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A diode-pumped Yb31:Ca4GdO�BO3�3 (Yb:GdCOB) laser generating 90-fs pulses at a center wavelength of
1045 nm is demonstrated. This is, to our knowledge, the shortest pulse duration obtained from an ytterbium
laser with a crystalline host. This laser is mode locked with a high-finesse semiconductor saturable-absorber
mirror and emits 40 mW of average power at a repetition rate of 100 MHz.  2000 Optical Society of America
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During the past few years the ytterbium ion has been
recognized as an interesting dopant for efficient diode-
pumped lasers.1 Owing to its simple electronic struc-
ture2 based on two electronic manifolds, the Yb ion has
advantageous laser properties. First, the low quan-
tum defect of this ion reduces the thermal load and
thus thermal problems. Second, the absence of ad-
ditional parasitic levels in Yb31 eliminates undesired
effects such as upconversion, excited-state absorption,
and concentration quenching. Consequently, Yb pro-
vides the possibility of a high doping rate. Moreover,
the absorption band in Yb-doped media (ranging from
900 to 980 nm) is covered by high-power InGaAs laser
diodes that permit direct diode pumping and the devel-
opment of eff icient and compact all-solid-state lasers.

Yb-doped materials also generally exhibit broad
emission bands compared with neodymium-doped
crystals, for example, which are necessary for ultrafast
lasers. With respect to short-pulse operation, it is
interesting to compare two classes of Yb-doped solid-
state laser materials: doped glasses and crystals.
Until now, exclusively Yb31-doped glass lasers have
produced pulse widths below 100 fs; e.g., 60-fs pulses
were achieved for different kinds of Yb-doped glass
matrices.3,4 The shortest pulse duration reported
for an Yb-doped laser based on a crystalline matrix
was 340 fs with Yb:YAG.3 The reason for this con-
siderable difference in the minimum achievable pulse
duration is the smoother and broader gain spectrum
of the glasses. However, Yb-doped glass materials
suffer from poorer thermal properties and smaller
emission cross sections compared with crystals. For
example, in the case of Yb:phosphate glasses the emis-
sion cross section is 0.05 3 10220 cm2 (at 1060 nm)
with a bandwidth of 62 nm, compared with an emis-
sion cross section of 2 3 10220 cm2 and a bandwidth
0146-9592/00/060423-03$15.00/0
of 12 nm for Yb:YAG. This large bandwidth leads
to serious heat-load problems for high-average-power
operation and significantly lowers small-signal gain
and laser efficiency. Slope efficiencies of 80% were
obtained with Yb:YAG in cw operation,5 in contrast to
49% for an Yb:phosphate glass laser.6 In addition,
the small emission cross sections of Yb-doped glasses
require more careful design of the laser parame-
ters in passively mode-locked operation to suppress
Q-switching instabilities in the mode-locked pulse
train.7 Owing to this trade-off between solid-state
lasers based on Yb-doped glasses and crystalline ma-
trices, it would be useful to find a laser material with
the capability to bridge the gap in terms of pulse dura-
tion, on the one hand, and emission cross sections on
the other hand. We report in this Letter our experi-
ments on passive mode locking of an Yb:Ca4GdO�BO3�3
(Yb:GdCOB) laser. We first describe some favorable
properties of the Yb:GdCOB crystal and subsequently
present the results obtained with this crystal in the
femtosecond regime.

The rising interest in the recently discovered
Yb:GdCOB crystal can be explained by its numer-
ous advantages.8 – 10 First, this crystal combines an
emission cross section of 0.36 3 10220 cm2 and a broad
f luorescence spectrum of 44 nm. Second, Yb:GdCOB
can be diode pumped at its zero-phonon line wave-
length of 976 nm, leading to a quantum defect of
only 7%. This small quantum defect permits high
optical–optical conversion efficiency and reduces ther-
mal problems. Furthermore, a large splitting of 2F7/2
Stark levels in Yb:GdCOB,10 1003 cm21 compared with
628 cm21 in Yb:YAG, makes the population of the
transition lower level much less sensitive to tempera-
ture. Finally, the Yb31 type of site in the oxoborate
structure9 and the absence of concentration quenching
 2000 Optical Society of America
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permit a high doping rate (as much as 27%) in Yb31 in
the GdCOB matrix. All these advantages have been
corroborated by experimental results in the cw regime.
At room temperature, with an absorbed pump power
of 1.3 W, 814 mW of average power at 1040 nm with a
slope efficiency of 77% has been obtained.8 Here we
expand the previous cw results to show that Yb:GdCOB
is also well suited for generation of ultrashort pulses.

The experiment was performed with a 3-mm-long,
15%-doped, antiref lection-coated Yb:GdCOB crystal
cut along its crystallophysic axis. The pumping sys-
tem was a 2-W, 1 3 100-mm2 junction laser diode
emitting at 976 nm. The pump beam was collimated
with a 4.5-mm lens, then reshaped in the slow di-
rection with a 103 cylindrical telescope, and finally
focused in the crystal with a 30-mm lens. In this
configuration the measured pump beam waist was
20 mm 3 70 mm. The crystal absorbed only 580 mW
of pump power because of the broad emission of the
diode ��6 nm� compared with the absorption band of
the Yb:GdCOB crystal (2.3 nm). The laser cavity de-
sign is shown in Fig. 1. To produce short pulses we
used a low-finesse semiconductor saturable-absorber
mirror11,12 (SESAM) together with soliton-shaping pro-
cesses. The absorber consisted of a double quantum-
well structure that resulted in a modulation depth of
�0.7%. The parameters of the cavity were optimized
to avoid the Q-switched mode-locking regime, which
is an important issue for Yb-doped lasers whose gain
is relatively low.7 The beam waists were set near
45 mm on the SESAM and 70 mm in the crystal. A
pair of SF10 prisms separated by 30 cm compensated
for the positive dispersion inside the cavity and bal-
anced the self-phase modulation introduced by the Kerr
nonlinearity of the laser crystal to form solitonlike
pulses. In this cavity a cw mode-locking regime was
obtained with a stable pulse train at a 100-MHz repe-
tition rate. The average output powers were 40 and
60 mW with, respectively, 1% and 2% transmission
output couplers. The relatively poor efficiency of this
laser compared with the cw results8 is due mainly to
two factors. First, the large bandwidth of the pump
poorly overlaps the absorption spectrum. Second, the
prisms that we used exhibited large losses. The pulse
duration was measured with a background-free second-
order autocorrelator. Figure 2 shows the autocorre-
lation trace obtained with a 1% output coupler and
corresponds to the shortest pulse obtained. The pulse
duration is 90-fs (FWHM), assuming a sech2 tempo-
ral intensity profile. The corresponding pulse spec-
trum, shown in Fig. 3, exhibits a FWHM bandwidth of
14.7 nm near 1045 nm, which yields a time–bandwidth
product �DtDn� of 0.36 that is close to the Fourier-
transform limit of 0.32. Using a 2% output coupler, we
obtained 60 mW of average output power at a slightly
longer pulse duration of �100 fs.

We demonstrated the generation of green light in the
femtosecond regime by using a second Yb:GdCOB crys-
tal cut for second-harmonic generation. This crystal
was cut for phase matching at 1020 nm; therefore the
conversion efficiency at our operating center wave-
length (1045 nm) was much lower than could poten-
tially be achieved. No effect on the mode-locking
dynamics was observed in this low-conversion effi-
ciency case. The GdCOB matrix has the possibility
of exhibiting high-second order nonlinearity to per-
mit self-frequency doubling.13 Despite the nonoptimal
phase-matching angle of the crystal used, the intra-
cavity peak power (approximately 130 kW) was suffi-
cient to produce a few hundred microwatts of green
light. Because of the spectral thickness, the spectral
acceptance of this crystal is �2 nm. The measured
green spectrum (Fig. 4) had a bandwidth of only 2 nm,
narrower than expected from the broadband funda-
mental spectrum. The spectrum calculated for these
non-phase-matched conditions is plotted in Fig. 4 and

Fig. 1. Experimental setup: Md, dichroic mirror with
high-ref lection coating for l . 1.01 mm and high-
transmission coating for l , 0.990 mm; M1, M2, M3,
high-ref lection mirrors with, respectively, 30-, 20-, and
15-mm radii of curvature; OC, 1% or 2% transmission
plane output coupler; high-finesse SESAM.

Fig. 2. Intensity second-order autocorrelation trace (solid
curve) of the 90-fs pulses and its fit for a sech2 intensity
profile. Inset, the same graph on a logarithmic scale.

Fig. 3. Spectra of infrared 90-fs pulses.
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Fig. 4. Theoretical and experimental spectra of the green
pulses.

shows good agreement with the experimental results.
The production of short green pulses could be of in-
terest, but we emphasize that intracavity self-doubling
might not be the best solution for developing femtosec-
ond lasers because Yb ion concentration requires a long
crystal for efficient pump absorption, which leads to
a narrow acceptance bandwidth for second-harmonic
generation. Further more, eff icient second-harmonic
generation will almost certainly perturb the mode-
locking process and be detrimental to stable operation.

In conclusion, we have demonstrated the genera-
tion of 90-fs pulses at 1045 nm with a diode-pumped
Yb:GdCOB laser. With a corresponding spectral band-
width of 14.7 nm, the solitonlike pulses were nearly
Fourier-transform limited. Owing to its broadband
f luorescence spectrum, Yb:GbCOB has produced the
shortest pulse of which we are aware from an Yb-doped
crystalline host. The properties of Yb:GdCOB make it
interesting for the development of a new generation of
eff icient, compact, diode-pumped ultrafast chains (os-
cillator and amplif ier). In fact, this crystal exhibits a
much higher gain than Yb31-doped glasses. The next
development will be the application of Yb:GdCOB to a
femtosecond laser amplif ier.
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