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Femtosecond mode-locked operation is demonstrated for the first time, to our knowledge, with a Yb:SrFy
crystal. The shortest pulse duration is 143 fs for an average power of 450 mW. The highest average power is
620 mW for a pulse duration of 173 fs. Since Yb:SrF, corresponds to the longest-lifetime Yb-doped crystal
with which the mode-locking operation has been achieved, a detailed analysis is carried out to characterize

the quality of the solitonlike regime. © 2009 Optical Society of America

OCIS codes: 140.3615, 140.4050, 320.7090.

Since the first demonstration, in 2004, of diode-
pumped laser operation of Yb-doped calcium fluoride
(CaF,, also known as fluorite or fluorospar) [1], some
interest of the laser community has been raised for
this crystal and its isotypes: SrFy, or BaF,. Actually,
this family of crystals has been demonstrated to be a
very good candidate for the development of diode-
pumped femtosecond lasers [2] with, for example, the
recent development of a terawatt chain [3,4]. Three
main reasons can explain this trend. First, fluoride
isotypes are simple cubic crystals whose crystallo-
graphic properties are fairly well known [5]. These
crystals can be grown in a large dimension, and
optical-quality ceramics have been demonstrated for
a very long time. Second, the simple structure of
these crystals imparts advantageous thermal proper-
ties such as good thermal conductivities, which are of
the order of 10 W/m/K for undoped crystals [6,7]. Fi-
nally, fluorides have very broad and smooth emission
bands [8], which is exceptional for cubic crystals.
This is explained by the different valencies of the
dopant (Yb3*) and the substituted alkaline cations
(Ca?*,Sr?*,Ba?*), inducing clusters during the dop-
ing process [5,9]. This makes them particularly at-
tractive for femtosecond laser development. In terms
of high-average-power diode-pumped laser develop-
ment, Yb:CaF, has demonstrated some advantages
[6]. The thermal properties for Yb:SrF,, respectively,
(Yb:CaFy) are 3.6 W/m/K (6.1 W/m/K) for the ther-
mal conductivity of a 2.5% Yb-doped crystal and
-18x107% K1 (-20x 1078 K1) for the thermo-optic
coefficient. However, some features are more favor-
able in the case of the isotype SrF,, such as a large-
absorption cross section around 980 nm and a
smooth-gain cross section spectrum (Fig. 1) and oth-
ers in the case of CaFy such as better thermal prop-
erties. Another difference between Yb:CaF, and
Yb:SrF, consists of a longer exited-state lifetime for
Yb:SrFs. In fact, with a lifetime of 2.9 ms Yb:SrF,
has one of the longest lifetimes ever reported for a
Yb-doped laser crystal. This is very attractive for
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storing energy laser amplification, for instance [10].
In counterpart a very long lifetime makes mode-
locking (ML) operation more difficult to achieve ow-
ing to @-switching (QS) concern [11]. In this Letter
we report the first diode-pumped femtosecond oscilla-
tor based on Yb:SrF, crystal.

The experiment is performed with a 6.1-mm-long
4 mm X7 mm section Brewster-cut Yb:SrF, crystal
doped at 2.9%. The cavity is presented in Fig. 2 and is
very similar to the one described in [12]. The laser di-
ode emits 7 W at 976 nm (3 nm FWHM) out of a
50 um diameter fiber (NA=0.22). To initiate the ML
regime, a semiconductor saturable absorber mirror
(SESAM) manufactured by Batop GmbH (SAM-294-
IT; 23,1045 nm; 1%) is inserted, with the following
characteristics: 1% saturable absorption, 1045 nm for
the center wavelength, 70 uJd/cm? saturation fluence,
and incident laser beam waist of 20 um. The mirrors
of the cavity are specified to introduce a low group-
velocity delay. The dispersion of the cavity is adjusted
by a pair of SF10 prisms nominally separated by 310
mm.

The shortest pulses obtained with this setup have
a duration of 143 fs for a 8.5 nm bandwidth spectrum
centered at 1046.7 nm. The corresponding average
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Fig. 1. (Color online) Compared emission and absorption

(inset) spectra of Yb:SrFs; and Yb:CaF,.
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Fig. 2. (Color online) Experimental setup.

power is 450 mW at a repetition rate of 112.5 MHz.
The long lifetime of Yb:SrF, does not favor the mode-
locked operation [11], and a solitonlike regime [13]
strongly assisted by SESAM [14] is then expected.
Soliton and gain filtering play a major role in the ML
regime stabilization. Therefore a small deviation
from the ideal soliton regime would result in a energy
shedding to continuum, which initiates @-switched
operation for this long-lifetime material. In other
words, one can then assume that only an “ideal” so-
lution of the unperturbed Haus’s master equation
[13,15] is stable enough to maintain ML within these
nonfavorable conditions. To verify this idea, second-
harmonic generation frequency-resolved optical gat-
ing (SHG FROG) measurement was performed. One
can observe in Fig. 3 that the intensity profile and
the flat phase are very close to the soliton solution.
Actually, this flat phase brings to a temporal Strehl
ratio comparable with the ideal flat-phase sech? solu-
tion by 98%. This ideal shape is even more obvious in
Fig. 4, where the spectral and temporal profiles are
plotted in a logarithmic scale. The time—bandwidth
product also reflects this closeness to the ideal soliton
operation with a value of only 5% above the theoret-
ical value. Moreover, one can notice that, unlike in
[12] where the laser operated at the edge of cavity
stability to enhance Kerr lens mode-locking (KLM)
assistance (which was obvious on the spatial pro-
files), no spatial modification clearly appears in the
present case (Fig. 5) between the cw ML and the
Q-switched regimes, clearly indicating the major in-
fluence of the SESAM on the ML process. The thresh-
old of mode-locked regime is observed for an average
power of 360 mW (Fig. 6); out of the ML regime
range, the only observed laser operation is QS.
Another femtosecond regime with more average
power and a longer pulse duration is also obtained
with the same cavity but operates with a different la-
ser spot location on the SESAM. In this case, 620 mW
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Fig. 3. (Color online) Spectra (left) and spectral phase for
the 143 fs pulses directly measured with a spectrometer,
retrieved from a SHG FROG (right) and fitted.
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Fig. 4. (Color online) Spectrum and temporal shape com-

parisons with the sech? and the Gaussian shapes.

of average power are demonstrated with a slightly
longer pulse duration of 173 fs and a spectrum cen-
tered at 1049 nm with a spectral bandwidth of 7 nm.
We attribute this better performance to the spectral
shift from 1046.7 to 1049 nm (Fig. 7). This shift can
be caused by two effects: first, by some higher losses
in the case of shorter pulses, which tend to increase
the saturated gain and thus to blueshift the gain
cross section spectra (Fig. 7), and second, by a laser
cavity alignment favoring the shortest (respectively,
longest) wavelengths. In the case of the longest pulse
operation, the pulses are also very close to the theory
with a temporal Strehl ratio compared with the ideal
flat-phase sech? solution by 95% and a time-
bandwidth product of 5% above the theoretical one.
The ML threshold was observed for a laser average
power of 413 mW with the corresponding pulse dura-
tion of 217 fs (Fig. 6). At maximum power (6.7 W of
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Fig. 5. (Color online) Spatial beam profiles in ML and QS
regimes.
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Fig. 6. (Color online) Output average power and pulse du-
ration versus pump power.
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Fig. 7. (Color online) Spectra of the 173 and 143 fs pulses

and normalized gain cross sections of Yb:SrF, for a typical
estimate of B: B=8% and 12%.

emitted pump and 620 mW of laser), the optical—
optical efficiency is 9.3%, which is slightly higher
than the one obtained with Yb:CaF, with a similar
setup (5695 mW). This is mainly due to the higher ab-
sorption of Yb:SrF, (higher absorption cross section
and higher doping level).

In conclusion, we demonstrated for the first time
(to our knowledge) a femtosecond oscillator based on
Yb:SrFy crystal. The stable mode-locked regime was
observed despite the very long lifetime of this crystal.
It was mainly ensured by the presence of the SESAM
device. As expected, the regime was very close to the
solitonlike regime with a temporal Strehl ratio and a
time—-bandwidth product deviating from the theory
by about 5%. Two regimes were observed. The short-
est pulse duration was 143 fs for an average power of
450 mW and the maximum average power was 620
mW for a pulse duration of 173 fs. In our cavity, with
Yb:SrFy, the free-running emission is around 1049
nm, which is blueshifted compared with the one cor-
responding to Yb:CaF, (around 1053 nm in a similar
setup). According to the smoother spectral gain
curves, Yb:SrFs has the potential to generate shorter
pulses than Yb:CaF,, but owing to a longer emission
lifetime, the stability issue becomes more critical
and, even with the same setup, we did not observe
shorter pulses with SrFy. Moreover, probably owing
to stability concerns, KLM assisted ML operation
was not achieved up to now with Yb:SrF,. Although
Yb:SrFy does not compare favorably with Yb:CaF,
for oscillators in terms of pulse duration and stabil-
ity, it might be interesting for amplifiers because of

its high energy storage capacity and its broad and
smooth gain bandwidth.
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