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We demonstrate the generation of 68 fs secant hyperbolic pulses at a 105 MHz repetition rate with an av-
erage power of 520 mW from a diode-pumped Yb?*: CaGdAlO, mode-locked laser. A semiconductor saturable
absorber allows passive mode locking, and a 15 W diode laser is used to pump directly the crystal. To our
knowledge this represents the highest average power ever obtained for a sub-100 fs diode-pumped Yb-bulk

laser. © 2007 Optical Society of America
OCIS codes: 140.5680, 140.3480, 140.4050.

More and more scientific and industrial applications
require the development of efficient femtosecond la-
sers. Laser systems based on diode-pumped
Yb3*-doped bulk materials are promising in this re-
spect, because of the very simple spectroscopic prop-
erties of Yb, its weak quantum defect, the lack of un-
desired effects such as upconversion or concentration
quenching, and above all the possibility to use high-
power diodes to pump these materials. In the past de-
cade, many crystals were proposed for a new genera-
tion of femtosecond diode-pumped solid-state lasers.
On the one hand, femtosecond lasers based on ortho-
silicate crystals such as Yb:YSO [1] (Yb?*:Y,SiO5)
and Yb:LuSO [1] (Yb?*:LuySiO;) or the crystals
Yb:KYW [2] (Yb3*:KY(WO,),;) and Yb:KGW [3,4]
(Yb:KGd(WO,),) have demonstrated high average
powers. However, achievable pulse widths are
=100 fs. On the other hand, sub-100-fs pulses were
obtained with Yb:BOYS [5] (Yb3*:Sr;Y(BOj)3) or
Yb:SYS [6] (Yb3*:SrY,(SiO,);0). But, because of a
poor thermal conductivity (less than 2 W/m/K),
these crystals are not able to sustain high-power
pumping, typically higher than 10 W. Consequently,
these crystals cannot deliver high average output
powers in standard oscillator configurations. This
shows that a combination of high average power and
ultrashort pulses is still a challenge for diode-
pumped lasers based on Yb-doped crystal.

A new generation of crystal is now emerging to
compensate for this lack with both high conductivi-
ties (higher than 6 W/m/K) and flat and smooth
spectra. First, crystals of the vanadate family such as
Yb:YVO, [7,8], Yb:GdVOy, [9], and Yb:LuVO, [10]
exhibit an emission spectrum shape very similar to
Yb-doped glasses and have been used to generate
pulses as short as 61 fs. Moreover, a laser based on
Yb:GdVO, has been demonstrated under 50 W diode
pumping without damage and with an output power
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in the CW regime of 4 W [11]. Second, the Yb:CALGO
(Yb3+:CaGdAlO,) crystal is also very attractive be-
cause of its atypical broad and flat emission band-
width, which is propitious for the generation of ul-
trashort pulses. Recently, this crystal was used to
demonstrate the generation of 47 fs pulses with a
low-power diode pumping of 5 W and an average out-
put power of 38 mW [12]. In this Letter, we propose
to study the performance of this crystal under higher-
power diode pumping in both the CW and the femto-
second regimes.

In the CALGO crystal structure, Ca?* and Gd3*
equally share the same crystallographic site and can
both be substituted with Yb3* ions. Even if Ca?* and
Gd?* ions have the same crystallographic site, Gd3*
substitution is strongly predominant because of the
same valence of the Yb?* and Gd3* ions. This leads to
the large inhomogeneous broadening observed in the
emission spectrum [Fig. 1(a)l. The presence of a pla-
teau in the gain cross section between 1000 and
1050 nm can be explained by the complementarity of
two different sites in the host. A selective excitation
experiment at low temperature was carried out to
check this assumption. At 10 K, for pump wave-
lengths of 978 and 983 nm, two complementary emis-
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Fig. 1. (Color online) (a) Emission spectra. 8 is the popu-

lation inversion. For =0 and =1, 04, corresponds to the

absorption and emission cross sections, respectively. (b)

Emission spectra obtained by selective excitation at 10 K

and room temperature.
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Fig. 2. (Color online) Laser cavity design in the femtosec-
ond regime.

sion spectra corresponding to different sites are ob-
served [Fig. 1(b)]. So, for a pump wavelength
excitation inferior to 980 nm, a site is excited; the op-
posite is the case for a pump wavelength excitation
superior to 980 nm. But, at room temperature
(300 K) and when the pump wavelength is around
980 nm, there is no selective excitation and the phe-
nomenon is noticed only because of the presence of
only one spectrum [Fig. 1(b)]. This peculiarity ex-
plains the unusually flat emission spectrum of
CALGO.

A recently presented model [13] allowed us to
evaluate the thermal conductivity of undoped
CaGdAlO, at 11.4 W K~! m~!. To minimize the ther-
mal conductivity decrease with doping, the mass of
the dopant should be as close as possible to the mass
of substituted ions. For Yb:CALGO, this is indeed the
case since the mass difference between gadolinium
and ytterbium cations is less than 10%. Measure-
ments of the 2 at. % Yb:CALGO thermal conductivity
yielded 6.9 and 6.3 W K~! m™! along the a and ¢ axis,
respectively. This is similar to values obtained in
Yb:YAG for 8% Yb3* doping [14]. A flat, smooth, and
board emission spectrum and an excellent thermal
conductivity of the Yb?*:CaGdAlO, are responsible
for a potential combination of high average power
and ultrashort laser pulses.

The laser experiment was performed with a
2.5 mm, antireflection—antireflection coated, 2 at. %
Yb3+:CaGdAIO, directly pumped by a 15 W fiber-
coupled diode laser (LIMO) with a 100 um core diam-
eter and a numerical aperture of 0.22. The wave-
length of the diode is adjusted to the maximum of
absorption of the Yb:CALGO at 979.5 nm. The ab-
sorption of the crystal at this wavelength is only 50%.
The pump beam is collimated and focused into the
gain medium using 76 mm focal-length triplets. The
crystal is contacted to a thick indium foil and placed
on a water-cooled copper mount.

The crystal was first tested in a simple CW con-
figuration. The laser cavity design is composed of a
plane mirror, a 200 mm radius of curvature mirror,
and a plane output coupler. To maximize the output
power, couplers with a transmission of 1%, 2%, 4%,
and 6% were tested. With a 15 W incident pump
power, the output average power is 1.7, 2.23, 2.3, and
1.97 W, respectively, with corresponding threshold
values of 1.6, 1.7, 2, and 3 W. The slope efficiency
with a 4% output coupler (output power versus diode
power) is 18.4%, and the optical-optical efficiency is
15.3%, which corresponds to 25.5% of optical effi-
ciency versus absorbed pump power.
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The laser cavity design for the femtosecond regime
is shown in Fig. 2. The laser beam diameter in the
Yb:CALGO is set to 60 um using two mirrors of
200 mm radius of curvature. Two Gires—Tournois in-
terferometers (GTIs, or negative-dispersion mirrors)
providing a negative dispersion of —550 fs? each are
inserted inside the cavity to compensate the disper-
sion introduced by the crystal. Furthermore, a semi-
conductor saturable absorber mirror (SESAM) de-
signed to operate at the wavelength of 1040 nm is
used to initiate and stabilize the passive mode-locked
regime. Owing to the long lifetime of the Yb-doped
crystals, the laser is susceptible to @-switching insta-
bilities. Therefore, care was taken in the choice of the
SESAM [15]. For optimization, different SESAMs
from two companies (Batop and Amplitude-
Systemes) were tested with a systematic SESAM
spot size optimization (waists from 25 to 100 um) to
adjust the laser fluence. The SESAM modulation
depths were between 0.5% to 2%, and the saturation
fluence was >120 uJ cm™? for the Amplitude
SESAMs and equal to 70 uJ cm™2 for the Batop
SESAMs. This procedure was undertaken to find the
optimum of stability and pulse duration. With the
low modulation depth SESAM (0.5%) no mode-locked
regime was observed. Concerning the stability, better
results were obtained with the 1% than with the 2%,
as expected [15]. In terms of pulse duration, genera-
tion of sub-100-fs pulses was obtained only with the
Amplitude-Systemes SESAMs, In fact, we were lim-
ited by double pulsing occurrence for longer pulses in
the case of Batop SESAM than in the case of the Am-
plitude SESAM. This can be attributed to the fact
that the reflectivity versus wavelength varies from
one SESAM to another [16]. In our case, the Ampli-
tude SESAM seems more appropriate to the emission
curve shape of Yb:CALGO. The best results were ob-
tained with 1% modulation-depth Amplitude SESAM
for a 46 um spot size on the SESAM (using a 300 mm
radius of curvature mirror).

To avoid problems related to the SESAM, we inves-
tigated the potential of using Kerr lens mode locking
[17,18] by measuring the nonlinear index (ny). The
nonlinear index of CALGO was evaluated in a long
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Fig. 3. (Color online) Directly measured spectrum (jagged

solid curve) and spectral intensity and phase retrieved
from the FROG trace (smooth solid curve, dashed curve).
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Fig. 4. (Color online) Temporal profile (solid line) and

phase (dashed line) retrieved from the FROG trace (inset).

cavity (8 m) that was very sensitive to geometrical
modifications, e.g., to the Kerr lens. We measured the
waist difference at the output of the laser in the CW
and mode-locked regimes for constant pump power to
avoid the influence of thermal lens. We measured a
waist variation of 3.7%, corresponding to a §; param-
eter [19] of 2.16 and n,=9x 107 cm?/GW.

In previously reported experiments, the output
pulses were not Fourier transform-limited, and an
extracavity SF10-prism-based compressor was neces-
sary to compensate the residual dispersion [11]. In
this experiment, to remove additional sources of
group velocity dispersion (GVD), all the mirrors in
the cavity (except the dichroic mirrors) were replaced
with low GVD (<20 fs?) mirrors.

Passive mode-locked operation is achieved at a rep-
etition rate of 105 MHz. The spectrum, measured
with a spectrometer, is shown in Fig. 3. It is centered
at 1050 nm and exhibits a full-width maximum of
185 nm. We notice a secondary peak centered
around 1007 nm on the short wavelength side of the
spectrum. This wavelength corresponds to the cutoff
wavelength of the dichroic mirror present in the cav-
ity. To obtain a stable mode-locked regime, the output
average power must exceed 140 mW, corresponding
to an intracavity power of 7 W.

A frequency-resolved optical gating (FROG) setup
based on second-harmonic generation was used to
fully characterize the output pulses. The FROG trace
is shown in Fig. 4, along with the retrieved field in
the temporal domain. The retrieved spectrum and
spectral phase are plotted in Fig. 3. A good agreement
with the independently measured spectrum is ob-
served. The second, third, and fourth derivatives of
the phase with respect to the angular frequency were
measured to be -33fs?, -3.05x10"* s3, and 5.3
X 107%% s*  respectively. These values are derived
from a fit that depends on the center wavelength cho-
sen at 1050 nm. This wavelength corresponds to the
wavelength at the maximum of the spectrum. The
second-order phase, corresponding to GVD, is weak
and the cavity operates near the soliton regime. The
use of low-GVD mirrors therefore allowed us to sup-

press efficiently the residual quadratic chirp. The cu-
bic spectral phase is now the dominant spectral aber-
ration. The temporal profile (Fig. 4) shows a
hyperbolic secant pulse, with a pulse width of 68 fs.
The time—bandwidth product is 0.34. Finally, the av-
erage power is 520 mW with a 15 W incident pump
power for a repetition rate of 105 MHz and with a 5%
output coupler. This corresponds to an energy per
pulse of 5 nd or 64 kW peak power.

In conclusion, we demonstrated the generation of
68 fs pulses centered at 1050 nm with a 2 at. %,
2.5 mm long Yb:CaGdAlO, crystal. The laser aver-
age power is 520 mW. This is, to our knowledge, the
highest average power reported for a diode-pumped
solid-state sub-100-fs laser.
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