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In this study, we report on pure Kerr-lens mode-locked Yb:CaGdAlO4 oscillator optically pumped by a diffraction limited 
fiber laser. At the repetition rate of 96 MHz, several configurations have been studied to achieve either pulse duration of 
40 fs with average powers up to the watt level or shorter pulse duration down to 32 fs. To the best of our knowledge, this 
represents the shortest pulse duration ever achieved with an Yb-doped bulk material and the highest average power for sub-
40 fs Kerr-lens mode-locked Yb-bulk oscillator.  
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During the past decade, Yb-doped crystals have raised a great 
interest for the generation of high average power ultra-short 
pulses due to their excellent spectroscopic and thermal 
properties [1]. Among them, Yb:CaGdAlO4 (Yb:CALGO) 
crystal is one of the most promising candidates for sub-50 fs 
oscillator thanks to its broad and flat emission band [2]. 
Recent works reported pulse generation as short as 40 fs in 
this material [3] which is very close to the shortest (35 fs) 
pulse duration ever obtained from an Yb doped  bulk material 
based oscillator [4, 5]. However, these ultra-short pulse 
oscillators generate average powers never exceeding a few 
tens of milliwatts. This power limitation results from the 
unavailability of bright powerful (diffraction limited) pump 
sources as well as the typical response time of saturable 
absorbers. The thin-disk technology provides an efficient 
alternative to significantly increase the average power [6]. 
Although very impressive powers are demonstrated, the 
shortest pulse duration reported in Yb:CALGO thin-disk 
oscillator is limited to 62 fs [7]. Improving the average power 
while maintaining the pulse duration as short as possible is a 
challenging goal we aim at achieving making use of pure 
Kerr-lens mode-locking (KLM) technique combined with 
high-brightness pumping. By this way, recent works on 
Yb:CaF2 reported significant improvements in average power 
of bulk oscillators with the generation of sub 70 fs with 
several watts [8]. In this letter, we report on a pure Kerr-lens 
mode-locked Yb:CALGO oscillator delivering pulse duration 
of 40 fs at the watt level by means of a powerful single mode, 
polarized Yb-doped fiber pump emitting around  979.5 nm. 
After optimization of the output coupler transmission, the 
oscillator can provide the shortest pulse ever produced in Yb-
doped bulk material with pulses as short as 32 fs. To the best 
of our knowledge, it is the first realization of a pure Kerr-lens 
mode-locking in Yb:CALGO crystal. For this we use a high-
brightness optical pumping with a single-mode fiber laser 
source [9]. After describing the experimental setup, we 
present the performance of the KLM Yb:CALGO oscillator 

and discuss the optimization to provide the shortest  pulse 
durations. 

The experimental setup of the laser cavity and pumping geometry is 
sketched in figure 1. We use a 5-mm-long, 2 x 4 mm² Brewster-
angle cut, Yb:CALGO crystal doped at 5 at. %. It is mounted in a 
water-cooled copper holder. We have chosen the c-cut orientation to 
avoid the anisotropy of temperature-dependent refractive index 
which could appear at high average pump power [10] and to 
eliminate the polarization state sensitivity in cross-section emission 
[2]. The Yb:CALGO crystal is positioned between two concave 
mirrors (M1, M2,100-mm-radius-of-curvature) in a standard X-fold 
cavity configuration. To compensate astigmatism due to the 
Brewster-angle incidence, these mirrors are tilted with an angle of 
8°. On one side, the cavity ends by a high reflection (HR) mirror 
and closed on the other side by a 35% output-coupler (OC). A pair 
of SF10 prisms separated by a distance of 450 mm is used for fine 
intra-cavity dispersion control. The net intracavity group delay 
dispersion (GDD) is calculated to be close to -2200 fs² per round 
trip. All the mirrors used are specified with low group delay 
dispersion. The cavity is asymmetric with a short arm of 600 mm 
and a long one of 900 mm. 
 

 
Fig. 1.  KLM Yb:CALGO oscillator experimental setup. 

The Yb:CALGO crystal is longitudinally pumped by the high-
brightness fiber laser through the M1 dichroic mirror (HT for a 
wavelength below 980 nm and HR above 1020 nm). We use a 
commercially available diffraction limited polarized pump source 
(M²=1.1) emitting 10 Watts at 979.5 nm (from Azur Light System). 



The pump radiation is focused into the Yb:CALGO crystal by a 
60 mm focal-length lens. The high spatial quality of the pump beam 
allows us to obtain a spot radius at the focal plane of 25 µm (at 1/e²) 
leading to a confocal parameter of 3.7 mm and a maximum pump 
intensity of 1 MW/cm2. When the pump focus is positioned in the 
middle of the crystal, absorption saturates leading to an unabsorbed 
power of 4 W without laser effect. 
First of all, the Yb:CALGO oscillator is characterized in the CW 
regime. For 10 W of incident pump power, a maximum output 
power of 4.5 W is obtained at the central wavelength of 1044 nm 
corresponding to an optical to optical efficiency of 45%. In these 
conditions, the unabsorbed pump power is 2W. Since the pump 
source used in this setup is characterized by a low M2 value, a very 
good spatial overlap between the laser beam and the gain channel is 
obtained over the 5 mm crystal length and leads to a high optical-to-
optical efficiency.  
In order to discriminate between CW and ML regimes in the 
oscillator, the cavity is set at the edge of the stability domain by 
translating the M2 mirror by 400 µm toward the crystal. At this 
point, the CW output power drops down to 0.9 W.  
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Fig. 2. a) Retrieved SHG-FROG spectrum (black curve) superimposed with 
the experimental spectrum (grey curve) and spectral phase (dashed red 
curve). b) Retrieved intensity profile (black curve) and temporal phase 
(dashed red curve) of the output pulses. 

Stable Kerr-lens mode-locking is initiated by vibrating a cavity 
mirror (starter). When locked, the Yb:CALGO oscillator delivers a 
pulse train at a repetition rate of  96 MHz with an average power of 
1.1 W. Assuming a sech2 pulse shape, an autocorrelation 
measurement gives a pulse duration of 94 fs (FWHM). The 
spectrum of the femtosecond pulses is characterized with an optical 
spectrum analyzer (ANDO AQ6315). It is centered at 1044 nm with 
34 nm bandwidth (see grey curve in figure 2.a) corresponding to a 
Fourier-Transform limited duration of 40 fs (FWHM). The slightly 
chirped output pulses (mainly quadratic phase) are externally 
compressed with 10 bounces on -100 fs² chirped mirrors (total 
transmission of 98%) and further characterized with a SHG-FROG 
device. The retrieved temporal pulse profile (see figure 2.b) 

indicates the generation of pulse as short as 40 fs (FWHM) at the 
average power of 1.08 W. The computed autocorrelation width (58 
fs) is in very good agreement with the independently measured 
autocorrelation width of 58 fs. At the external compressor output, 
the time-bandwidth product of the pulses equals 0.373. 
In order to optimize the pulse duration, we investigate the influence 
of the output coupler transmission. The KLM stability criteria and 
the soliton formation to provide stable single-pulse regime [11, 12] 
impose a rather constant intracavity peak power irrespective of the 
OC. We therefore adjust the pump power to fulfill this condition 
and achieve single-pulse mode-locking. The table 1 summarizes the 
parameters recorded for various OC transmission values.  

 
Table 1: Spectral and temporal characterization as a function of OC transmission 
 

OC 
[%] 

Ppump 
[W] 

Pout 
[mW] 

λ c 
[nm] 

Δλ  
 [nm] 

Δτ  
[fs] 

3 3,6 90 1063 51 32 
10 4,3 280 1056 46 35 
20 6,3 640 1052 41 37 
35  8,9 1100 1045 34 40 

 
Increasing the OC transmission clearly allows to extract more 
average power by simply cranking up the pump power accordingly 
to maintain the intracavity peak power. However, the laser 
dynamics varies significantly with significant changes on the output 
pulse spectrum.  
Similar to other Yb-doped materials, the gain cross section is a 
function of both the wavelength and the population inversion in the 
crystal. In our case, we observe a red shift of the central wavelength 
for decreasing OC transmission. This observation is confirmed by 
our dynamical gain calculations based on absorption and emission 
cross-sections (from [13]) weighted by the population inversion and 
where we estimate that the cavity losses are mainly attributed to the 
OC. We estimated for a 35% OC transmission an inverted 
population ratio (β) of 10.7 % with a maximum gain cross-section 
centered at 1045 nm. At contrast, for a 3% OC transmission, we 
calculated a β of 3.9% with a gain cross-section maximum at 
1063 nm. 
Additionally to the spectral shift, we noticed an enhancement of the 
spectral bandwidth when the OC transmission is reduced. The 
above gain model also agrees with the latter tendency. However, the 
increase of the spectral bandwidth cannot be explained solely by the 
gain cross-section evolution. In fact, it is known that the GDD of 
dichroic mirror is not well controlled in the spectral range where the 
coating reflectivity varies significantly. To evaluate this effect on the 
output spectrum, we replaced M2 (sub-cavity mirror with a flat 
reflectivity and constant GDD) by the same dichroic concave mirror 
as M1 thus highlighting the contribution of the net GDD. In figure 3, 
we compare spectra recorded with one and two dichroic mirrors for 
a 10% OC transmission. Also displayed is the net intracavity GDD 
for each case.  It is clearly shown that the femtosecond pulse tends 
to red shift in order to overlap with a spectral region where GDD is 
as constant as possible. However, the addition of the second 
dichroic mirror deteriorates the intracavity GDD flatness and leads 
to a reduction of the spectral bandwidth from 46 nm (1 dichroic 
mirror) to 40 nm (2 dichroic mirrors). Moreover, in the case of 2 
dichroic mirrors, a spectral peak raises around 1 µm. This 
phenomenon has already been studied by J. Hermann and al. [14], 
already observed in Yb:CALGO [15], and originates from 

(a) 

(b) 



uncompensated group delay dispersion. This structure is also 
observed with a single dichroic mirror however at a much lower 
level. It is therefore the combined contribution of population 
inversion and uncontrolled GDD of dichroic mirror coating that 
explains the reduction of the spectral bandwidth with increasing 
OC. 

 1 dichoic mirror
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Fig. 3.  Experimental output spectra obtained with 10% OC transmission and 
calculated intracavity GDD for one and two dichroic mirrors configuration 

Further decreasing the pulse duration with higher OC to improve 
average power would require designing custom dichroic mirror with 
accurate GDD control.  
 
From the above analysis, it is not surprising to achieve the shortest 
pulse duration with a 3% OC. The spectrum is centered at 1063 nm 
with a spectral bandwidth of 51 nm and an average power of 
90 mW with only 3.6 W of incident pump power. The spectrum 
displayed in figure 4.a is very smooth and exhibits a Gaussian 
shape. A tiny peak is visible at 1000 nm attributed to the remaining 
dichroic mirror. 
 

1000 1020 1040 1060 1080 1100 1120 1140
0,0

0,2

0,4

0,6

0,8

1,0

 

In
te

ns
ity

 [a
.u

]

Wavelength [nm]

51 nm

-1

0

1

2

Ph
as

e 
[r

ad
]

 

-75 -50 -25 0 25 50 75
0,0

0,2

0,4

0,6

0,8

1,0

 

In
te

ns
ity

 [a
.u

]

Time [fs]

32 fs

0

2

4

Ph
as

e 
[r

ad
]

	  

Fig. 4. a) Retrieved SHG-FROG spectrum (black curve) superimposed with 
the experimental spectrum (grey curve) and spectral phase (dashed red 
curve). b) Retrieved intensity profile (black curve) and temporal phase 
(dashed red curve) of the output pulses. 

After external compression (-1000 fs²), the pulse is retrieved from a 
SHG-FROG measurement and leads to a Fourier transform limited 
pulse duration of 32 fs and a time bandwidth product of 0.433 (see 
figure 4.b). Experimental and retrieved spectra are superimposed in 
figure 4.a with an excellent agreement.  
In addition further characterizations (beam profile and pulse train 
stability) have been performed. We measured an output beam 
quality characterized by a factor M²x.M²y of 1.15x1.2 with no 
evidence of astigmatism. The mode-locking regime is stable during 
several hours. Figure 5 shows the corresponding radio frequency 
spectrum of the fundamental beat note at 96.25 MHz recorded with 
a resolution bandwidth (RBW) of 3 kHz and a 500 MHz wide-span 
(inset) measured with a RBW 25 KHz for the shortest pulse 
operation. The very high contrast (70 dBm) and the absence of 
modulations in the wide span are evidences of a very stable and 
clean mode-locked operation of the Yb:CALGO oscillator. 
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Fig. 5.  Radio-frequency spectrum.  

 
In the aim of decreasing the oscillator footprint, reducing the 
intracavity losses and improving its robustness, we discuss here the 
potential of using intracavity chirped mirror for ultra-short pulse 
generation. Chirped mirrors (-100 fs² and -250 fs² per bounce from 
Layertech) are inserted in each arm of the cavity and SF10 prisms 
are replaced by silica prisms separated by 120 mm to provide a fine 
intracavity GDD control. For 10 W of pump power, the oscillator 
delivers an average power of 1.5 W and pulses with a spectral 
bandwidth of 34 nm as shown in figure 6 (black curve).A pulse 
duration of 37 fs is obtained after SHG-FROG measurement.  
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Fig. 6.  Experimental spectra for OC =30 % (black curve) and OC =40 % 
(grey curve), calculated intracavity GDD (dashed red curve) 

Sharp spectral structures appear at 1 µm and 1.1 µm caused by 
additional uncompensated high-order dispersion introduced by the 
chirped and dichroic mirrors (red curve). The structures are 
dissipated by reducing the intra-cavity peak power with an output 

0,0 0,1 0,2 0,3 0,4 0,5
-80

-60

-40

-20

0

 

 

Sp
ec

tr
al

 p
ow

er
 d

en
si

ty
 [d

B
m

]

Frequency [GHz]

(a) 

(b) 



coupler of 40 %.  In this configuration, the oscillator provides an 
average power of 1 W and pulse duration of 43 fs after external 
compression with a spectrum of 28 nm (see figure 6 (grey curve)). 
In the compact configuration with intracavity chirped mirrors, we 
obtained results very closed to the configuration with SF10 prisms 
and large OC values. We believe that shorter pulses could be 
obtained with custom broadband chirped mirrors where the GDD is 
controlled over the complete spectral bandwidth of Yb:CALGO.   
 
In conclusion, we have presented the first pure Kerr-lens mode-
locked Yb:CALGO oscillator. Based on a powerful diffraction 
limited fiber pump laser, we have built a pure KLM oscillator at 96 
MHz delivering sub-40 fs pulses at the watt level. The lack of optics 
with constant GDD over large spectral ranges forces us to use SF10 
prisms only. In this configuration, we have investigated different 
OC to shorten the pulse duration. With an output coupler value of  
3% , our oscillator produced pulses with a duration of 32 fs  and 90 
mW of output power after external recompression. Furthermore, 
these pulses exhibit a structure-free spectrum with a bandwidth of 
51 nm centered at 1063 nm. It is, to our best knowledge, the shortest 
pulse duration ever reported for Yb-doped bulk material. This result 
is the combination of the excellent spectral properties of 
Yb:CALGO and the use of a high brightness pumping scheme 
allowing pure KLM operation. By designing specific ultra-large 
band GDD controlled chirped mirrors, the same characteristics 
could be attained in a prism free configuration. Similarly, custom 
designed dichroic mirror should produce ultimate pulse duration 
together with high average power. 
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