High-brightness fiber laser-pumped 68 fs-2.3 W
Kerr-lens mode-locked Yb:CaF, oscillator
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By using a high-brightness fiber pump laser, we demonstrate a pure Kerr-lens mode-locked (ML) Yb:CaF;, oscillator.
The laser delivers 68 fs pulses with 2.3 W average power at 73 MHz repetition rate and an optical-to-optical effi-
ciency of 33% is achieved. To the best of our knowledge, this is the first demonstration of Kerr-lens mode-locking in
Yb:CaFs. Incidentally, we report here the highest average power ever achieved for a sub-100-fs active Kerr-lens ML

Yb-bulk oscillator.

During the past decade, laser development using Yb-
doped materials and in particular when Yb?* ions are em-
bedded in crystal hosts has become a very active and
competing field in laser research in the quest of high
average power and ultrashort pulses. Many studies aim
at identifying the optimal Yb-doped material for these
purposes. Among them, Yb:CaF, has made an impacting
revival, demonstrating very promising results for short
[1], high average power [2], and energetic pulse genera-
tion [3]. Indeed, Yb:CaF, offers good thermal properties
with a thermal conductivity of 5 W-m™!-K-! for a 2.5% Yb
doping concentration [4] associated to a very broad emis-
sion bandwidth. Finally, the long fluorescence lifetime of
2.4 ms denotes a high-energy storage capacity. All these
properties would allow the amplification of energetic
femtosecond pulses [5].

Nevertheless, compared to its other Yb-doped counter-
parts, femtosecond oscillators using Yb:CaF, crystals
seem far from having exploited all the potential of this
broadband material, with demonstrated pulse duration
of around 100 fs [1]. In order to extend the performance
currently demonstrated in Yb:CaF; mode-locked (ML)
oscillators using saturable absorbers semiconductor
saturable absorber mirror (SESAM), we propose to ex-
plore here the potential of Kerr-lens mode-locking
(KLM) with this crystal. Within the current state of the
art and as far as pulse duration is concerned, KLM tends
to provide better results than other passive mode-locking
techniques such as saturable absorbers, because KLM
mode-locking is not limited by the SESAM properties.
With respect to Yb-doped bulk lasers, mode-locking os-
cillators by Kerr-lens effect have been achieved so far
only in four crystals, namely Yb:KYW, Yb:YVO,,
Yb:Scy,05, and Yb:YAG where the shortest pulse dura-
tions were respectively 71 fs [6], 61 fs [7], 92 fs [§],
and 35 fs [9]. In these cases, KLM is associated to A
Kerr-lens ML strong self-phase modulation (SPM) that
tends to significantly broaden the laser spectra. KLM also

offers additional advantages. Some Yb-doped crystals,
such as Yb-doped fluorides, have a low emission
cross-section (high saturation fluence of the gain) that
makes their use critical in an oscillator including a
SESAM as energetic pulses can be easily produced dur-
ing transient regimes damaging the semiconductor com-
ponent [10]. These @-switched regimes (both CW or ML)
often appear while minimizing the pulse duration, and
making some “fragile” SESAMs difficult or even impos-
sible to handle with Yb:CaF,. In this context, KLM could
also provide a solution to these problems.

KLM Yb:CaF; implies solving serious issues. In fact,
Yb:CaF,; has a very low nonlinear refraction index
(ny ~ 1.9 x 1072 m?/W) [11] as compared to other crys-
tals, such as Yb:YAG (6.2 x 1020 m?/W) [12], Yb:Sc,05
(11 x 1072 m?/W) [13], or Yb:YVO4 (40 x 10720 m?/W)
[14]. A Kerr-lens ML oscillator with Yb:CaF; requires very
large intensities to induce a noticeable modification of
the spatial mode cavity through the nonlinear refractive
index variation. A straightforward solution would consist
in increasing significantly the intensity inside the cavity.
It could be achieved by either increasing the doping con-
centration, at the cost of deleterious thermal issues [15],
or by simply using longer crystals where the thermal load
is spread over a longer distance. However, maintaining a
tight focusing in long crystal requires a high brightness
pump source incompatible with high power laser diodes.

In this Letter, we report, to the best of our knowledge,
on the first demonstration of a pure KLM in Yb:CaF, crys-
tal in a configuration implementing high-brightness opti-
cal pumping with a single-mode fiber laser source [16].
After describing the experimental setup, we present
the performance of the KLM Yb:CaF; oscillator and dis-
cuss the robustness of the mode-locking with regard to
the pumping parameters.

A sketch of the laser cavity and pumping geometry is
presented in Fig. 1. We use a 6-mm-long, 4 mm x 4 mm
Brewster-angle cut 4.5 at. % Yb:CaF, crystal mounted
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Fig. 1. Experimental setup of the KLM Yb:CaF; oscillator.

in a water-cooled copper holder. The Yb:CaF, crystal is
positioned between two R = 100 mm spherical mirrors
(M;, M,) in a standard X-fold cavity configuration. To
compensate the astigmatism due to the Brewster-angle
incidence, these mirrors are tilted with an angle of 8°.
On one side, the cavity is delimited by a high reflection
(HR) mirror (M;) where a pair of SF10 60° prisms (Pq, Py)
(separated by a distance of 325 mm) is inserted as an in-
tracavity dispersion control. The cavity is closed on the
other side by a 10% output-coupler (M,). The mirrors of
the cavity are specified to introduce a low group-velocity
dispersion. The cavity is nearly symmetric and its length
of 2.05 m corresponds to a repetition frequency close
to 73 MHz.

The Yb:CaF; crystal is longitudinally pumped by the
high-brightness fiber pump source through the M; di-
chroic mirror (HT for wavelength below 980 nm and
HR above 1020 nm). The pump source consists in an
Yb-doped fiber laser emitting up to 7 W of linearly polar-
ized amplified spontaneous emission radiation at 977 nm
with a spectral bandwidth of 3 nm and is characterized by
a high spatial quality with a M, of 1.5. The pump radiation
is focused into the Yb:CaF; 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
32 um (at 1/¢%) leading to a confocal parameter equal
to 44 mm and a maximum pump intensity of
435 kW /cm?. Hence, the absorption of the Yb:CaF is sa-
turated when the pump focus is positioned in the middle
of the crystal leading to an unabsorbed power of 4.2 W.
Under this pump intensity and without lasing effect, the
inverted population on-axis is estimated to be 48% [17].

Because of the very high brightness of our pump source
and the significant unabsorbed pump power, a back re-
flection of the pump from the output coupler is observed.
In this situation, the gain channel in the Yb:CaF; crystal is
laterally extended and can additionally affect the power
stability of the single-mode pump source. Both effects
depend on the M; position. To avoid these troubles inher-
ent to the high brightness pump, we insert a dichroic
mirror My (HT at 980 nm and HR above 1020 nm for
an incident angle of 22.5°) before the output coupler.

At first, we characterize the CW performance of the
high-brightness fiber-pumped Yb:CaF, oscillator. At
7 W of incident pump power, a maximum output power
of 3 W is obtained at the central wavelength of 1049 nm.

In this configuration, the unabsorbed pump power mea-
sured after the dichroic mirror Mg is 1 W leading to an
optical-to-optical efficiency of 43%. Since optical losses
in the cavity are weak and no thermal birefringence in
Yb:CaF, crystal is observed (Prisms losses ~100 mW
and Brewster Yb:CaF,; losses ~20 mW), the laser thresh-
old has been measured to be 800 mW with a 10% output
coupler. From the Brewster-angle reflection of the
Yb:CaF, crystal, the laser beam waist in the sub-cavity
has been measured to be 38 ym x 32 ym (radius at
1/€%) in good agreement with the ABCD matrix formal-
ism. Since the pump source used in this setup is charac-
terized by a low M? value, a very good spatial overlap
between the laser beam waist and the gain channel is
achieved over the 6 mm crystal length and leads to a high
optical-to-optical efficiency [17].

In order to discriminate the CW and ML regimes in
the oscillator, we adjust the My curved mirror position
(+400 pm), a configuration where the CW regime is less
stable. The CW output power drops down to 2 W and the
output spatial beam becomes elliptical [cf. Fig. 2(c)].

Then a stable KLM is initiated by simply translating the
prism P,. In a daily operation, when the KLM starts, a
small fraction of the power remains in the CW regime,
however suppressed with a small displacement of the
prism P;. In an optimal configuration (3 mm of Py is in-
serted in the beam path), the oscillator delivers 75 fs
(FWHM autocorrelator value assuming a sech pulse
shape) at the 73 MHz repetition rate with an average
power of 2.32 W. We estimate the GDD introduced by
the prisms to be -2600 fs?. Stable femtosecond pulse
trains have been always observed without @-switching
and an ML shot-to-shot energy stability of 1.35% RMS
over 30 min has been measured. The spectrum of the fem-
tosecond pulses is centered at 1049 nm with a 19 nm
bandwidth [see Fig. 2(a)] and corresponds to a Fourier
transform-limited duration of 67 fs (FWHM). Indeed,
the temporal pulse profile from the oscillator has been
characterized through a SHG-FROG device and a quad-
ratic phase has been measured and compensated by
an external compressor requiring 8 bounces on
~100 fs® chirped mirror (global transmission of 99.2%).
Figure 3 shows the FROG traces as well as the retrieved
pulse characteristics at the external compressor output.
A 68 fs pulse duration (FWHM) has been achieved
in close agreement with the independently measured
autocorrelation width of 105 fs (68.2 fs deconvoluted
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Fig. 2. (a) Spectrum measurement. Far-field spatial beam in

(b) ML and (c) CW regime.
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Fig. 3. SHG-FROG. Retrieved intensity profile and temporal
phase of the output pulses (inset measured and retrieved
SHG-FROG traces).

duration assuming sech pulse shape). At the external
compressor output, the time-bandwidth product of the
pulses reaches then 0.35.

The sensitivity of the gain channel in Yb:CaF, to obtain
stable ML has been investigated by longitudinally moving
the 60 mm lens of the pump source. At 7 W of pump
power, we can move the pump focal point over 1 mm ei-
ther side of the optimum point (pump focus at 2 mm after
the first crystal face) without any significant change in
the oscillator performance. Away from this focus posi-
tion range, a CW peak is superposed on the ML spectrum.
This observation confirms the importance of the spatial
overlap quality between the gain channel and the laser
beam waist to obtain pure KLM.

In addition, we have investigated the influence of the
pump power level on the stability of the KLM regime. We
have recorded the output power and the compressed
pulse duration at different pump powers. Results are dis-
played in Fig. 4. The best performance (pulse duration
and output power) is obtained for the maximal pump
power of 7 W but the KLM regime persists with a pump
power down to 4 W. As pump power decreases, the spec-
tral broadening from SPM in Yb:CaF; becomes less
efficient and leads to longer pulse durations. However
the Kerr-lens effect is efficient enough to discriminate
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Fig. 4. Output power and pulse duration of the ML Yb:CaF,
oscillator as a function of the pump power.

ML and CW until 4 W of pump power. In this pumping
condition, the oscillator delivers at least 1 W of average
power with 79 fs pulse duration. Below 4 W of pump
power, a continuous peak appears in the spectrum of
the output pulses.

In conclusion, we have presented the first experimen-
tal demonstration of a high-average power pure KLM
femtosecond oscillator based on an Yb:CaF, crystal op-
tically pumped by a very high-brightness fiber pump la-
ser. The oscillator delivers, at 73 MHz repetition rate,
pulses of 68 fs duration, which is the shortest pulse
duration ever obtained in Yb-doped material at 2.3 W
average power level.
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