
196 OPTICS LETTERS / Vol. 34, No. 2 / January 15, 2009
Low-repetition-rate femtosecond operation in
extended-cavity mode-locked Yb:CALGO laser
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We report on an extended-cavity mode-locked laser based on an Yb:CALGO crystal operating either at
27 MHz and 93 fs pulse duration or at 15 MHz and 170 fs duration single-pulse regime. To the best of our
knowledge this is the first demonstration of an extended-cavity oscillator based on Yb-doped crystal produc-
ing sub-100 fs pulses. The pulse energy was 24 nJ directly at the output of the oscillator (and 17 nJ after
compression). Based on a similar design, we also demonstrate an unprecedented double-pulse dual-
wavelength femtosecond regime. An explanation of this atypical regime is proposed. © 2009 Optical Society
of America

OCIS codes: 140.3615, 140.4050.
In the field of femtosecond lasers, an intense interest
has been shown for ytterbium-doped laser crystals.
These crystals are well known to be particularly suit-
able for very efficient, directly diode-pumped, solid-
state femtosecond oscillators. However, it has been
shown that the spectral properties of the Yb3+ dopant
strongly depend on the matrix host, and a lot of work
has been done to find the perfect matrix to allow the
development of both ultrashort and high-power la-
sers. In fact, broadband emission spectrum and good
thermal conductivity are often antagonistic for rare-
earth-ion-doped materials [1–3]. One approach is
based on relaxing the constraint of the broad spec-
trum by combining different crystals. This technique
has already given very promising results [4]. Another
possibility is the use of atypical crystals combining
these two properties [5–8]. Among them,
Yb3+:CaGdAlO4 has been recently proved to be very
interesting for the development of diode-pumped
short-pulse mode-locked lasers. In fact, this crystal
combines two very promising properties. First, it has
the broadest and the flattest emission band of all the
Yb-doped materials. Second, the measured thermal
conductivity of the 2 at. % Yb:CALGO crystal is as
high as �6.5 W K−1 m−1 [9], allowing high-power
pumping. The generation of both very short pulse
and high average power femtosecond oscillators has
been demonstrated [8,10].

However, for some applications it is interesting to
have lower repetition rate (RR) short-pulse oscilla-
tors. Actually, the first interest is related to the fact
that reducing the RR allows the increase of the en-
ergy per pulse for the same average power. This
method has been successfully used with Yb:YAG, re-
sulting in the production of 13 �J pulses directly at
the output of a picosecond oscillator [11,12]. The
main challenge, however, especially in the case of ul-
trafast oscillators, is to maintain the ultrafast dura-
tion of the produced pulses at the increased energy
level of the low RR cavities. The careful adjustment

of the intracavity dispersion is the key factor toward
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this effort. Additionally, the reduction of the RR is
important for oscillators used in chirped-pulse-
amplification systems. In fact, in these laser chains,
the RR is reduced extracavity with acousto- or
electro-optic modulators. Starting with a lower RR
(therefore less constraint on the rise and fall times of
the modulators) allows a lower loss of average power
and a more energetic seeding for the amplifiers. Since
for a mode-locked laser the RR is directly related to
the cavity round trip, low RR requires a long cavity of
typically 10–100 m. However, generation of short
pulses by long cavity oscillators requires special care
on the intracavity dispersion management [13] owing
to the increased intracavity pulse energy as well as
the increased number of beam reflections on the cav-
ity mirrors. This explains the fact that no sub-100 fs
pulses have ever been demonstrated for long cavity
��10 m� with Yb-doped crystals. We are presenting
in this Letter the results obtained with Yb:CALGO in
extended-cavity lasers. Our goal was the generation
of shorter pulses (sub-100 fs) and the assessment of
the limitations. During this exploration, we observed
a very atypical double-pulse regime with bicolor fem-
tosecond pulses. We also propose an explanation to
this regime that, to the best of our knowledge, has
never been observed in bulk-material laser oscilla-
tors.

The experiment to obtain the high-energy single-
pulse regime is performed with a 2%-doped
Yb3+:CALGO crystal. The crystal is pumped by a
25 W fiber-coupled diode laser (LIMO) with a 100 �m

Fig. 1. (Color online) Experimental setup for low-

repetition-rate single-pulse regime.
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core diameter. By the addition of a q-preserving tele-
scope, formed by a 2 m radius of curvature concave
mirror and a plane one at a fixed distance of 1 m, we
could easily vary the length of the cavity by properly
choosing the number of beam bounces on the tele-
scope mirrors [14,15]. Initially, the cavity round trip
was set at 11 m, corresponding to two reflections on
the concave telescope mirror. For the intracavity dis-
persion compensation we included 3 Gires–Tournois
interferometer (GTI) mirrors with a group-velocity
dispersion �GVD�=−550 fs2 (Fig. 1). This resulted in
a negative net dispersion that can be estimated
around −2600 fs2/round trip (assuming �50 fs2/mm
for the CALGO crystal and 0 fs2 for all unknown dis-
persion optics: semiconductor saturable absorber
mirror (SESAM), output coupler, dichroic mirror).
The output coupler transmission was 5%, which cor-
responds to an optimum of intracavity power for the
chosen GVD compensation. The SESAM (from Ampli-
tude Système) has a modulation depth of 1% and a
saturation fluence �120 �J cm−2.

In this configuration the mode-locked regime was
observed for an intracavity pulse energy between 0.3
and 0.5 �J. The highest average power produced
from this mode-locked laser was 650 mW at 27 MHz,
corresponding to an output pulse energy of 24 nJ, for
16 W of pump power. Further increase of the output
power resulted in an unstable mode-locking regime
leading to cw operation; no multiple-pulse operation
was observed. The pulse duration in this case was
measured both with an autocorrelator and a second-
harmonic generation (SHG) frequency-resolved opti-
cal gating (FROG) setup at 145 fs. The spectrum was
centered at 1043 nm and had a bandwidth of 15 nm.
The time bandwidth product is 0.6, and the FROG re-
trieved spectral phase of the pulse clearly indicates
positively chirped pulses with a parabolic phase
[Figs. 2(a)–2(c), left side]. These pulses, however,
could be still used as direct inputs for various fiber
amplifier systems [16,17].

Further increase of the intracavity dispersion to re-
duce the pulse duration directly out of the cavity
made the mode locking of the oscillator impossible.
Nevertheless, to compensate this parabolic phase of
about 3400 fs2, an external compressor based on a
standard SF10 prism pair has been used. The com-
pressed pulse duration is 93 fs. The corresponding
SHG FROG trace and retrieved pulse shape and

Fig. 2. (Color online) Pulse characterization at the output
of the oscillator after (left) and before (right) compression.
(a) Experimental SHG FROG trace, (b) retrieved pulse, (c)

retrieved spectrum and spectral phase.
spectrum are shown in Figs. 2(a)–2(c) (right side).
The time bandwidth product is reduced down to
�t��=0.38 while the main remaining spectral phase
distortion is cubic. The values of the remaining phase
is −140±5 fs2 for the quadratic term, −6000±500 fs3

for the cubic term and −1.4�106±4�105 fs4 for the
fourth order. The energy per pulse after compression
is 17 nJ, corresponding to only 70% compression effi-
ciency as a result of the reduced quality prisms used.

To further reduce the RR, we increased the cavity
round trip to 20 m, adding two more round trips in-
side the telescope. For stable single-pulse mode lock-
ing the negative dispersion of the cavity had to be in-
creased by adding two more GTI mirrors of −550 and
−250 fs2 (about −4200 fs2 net cavity dispersion). With
this setup, the highest average power produced in the
single-pulse regime was 240 mW at 15 MHz, corre-
sponding to an output pulse energy of 16 nJ, for 13 W
of pump power. The optimum output coupling of the
cavity was 3.8%, corresponding to maximum intrac-
avity pulse energy of 0.42 �J. Further increase of the
energy resulted in multiple-pulse instabilities
[17–19]. In Fig. 3 the dependence of the output pulse
duration as a function of the average output power is
shown. We can clearly observe the onset of double
pulsing for output power greater than 250 mW
��16.5 nJ�. The minimum pulse duration measured
in this longer cavity with an autocorrelation and a
SHG FROG setup [Figs. 4(a)–4(c)] was 170 fs. The
spectrum was (for one or two pulses) centered at
1040 nm and had a bandwidth of 8 nm. The time
bandwidth product for this spectrally narrower pulse
is 0.37.

Modifying slightly the 27 MHz setup, it was also
possible to observe double-pulse operation. In fact,
increasing the intracavity energy and modifying the
dispersion (replacing the left-most −550 fs2 GTI in
Fig. 1 with another one of GVD=−250 fs2, reducing
the net dispersion to about −2000 fs2), the soliton
naturally splits in multiple pulses. Multiple-pulse op-
eration is not unusual in femtosecond lasers [18–20],
but in our case, owing to the very atypical dispersion
curve of the cavity added to the very broad emission
spectrum of the Yb:CALGO, it is possible to generate
linearly polarized double pulses with different wave-
lengths, which we believe is the first demonstration
of bicolor femtosecond double-pulse operation. Usu-
ally the multiple pulses are separated in time but not
in the spectral domain. A very broad spectrum has
been obtained with a bandwidth greater than 30 nm
[Fig. 5(a)]. The spectrum can be almost perfectly fit
with two Gaussian curves: one centered at 1040 nm

Fig. 3. Pulse duration as a function of the average output

power for the 15 MHz laser cavity.
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with a bandwidth of 21 nm and one centered at
1057 nm with a bandwidth of 10 nm with lower am-
plitude ��60% �. This double pulse is clearly corrobo-
rated by the FROG exhibiting four spots forming a
diamond shape [Fig. 5(b)]. Although the convergence
of the retrieving algorithm from the FROG is low, we
can evaluate the pulse durations to be respectively 80
and 130 fs with a pulse separation of 200 fs [Fig.
5(c)]. This bicolor double-pulse regime might be ex-
plained on the basis of the combination of two factors:
first, the very broad and constant gain that, in the
case of Yb:CALGO, is inhomogeneous owing to the
contribution of its two different crystallographic sites
GdIII and AlIII, which allows one to reduce cross talk
between the two pulses; second, and probably the
most important effect, the specific intracavity disper-
sion distribution resulting in two spectrally distin-
guished regions of almost constant GVD, overlapping
the two Gaussian contributions of the double pulse
[inset of Fig 5(a)].

In this Letter we demonstrated that it is possible to
obtain sub-100 fs pulse at 27 MHz with a pulse en-
ergy of 17 nJ from an Yb-doped CALGO crystal. Fur-
ther reduction of the RR down to 15 MHz has been
also achieved, resulting in the generation of 170 fs
pulses of 16 nJ energy directly out of the cavity. We
also demonstrated an unprecedented bicolor double-
pulse regime within a bulk oscillator generating ul-
trabroad bandwidth of about 30 nm. Two �100 fs
pulses have been produced temporally separated by
200 fs and spectrally by 17 nm. This bicolor double
regime is to our best knowledge an original observa-
tion. This regime is possible due to a very specific dis-
persion curve of the cavity with multiple inflexions,

Fig. 4. (Color online) Pulse characterization at the output
of the 15 MHz oscillator. (a) Experimental SHG FROG
trace, (b) retrieved pulse, (c) retrieved spectrum and spec-
tral phase.

Fig. 5. (Color online) Dual-wavelength double-pulse op-
eration regime. (a) Experimental spectrum and double
Gaussian fit (intracavity GTI GVD as inset), (b) SHG
FROG trace, (c) SHG FROG retrieved pulse temporal–
spectral intensity and phase.
and this regime is probably helped by the broad and
partly inhomogeneous gain of the Yb:CALGO, which
tends to reduce cross-talk influence between the bi-
color pulses.
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