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Stable 68 fs pulses with the average power of 1.5 W is directly generated from a multimode diode-pumped
Kerr-lens mode-locked Yb:CYA laser by separating the gain medium and Kerr medium. The repetition rate
is about 50 MHz, resulting in a single pulse energy of 30 nJ and a peak power of 0.44 MW. To the best of
our knowledge, this is the highest single pulse energy ever produced from a mode-locked Yb:CYA oscillator. Our
experimental results show that Yb:CYA crystal is an excellent candidate for multiwatt, sub-100 fs pulse generation
in diode-pumped all-solid-state lasers. It is believed that the output power can be scalable to multi-W while the
pulse duration is maintained with this simple method. © 2018 Chinese Laser Press
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1. INTRODUCTION

High-power femtosecond lasers have versatile applications in
industrial, medical, and scientific researches and have long
attracted a wide range of investigations. In the near-infrared
band, Yb-doped active mediums are well known as optimal
alternatives in this aspect, and various kinds of Yb-doped
materials have been reported [1–8]. Among them, Yb-doped
CaGdAlO4 (shorted as Yb:CGA or Yb:CALGO) is one of
the most attractive candidates due to its excellent spectroscopic
and thermal properties [9]. Because of its disordered structure
resulting in broad and flat emission spectra, sub-50-fs pulses are
able to be generated from laser diode (LD) pumped mode-
locked Yb:CGA oscillators by means of either semiconductor
saturable absorber mirrors (SESAMs) [10] or Kerr-lens mode-
locking (KLM) [11]. In addition, the high thermal conductivity
of Yb:CGA crystal allows for high-power pumping and high-
power outputting. In 2012, Greborio et al. reported a high-
power SESAM passively mode-locked Yb:CGA laser delivering
as high as 12.5 W average power and 94 fs pulse duration [12].
Recently, Sévillano et al. demonstrated a pure KLM Yb:CGA
oscillator pumped by a diffraction-limited fiber laser [8]. Due
to the high brightness as well as excellent polarization property
of the fiber laser, as short as 40 fs pulses with 1.1 W average
power were obtained. Most recently, Manjooran and Major
reported on the direct generation of sub-50 fs pulses with

>1.5 MW peak power from a diode-pumped Yb:CGA laser,
which is the highest-peak-power diode-pumped bulk laser
oscillator in the sub-50-fs category [13].

As another Yb-doped calcium aluminate crystal,
Yb:CaYAlO4 (shorted as Yb:CYA or Yb:CALYO) has similar
spectroscopic property as Yb:CGA crystal but is easier to grow
and fabricate. Due to the charge difference between Ca2�

and Y3� ions and their random distributions, the emission
spectrum of Yb:CYA has largely inhomogeneous broadening,
resulting in as broad as 77 nm full width at half-maximum
(FWHM) bandwidth at σ polarization [14]. In addition,
Yb:CYA crystal has relatively higher specific heat capacity,
which means a larger optical damage threshold, while its ther-
mal conductivity is moderate. Recently, Loiko et al. investigated
the Sellmeier equations, group velocity dispersion, and thermo-
optic dispersion formulas of CYA laser host crystal, showing
that the thermo-optic properties of CYA are slightly better than
those of CGA, which makes Yb:CYA promising for power-
scalable lasers [15]. Benefiting from the above-noted advan-
tages, Yb:CYA crystal attracts increasing interest in ultrashort
pulse generation. The first femtosecond Yb:CYA oscillator was
reported in 2011, producing laser pulses of 156 fs with an aver-
age output power of 740 mW [16]. Dissipative soliton oper-
ation of a Yb:CYA laser was also reported with 7.4 ps
uncompressed pulses and 340 fs compressed ones [17]. Due
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to the broad and flat emission spectrum, Pirzio et al. demon-
strated a sub-50 fs widely tunable Yb:CYA laser with shortest
pulse duration of 43 fs and a wavelength tunability of 40 nm
[18]. Recently, as short as 33 fs pulses [19] and a record pulse
duration of 30 fs [20] were achieved from a KLM Yb:CYA os-
cillator and a passively mode-locked Yb:CYA oscillator with
graphene, respectively. However, only several tens of mW aver-
age power was generated from these ultrashort pulse oscillators,
which is mainly attributed to the critical cavity setup restrained
by the low-brightness of the fiber-coupled laser diode. On the
other hand, employing a single-mode fiber laser, which has high
brightness as well as excellent linear-polarization property, is an
alternative way to cope with this issue. Yu et al. implemented a
fiber-laser-pumped KLM Yb:CYA laser providing 250 mW
output power and 57 fs pulse duration, which was used to
develop an optical frequency comb [21]. However, the single-
mode fiber laser is costlier and has lower power than the com-
monly used multimode LDs. Hence, it is significant to develop
a high-power sub-100-fs Yb:CYA laser pumped by a multi-
mode LD. In general, the Kerr effect strongly depends on
the mode radius inside the Kerr medium. One usually employs
a tight focusing cavity to enhance the Kerr-lens effect for gen-
erating ultrashort pulses, which is incompatible with the large
pump spot of a multimode LD, resulting in not only bad mode
matching as well as low efficiency but also multimode opera-
tion. An effective way we propose here is to separate the gain
medium and Kerr medium in a double confocal cavity, which
has been confirmed in a Kerr-lens mode-locked Yb:YAG thin
disk laser [21]. By doing so, we can release the restrain imposed
on the laser crystal, which usually acts in the double role of gain
medium and Kerr medium. As a result, a high-power ultrashort
femtosecond KLM operation is feasible.

In this paper, we demonstrated a multimode LD-pumped
high-power KLM Yb:CYA laser by introducing an extra
Kerr-medium to separate the gain material and Kerr material.
By arranging a small spot on the Kerr material to obtain enough
Kerr-lens effect while excellent mode-matching between the
laser and pump, as high as 1.5 W average power and down
to 68 fs pulses at the central wavelength of 1040 nm are directly
obtained. With the pulse repetition rate of 50 MHz, the single
pulse energy is 30 nJ, which is the highest single pulse energy
ever achieved from the Yb:CYA oscillators, corresponding to
the peak power of 0.44 MW.

2. EXPERIMENTAL SETUP

Figure 1 shows the sketch of the experimental setup. In order to
realize high-power mode-locking, an extra Kerr medium of
2 mm thick quartz as well as an aperture was introduced in
the cavity. An immediate result is that the laser gain medium,
a 2 mm thick c-cut 8 at. % doped Yb:CYA crystal, is no longer
necessary to act as a Kerr medium; as a result, a higher pump
power with larger beam spot size is allowed to be incident on
the laser crystal. Thus, we used a fiber-coupled LD emitting at
976 nm with the maximum output power of 25 W, whose core
diameter is 105 μm, as the pump source. An imaging system
with a magnification of 1∶1 was used to couple the pump laser
from the fiber into the Yb:CYA crystal, resulting in a focused
pump spot diameter of about 105 μm. To effectively eliminate

the heat accumulation and maintain a stable temperature, the
uncoated gain crystal placed at Brewster´s angle was wrapped
with indium foil and mounted on a heat sink kept at 14°C by
cycling water. Without laser effect, the absorption efficiency for
the pump power of the Yb:CYA crystal was measured to be
43%. Concave mirrors C1 and C2 both have the same radius
of curvature (ROC) of 300 mm. The beam waist inside the
quartz should be small enough to enhance the Kerr-lens effect.
Here, we utilized two concave mirrors of C3 and C4 with both
ROC of 100 mm, and the quartz plate was positioned at the
center between C3 and C4. Two Gires–Tournois interferom-
eter mirrors (GTIs) with the total group velocity dispersion of
−1850 fs2 per bounce in the 1035–1055 nm range were used
for dispersion compensation. M1 was a dichroic mirror with
high transmittance for pump and high reflectivity for l μm laser.
M2 and M3 were flat mirrors with high reflective coating from
1020 to 1100 nm. The output coupler (OC) with 2.5% trans-
mittance was mounted on a precise translation stage. The total
cavity length was about 3 m, corresponding to the repetition
rate of 50 MHz.

At first, we aligned the laser cavity to optimize the output
power under continuous wave (CW) operation without the
aperture. The maximum output power was 2 W with 25 W
incident pump power as shown in Fig. 2, corresponding to
the slope efficiency of 13.3%. Based on the ABCD matrix,
the laser beam waists at the center of Yb:CYA crystal and the
quartz plate were about 121 μm and 48 μm, respectively.

Fig. 1. Experimental setup of the high-power Kerr-lens mode-
locked Yb:CYA laser. C1 and C2, concave mirrors with ROC of
300 mm; GTI1 and GTI2, Gires–Tournois interferometer mirrors
with total dispersion of −1850 fs2 per bounce; C3 and C4, concave
mirrors with ROC of 100 mm; M1, dichroic mirror; M2 and M3, flat
mirrors with high reflectivity; OC, output coupler with transmittance
of 2.5%.

Fig. 2. Output performances of the continuous wave (CW) and
Kerr-lens mode-locked operations of Yb:CYA laser, respectively.
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Then, the aperture was inserted in the cavity nearby the OC,
acting as a hard aperture for KLM. By varying the aperture
diameter from 1 to 3 mm, it was found that the aperture with
a diameter of 2.6 mm fits the best performance of Kerr-lens
mode-locking. With such an aperture, the maximum CW out-
put power dropped to 1.3 W at first. Then, after finely tuning
the position of C4 to the edge of the stable region, KLM was
easily realized by fast moving the translation stage of the OC,
with the maximum average output power increased to 1.5 W.
We measured the power scalable of the KLM mode-locking
operation, as shown in Fig. 2. The KLM could be sustained
until the pump power decreased to 13 W.

The central wavelength was at 1046 nm under CW oper-
ation while at 1040 nm under KLM operation. By optimizing
the position of the quartz in the cavity, the broadest optical
spectrum of the KLM pulses had a FWHM bandwidth of
14.5 nm, as shown in Fig. 3(a). Via Fourier transform with
zero chirp, the transform-limited pulse duration is 61.8 fs if
a sech2 pulse shape is assumed. The corresponding intensity
autocorrelation trace was measured by a commercial intensity
auto-correlator (APE PulseCheck USB), as shown in Fig. 3(b).
The FWHM bandwidth of the autocorrelation trace was about
104 fs, corresponding to 68 fs pulse duration, which was close
to the Fourier limited pulse duration. The beam profile of the
stable KLM pulses was near fundamental Gaussian shape with a
bit ellipse, detected by a commercial optical beam analyzer, as
inserted in Fig. 3(a). The single pulse operation was certified by
the only one peak of the autocorrelation trace observed in a

broad time delay span of 50 ps. In addition, the pulse train
was recorded by using a 500 MHz bandwidth oscilloscope,
as depicted in Fig. 4. There was no visible Q-switching modu-
lation of the mode-locked pulse train.

To claim the status of the mode-locking operation, the radio
frequency (RF) spectrum was also measured via a photodetector
(PD) with a 3 dB bandwidth of 1 GHz and a commercial RF
spectrum analyzer (R&S FSVA40). The signal was recorded for
both a frequency window of 1 MHz with 1 kHz resolution

Fig. 3. Pulse characterization results of the KLM Yb:CYA laser.
(a) CW (red) and mode-locked (blue) spectra, inset is the beam profile
at the maximum average power of 1.5 W. (b) Measured intensity
autocorrelation trace shown as black dashed while the fitted sech2 trace
shown by red solid curve.

Fig. 4. Oscilloscope traces of the high-power Kerr-lens mode-
locked pulse train in the time scales of (a) 10 ns/div, and (b) 4 μs/div,
respectively.

Fig. 5. RF spectra of the Kerr-lens mode-locked Yb:CYA laser.
(a) RF spectrum at the fundamental beat note with the resolution
bandwidth of 1 kHz. (b) RF spectrum at 1 GHz wide-span range with
the resolution bandwidth of 100 kHz.
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bandwidth (RBW) and a window of 1 GHz with 100 kHz
RBW, as described in Fig. 5. The distinct signal-to-noise ratio
of the fundamental beat note at 50.1 MHz was as high as
72 dBc. Stable mode-locking operation was illustrated by
the clean RF spectrum, where no side peaks of the harmonics
of the fundamental frequency were observed, as shown in
Fig. 5(b). The fluctuation of the harmonics peaks in Fig. 5(b)
might be originated from the limited sampling rate of the RF
spectrum analyzer. Once started by slight perturbation, the
mode-locking operation could last stably for several hours in
open air.

3. CONCLUSION

We summarized the state-of-the-art results from Yb-based bulk
lasers in generating sub-100 fs pulses with watt-level output
power, as shown in Fig. 6. Previously, Yb-based bulk lasers
delivering watt-level sub-100 fs pulses have been reported only
with a few kinds of gain media, such as Yb:CaF2 [5,22],
Yb:CGA [8,12,13], Yb:KYW [23], Yb:KGW [4,6,24], and
Yb:Lu2O3 [25] crystals as well as Yb:LuAG ceramic [1].
Among them, Yb:CGA crystal provides not only the highest
peak power as well as average output power but also the shortest
pulse duration. Belonging to the same calcium aluminate fam-
ily, Yb:CYA crystal has also been given high expectations.
However, no similar work has been previously reported.

In this paper, we have demonstrated a diode-pumped watt-
level KLM Yb:CYA laser for the first time, to the best of our
knowledge. As short as 68 fs pulses centered at 1040 nm with
the average output power up to 1.5 W have been generated
directly from the oscillator by separating the gain crystal and
the Kerr medium. With a repetition rate of 50 MHz, the cor-
responding single pulse energy and the peak power are as high
as 30 nJ and 0.44 MW, respectively, both are the highest ones
from the Yb:CYA oscillators. Considering the broad and flat
emission spectra of Yb:CYA, shorter pulses of sub-50 fs with
watt-level average power are expected with several improve-
ments. For instance, different kinds of Kerr media with higher
nonlinear refractive indices such as YAG or sapphire could be
used to strengthen the self-phase modulation. Combining with
meticulous dispersion management, high-power single-pulse

operation should be compatible with short pulse duration.
On the other hand, the maximum output power of 1.5 W
at present is limited not only by the mode mismatching in
the Yb:CYA crystal between the pump and the laser—the beam
diameter of the latter is about twice that of the former—but
also by the limited pump power. No obvious thermal distortion
or multipulse operation was observed, indicating higher pump
power is endurable to produce higher average power. In addi-
tion, Loiko et al. recently demonstrated the microchip Yb:CYA
laser delivering 5.06W power in CW operation with a recorded
high slope efficiency of 91% [27], which also indicates the
power scaling potential of Yb:CYA crystal. Thus, multiwatt
sub-100 fs pulse generation is feasible from the Yb:CYA oscil-
lator and will find wide application in many fields.
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