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We have demonstrated a high power diode-pumped mode-locked femtosecond Yb:KGW laser with semiconductor
saturable absorber mirror (SESAM). By using an output coupler with 10% transmittance, the laser delivered 160-fs pulses
with average output power of 7.6 W at a repetition rate of 78 MHz, corresponding to pulse energy of 97 nJ and peak power

of 606 kW.
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1. Introduction

Diode-pumped solid-state laser systems with ultrashort
pulse duration are of great applications in the fields of
industrial, ' medical,[>?! and scientific researches.*>] Lasers
delivered directly from the oscillator with both femtosec-
ond pulse and high output average power are more desir-
able for many applications. Yb-doped gain media such as
Yb:KGd(WOy4)> (Yb:KGW),[081 Yb:CaYAIO4(Yb:CYA),!
Yb:CaGdAIOs  (Yb:CALGO),!"  Yb:Lu,03,!""!  and
Yb:CaF,!'?I have been used to generate watt-level femtosec-
ond laser pulses. The highest average output power of 12.5 W
was obtained from an 80-MHz Yb:CALGO oscillator with the
pulse duration of 94 fs.['%1 In 2013, Machinet et al. demon-
strated a Kerr-lens mode-locked Yb:CaF, oscillator pumped
by a 7-W fiber laser.['?] Due to the high-brightness of the fiber
laser, as short as 68 fs pulses with 2.3-W average power were
obtained. The mode-locked laser performance is mainly ow-
ing to the excellent optical properties of the Yb-doped gain
media, including the broad gain bandwidths and the absorp-
tion properties that can be pumped by commercially available
high-power laser diodes. Compared to the single-mode fiber
laser used as a pump source, laser diodes (LDs) have higher
power and can be obtained at a lower price, which make
the diode-pumped solid-state lasers more suitable for these
high-power applications. Among these Yb-doped crystals,
Yb:KGW crystals exhibit superior properties because they

have broad gain bandwidths (~ 20 nm), high-emission cross-
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sections (~ 2.8 x 1072° ¢m?) and high thermal conductivity
(~ 3.3 W/m/K).!'3] These are distinct features for constructing
high-power femtosecond oscillators.

High-power femtosecond Yb:KGW mode-locking lasers
with SESAM have been demonstrated with efficient and re-
liable laser performance. In 2012, Li et al. realized a pas-
sively mode-locked Yb:KGW laser with 5.06-W average out-
put power and a pulse duration of 410 fs.'* Kisel et al.
further reported an efficient and high-power mode-locked
Yb:KGW laser which was initiated by an InGaAs-based
SESAM in 2015, an average output power of 8.8 W and 162-
fs pulses were obtained by using an output coupler with 20%
transmittance.®! Most recently, the average output power as
high as 12 W was obtained, while the pulse duration was
400 fs.[13] Besides, multi-watts with sub-100-fs pulses have
been reported by the combination of Kerr-lens and saturable
absorber (KLAS) mode locking in recent years.!”-1%-18] The
shortest pulse of 56 fs and 1.95-W average output power were
generated from a Yb:KGW bulk oscillator, while the optical-
to-optical efficiency was only 10.6%.!'8! The Kerr-lens effect
can induce the fast loss modulation and enables broadening the
emission spectrum. However, the laser cavity needs to be pre-
cisely adjusted and the thermal lensing effect would strongly
affect laser mode at the high-power regime. Furthermore, the
laser also relies on SESAM.

In this paper, we report on a pure SESAM mode-locked
femtosecond Yb:KGW all-solid-state laser with both short
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pulse duration and high average power pumped by a fiber-
coupled diode laser. By optimizing the spot size on the
SESAM and the precise intracavity dispersion compensation,
the pulses duration as short as 160 fs was achieved with an out-
put power as high as 7.6 W at the pump power of 28.35 W, cor-
responding to an optical-to-optical efficiency of 28.8%. Oper-
ated at 78 MHz, the pulse energy and the peak power were up

to 97 nJ and 606 kW, respectively.

2. Experimental setup

Figure 1 shows the schematic experimental setup. A 5-
mm-long Yb:KGW crystal with 3% doping level was used as
the gain medium. The crystal was antireflection coated and
cut along the N, axis. The laser pump source was a multimode
fiber-coupled diode laser (100-um core diameter, 0.22 NA),
which offered a random-polarized laser mode with a maxi-
mum pump power of 40 W at 980 nm. An imaging system
with a magnification of 1:2 was used to focus the pump laser
from the fiber into the Yb:KGW crystal, resulting in a focused
pump spot size of 200 pm in the crystal. The classical Z-fold
cavity was designed to optimize the spatial pattern matching
between the pump and oscillator pulses to realize highly ef-
ficient pump absorption and femtosecond mode-locking oper-
ation. Based on the ABCD matrix, the cavity mode size was
designed to be 212 pum inside the Yb:KGW crystal, which per-
fectly matched with the pump beam size. To eliminate the heat
accumulation and maintain a stable temperature, the crystal
was wrapped with indium foil and placed in contact with a
water-cooled copper heat sink, where the temperature is main-
tained at 18 °C. The absorption efficiency for the pump power
of the Yb:KGW crystal was measured to be around 60% un-
der the non-lasing conditions, which depending on the pump

power.
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Fig. 1. Schematic diagram of the experimental setup. LD: fiber-coupled
diode laser; DM: plane dichroic mirror; M1-M3: concave mirrors;
GTI1-GTI4: Gires—-Tournois interferometer mirrors; SESAM: semi-
conductor saturable absorber mirror; OC: output coupler.

The DM was a plane dichroic mirror which coated with
high transmission for the pump and high reflection from
1020 nm to 1100 nm. The Yb:KGW crystal was placed be-
tween two concave mirrors M1 and M2. The radii of curvature
(ROC) of M1 and M2 were 300 mm and 500 mm, respec-

tively. To initiate and stabilize the passively mode-locking

pulse train, the concave mirror M3 with ROC of 500 mm
was used to focus the laser beam on the SESAM (Batop
GmbH). The SESAM with a modulation depth of 2.4%, a re-
laxation time of 1 ps and a saturation fluence of 70 pJ/cm?
was mounted on a precise translation stage. The non-saturable
losses and the damage threshold of the SESAM are 1.6% and
3 mJ/cm?, respectively. In addition, the SESAM was also
placed on a heat sink, which temperature was kept at 18 °C
to effectively eliminate the heat accumulation and maintain a
stable mode-locked state. Four Gires—Tournois interferometer
mirrors (GTI1-GTI4) were used for dispersion compensation
in the cavity. The output coupler with 10% transmittance was
used to achieve high output power. The total cavity length
was about 1.92 m, corresponding to a pulse repetition rate of
78 MHz.

3. Results and discussion

For SESAM mode-locked high-power femtosecond oscil-
lator, the output power of oscillator is limited by the threshold
of the SESAM. An effective method to achieve high-power
femtosecond pulses is to design a suitable mode size on the
SESAM. For too-small mode size on the SESAM would lead
to very fast oversaturation and limit the output power, while
too-large mode size on the SESAM would hard to achieve sta-
ble mode-locking.!"”! Therefore, the spot size is 390 um on
the surface of SESAM.

8

TF

6F

5F
4

Output power/W

3F

14 16 18 20 22 24 26 28 30
Incident pump power/W

Fig. 2. Passive mode-locked output power versus the incident pump
power.

The oscillator pulses were initially optimized in contin-
uous wave (CW) operation. The pulse delivered a maximum
CW output power of 10.34 W with 28.35-W pump power, cor-
responding to an optical-to-optical efficiency of 36.5%. The
output pulses were polarized to the Ny, axis. Four GTI mirrors
with a total group velocity dispersion (GVD) of —8000 fs>
were introduced to balance the additional chirp due to self-
phase modulation and the positive dispersion introduced by
the crystal and the cavity mirrors. By carefully aligning the
cavity and SESAM, a stable mode-locking laser operation is
obtained when the pump increased power up to 14.91 W. The

shortest pulse width of 160 fs was achieved with a maximum
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output power increased up to 7.6 W under the pump power
of 28.35 W, corresponding to the optical-to-optical efficiency
of 28.8%. Figure 2 shows the mode-locked output power de-
pending on the incident pump power. The mode-locked pulses
will become unstable and the SESAM will be damaged when
the pump power over to 30.6 W.

The spectrum and the autocorrelation trace of mode-
locked pulses are shown in Fig. 3. The intensity autocor-
relation trace was measured by a commercial intensity auto-
correlator (Pulse Check, A.PE.), as shown in Fig. 3(a). The
pulse duration is 160 fs, assumed a sech’-pulse shape. The
mode-locked laser spectrum is shown in Fig. 3(b) with a full-
width at half-maximum (FWHM) of 8 nm, centered at a wave-
length of 1048 nm. The corresponding time-bandwidth prod-
uct is 0.35, close to the Fourier-transform-limited value of

0.315 for the sech?-pulse shape.
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Fig. 3. Output characteristics of the SESAM mode-locked laser. (a)
Measured intensity autocorrelation trace (black solid curve) of the
mode-locked pulses with a sech? fitting (red solid curve). (b) The cor-
responding spectrum.

The radio frequency (RF) spectrum of the mode-locked
pulses was also measured by a commercial RF spectrum ana-
lyzer (R & S, FSW26) to claim the states of the mode-locking
operation, as shown in Fig. 4. The signal-to-noise ratio was
70 dB at the fundamental beat note 78 MHz. No side peaks
of the harmonics of the fundamental frequency were observed
in the RF spectrum, which means that the oscillator was in
a stable mode-locking state. In a wide-range RF scan mea-
surement, as shown in Fig. 4(b), no additional peaks between
the higher order modes were observed indicating clean mode-

locking. The beam quality factor M? was measured to be 1.118

and 1.123 in the horizontal and vertical directions by a com-
mercial M2 factor meter (Spiricon M2-200s), as released in
Fig. 5.
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Fig. 4. RF spectra of the pulse train. (a) RF spectrum at the fundamen-

tal beat note with the resolution bandwidth of 1 kHz. (b) RF spectrum
at 1-GHz wide-span with the resolution bandwidth of 100 kHz.
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Fig. 5. The M? factor and the beam profile (inset) of mode-locked op-
eration.
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Fig. 6. The power stability of the mode-locked Yb:KGW laser
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Power stability of the mode-locked laser was measured
by a power meter (LabMax-TOP, Coherent). The root-mean-
square (RMS) of power fluctuation is only about 0.86% in
2 hours, shown in Fig. 6. The fluctuation of power stability
is mainly due to the perturbation of the surrounding environ-
ment, such as lab vibration and air turbulence.

The output power of oscillator pulse was limited by the
oversaturation of SESAM. In SESAM mode-locked lasers,
strong saturation of SESAM can exhibit some additional ef-
fects such as two-photon absorption, free-carrier absorption,
thermal effects, or various damage.?! Therefore, high-power
SESAM mode-locked oscillators require not only large satu-
ration fluence but also need high damage thresholds and low
non-saturable losses.*!! For our experiment, further power
scaling can be obtained by reducing the laser power density
on the SESAM.

4. Conclusion

In conclusion, we demonstrated an efficient diode-
pumped high-power femtosecond Yb:KGW laser. By using
SESAM mode-locking, the maximum output power is 7.6 W
with the shortest pulse duration of 160 fs at the repetition rate
of 78 MHz. The pulse energy is 97 nJ and the peak power is
up to 606 kW. Further power scaling in our work with SESAM
mode-locked Yb:KGW lasers can be obtained by reducing the
laser power density on the SESAM and more precise intracav-

ity dispersion compensation.
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