm are achieved. This is the shortest
pulse generated from Yb-doped yttrium lanthanum ox-
ide ceramic lasers. The low fabrication temperature and
excellent optical performance make Yb:(Yg.9Lag.1)203
ceramic a promising material for diode-pumped ultrafast
laser that can generate compact, high power sub-100 fs
pulses in the near-infrared field.
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