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Abstract: We report on sub-30 fs pulse generation from a semiconductor saturable absorber
mirror mode-locked Yb:YAP laser. Pumping by a spatially single-mode Yb fiber laser at 979 nm,
soliton pulses as short as 29 fs were generated at 1091 nm with an average output power of 156
mW and a pulse repetition rate of 85.1 MHz. The maximum output power of the mode-locked
Yb:YAP laser amounted to 320 mW for slightly longer pulses (32 fs) at an incident pump power
of 1.52 W, corresponding to a peak power of 103 kW and an optical efficiency of 20.5%. To the
best of our knowledge, this result represents the shortest pulses ever achieved from any solid-state
Yb laser mode-locked by a slow, i.e., physical saturable absorber.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mode-locked (ML) solid-state lasers based on Yb dopant, emitting in the 1-um spectral range
represent currently a “work horse” providing ultrashort pulses with high average/peak power for
multiple applications. Yb**-doped laser materials feature i) very simple two manifold electronic
level structure which allows one to avoid most of the parasitic effects including excited-state
absorption, energy-transfer upconversion and cross-relaxation, ii) very low quantum defect
(~7%) arising from the in-band pumping scheme which is beneficial for reaching high laser
efficiencies and weak heat load, iii) broad emission bands supporting ultrashort pulse generation
down to below 30 fs, and iv) broad absorption bands well matching the emission of commercial
high-power InGaAs laser diodes and thus supporting power scalable operation.

Yb**-doped structurally disordered crystals featuring a significant inhomogeneous spectral
line broadening (a “glassy-like” spectroscopic behavior: with extremely broad, flat and smooth
gain profiles) are currently widely used to generate sub-40 fs pulses from ML Yb lasers [1-17].
For lasers based on such materials, even sub-20 fs pulses could be directly generated via Kerr-lens
mode-locking (KLM) as recently demonstrated with Yb**-doped calcium rare-earth aluminate
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crystals, e.g., Yb:CaGdAlO4 [18] and Yb:CaYAIO4 [19]. However, using structurally disordered
crystals as a gain medium will inevitably lead to a certain trade-off between the achievable
pulse duration, maximum average output power as well as laser efficiency, which is due to the
reduced thermal conductivity of such host materials and the lower peak emission cross-section of
the dopant Yb3* dopant ions. Until now, structurally ordered Yb3*-doped crystals have never
outperformed the disordered ones in terms of generating the shortest pulses from ML lasers at ~1
pm.

The KLM technique is normally adopted for utilizing the maximum available gain bandwidth
due to its quasi-instantaneous response acting as an artificial “fast” saturable absorber (SA). A
diode-pumped Yb:Y3Al50;, (Yb:YAG) laser delivered 35 fs pulses at 1060 nm with an average
output power of 107 mW via soft-aperture KLM [20]. Employing a distributed Kerr-medium,
soliton pulses as short as 27 fs were generated from a KLM thin-disk Yb:YAG laser at 1028 nm
with an average output power of 3.3 W at an incident pump power of 315 W, corresponding to a
relatively low laser efficiency of 1.1% [21]. Although using the KLLM technique has the advantage
of generating shorter pulses compared to a physical “slow” SA, it imposes tight constraints on
the cavity alignment towards its stability limit and is prone to instabilities, which set a limit for
a wide range of commercial applications. Alternatively, mode-locking with a physical “slow”
SA, e.g., a SEmiconductor Saturable Absorber Mirror (SESAM), is a well-established technique
for generating femtosecond pulses from solid-state lasers [22-24]. Without KLM, the shortest
pulses generated from a diode-pumped SESAM ML Yb:LiYF, laser at 1050.8 nm had a duration
of 40 fs for an average output power of 263 mW [25]. No sub-30 fs pulse generation from any
“slow” SA ML Yb laser based on an Yb**-doped structurally ordered laser crystal has been
demonstrated so far.

Yb3+-doped yttrium orthoaluminate, i.e., Yb:YAIO3 (abbreviated Yb: YAP), represents one
of the most promising structurally ordered crystals favoring high-power laser applications. It
crystallizes in the same binary system (Y03 — Al,O3 [26]) as the well-known YAG crystal while
belonging to the orthorhombic class with a perovskite-type (CaTiOs3) structure (sp. gr. Dég -

Pnma) and lattice constants of a =5.330 A, h=7.375 A and ¢ =5.180 A (for undoped crystal
[27]). YAP is optically biaxial [28] and its intrinsic birefringence and the polarized spectroscopic
properties of the dopant ion result in a linearly polarized emission with weak depolarization losses
during high power laser operation [29]. This crystal also provides high thermal conductivity even
for high doping levels, x, = 7.1, k;, = 8.3 and k. = 7.6 Wm~'K~! (values along the crystallographic
axes for 5 at.% Yb3* doping) [30]. Finally, YAP can be easily grown in large volume by the
Bridgman or Czochralski (Cz) methods with high Yb3* concentrations (up to ~10 at.%) [31].
Given the combination of good thermo-mechanical and spectroscopic properties of the Yb:YAP
crystal [32,33], it has attracted attention for high-power femtosecond pulse generation from ML
lasers pumped by commercially available InGaAs laser diodes. In the first demonstration of a
SESAM ML Yb:YAP laser, 225 fs pulses at 1041 nm were generated with an average output
power of 0.8 W [34]. Subsequently, an average output power of 4 W was achieved from a
diode-pumped SESAM ML Yb:YAP laser at 1009.7 nm corresponding to a pulse duration of 140
fs [35]. Very recently, we demonstrated sub-50 fs soliton pulse generation from a diode-pumped
SESAM ML laser using an Yb**-doped yttrium-gadolinium “mixed” orthoaluminate crystal, i.e.,
Yb:Y1-xGdxAlO3 or Yb:(Y,Gd)AIO3, which benefited from the compositional disorder [36].
In the present work, we exploit an Yb3*-doped YAP crystal for generating sub-30 fs pulses
from a passively ML laser. Implementing a SESAM as a SA, the Yb: YAP laser emitted soliton
pulses as short as 29 fs with a spectral bandwidth exceeding the available gain profile, which
indicates the ML laser is operating in a self-phase modulation (SPM) spectral broadening regime
where soliton mode-locking dominates the pulse shaping and it is stabilized by the SESAM.
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2. Experimental setup

2.1. Spectroscopic properties of Yb:YAP

A high-quality Yb:YAP crystal was grown along the [101] direction by the Czochralski method
[37-39]. The actual Yb** doping concentration was measured by the ICP-MS method to be
9.86 x 10%° cm™3, corresponding to 5 at.%. This doping level is close to the optimum one for
Yb** ions in YAIO; as concluded by Boulon ef al. based on the analysis of luminescence
quenching for this material [29]. For orthorhombic crystals the optical indicatrix axes coincide
with the crystallographic ones. Thus, the spectral properties of Yb:YAP were characterized for
the three principal light polarizations, E || a, b and ¢ (sp. gr. Puua)-

The room temperature (RT) polarized absorption cross-section (o 4ps) spectra of the Yb: YAP
crystal are shown in Fig. 1(a). This material exhibits a strong polarization anisotropy of optical
absorption. The maximum o s reaches 4.15 x 1072 ¢cm? at 977.7 nm (zero phonon line, ZPL)
and the corresponding absorption bandwidth (determined at full width at half maximum, FWHM)
reaches 6.1 nm for light polarization E || b. For other two polarizations, the absorption is much
weaker, namely o aps reaches 0.94x 1020 ¢cm? at 977.8 nm (E || @) and 0.60x 10720 cm? at
978.2 nm (E || ¢). The relatively broad ZPL releases the limitations for pumping the Yb:YAP
crystal with high-power InGaAs laser diodes related to the possible temperature drift of the diode
wavelength.
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Fig. 1. Room-temperature polarized spectroscopy of Yb>* ions in the YAP crystal for light
polarizations E || a, b and c: (a) absorption (0 ,s) and (b) stimulated-emission (SE, osg)
cross-sections; (¢) gain cross-sections, 0 gain = B0°sg — (1 — B)0 4 for different inversion
ratios 3, E || b.
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The stimulated emission (SE) cross-sections (osg) were calculated using a combination of the
reciprocity method (RM) and the Fiichtbauer—Ladenburg (F-L) formula. For the RM, we have
used the experimental crystal-field splitting determined by Boulon et al. at RT: 2F; 12=1(0, 2009,
341, 590) cm™! and 2F5/2 = (10220, 10410, 10730) cm™' [26]. For the F-L formula, we have
used polarized luminescence spectra measured in this work and a radiative lifetime of the >Fs )
excited-state reported in [26], T, = 0.60 ms. The mean refractive index of YAP, <n>=1.92 at
1.05 um, was taken from [25]. The polarized SE cross-section spectra are shown in Fig. 1(b).
The emission spectra of Yb>* ions in YAP are strongly polarized. Despite the moderate total
Stark splitting of the ground-state, AE(*F; /2)=590 cm™!, the spectra extend up to at least 1.15
um owing to a strong electron-phonon interaction in this material. For light polarization E || b,
the maximum o-sg is 4.22 x 1072° cm? at 977.7 nm (ZPL) and at longer wavelengths where the
laser operation is expected, osg is 0.61 X 1072° cm? at ~1020 nm.

According to the quasi-three-level nature of the Yb laser, the gain cross-sections, o gain = B0 SE
— (1 = B)oaps, were calculated, where 8 = N,/Nyy is the inversion ratio and N, is the population
of the upper laser level (*Fs /2). The polarized gain profiles for light polarization E || b for small
inversion ratios in the range of 0.04 — 0.12 are shown in Fig. 1(c). For very small 8 =0.04, the
gain bandwidth (FWHM) is as broad as 46 nm with a maximum at ~1055 nm and for higher
B=0.12, it is reduced to 34 nm corresponding to a blue-shift of the peak wavelength to ~1039 nm,
indicating that Yb:YAP can naturally support broadly tunable operation and sub-50 fs pulse
generation from ML lasers. Note that the flat and broad gain extending until 1.15 pm is mainly
due to the long-wave multiphonon-assisted (vibronic) emission.

2.2. Lasersetup

The experimental setup of the Yb:YAP laser is shown in Fig. 2. A linear X-shaped astigmatically
compensated resonator was employed for evaluating the laser performance of the Yb: YAP crystal
both in the continuous-wave (CW) and ML regimes. A CW Yb fiber laser emitting linearly
polarized radiation at 979 nm was used as a pump source. It provided a nearly diffraction-limited
spatial intensity profile with a beam propagation factor (M?) of ~1.04 and an emission bandwidth
of ~0.1 nm (FWHM). A 5 at.% Yb:YAP laser element was cut from the as-grown bulk crystal for
light propagation along the crystallographic c-axis (c-cut) having an aperture of 3 (@) mm % 3 (b)
mm and a thickness of 3 mm. It was double-side polished with laser quality and good parallelism.
The uncoated sample was mounted in a water-cooled copper holder kept at 19°C and placed
at Brewster’s angle between the two concave folding mirrors M| and M, (radius of curvature,
RoC =-100 mm) with the Brewster minimum loss condition fulfilled for both the pump and laser
wavelengths. This orientation of the laser crystal was selected to ensure high pump absorption at
~979 nm for light polarization E || b. A spherical focusing lens L (focal length: f =75 mm) was

ocC
. ' SESAM DM /‘i‘"

\

FL L M Yb:YAP M2

Fig. 2. Experimental setup of the Yb: YAP laser. FL: Yb fiber laser emitting at 979 nm; L:
spherical lens; M, My and My: concave mirrors (RoC =-100 mm); Mj3: flat rear mirror for
CW laser operation; DM and DM,: flat dispersive mirrors; OC: output coupler; SESAM:
SEmiconductor Saturable Absorber Mirror.
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employed to focus the pump beam into the crystal through the M; dichroic mirror yielding a
beam waist (radius) of 15.4 pm X 28.6 um in the sagittal and tangential planes, respectively.

3. Continuous-wave laser operation

For the CW laser operation, a four-mirror cavity was used. One cavity arm was terminated by a
flat rear mirror M3 and the other arm — by a flat output coupler (OC) having a transmission at the
laser wavelength Toc in the range 1% - 10%. The cavity mode size inside the laser crystal was
estimated by the ABCD formalism yielding a waist radius of 22.5 pym X 42.3 pym in the sagittal
and the tangential planes, respectively. The physical cavity length of the Yb:YAP laser in the
CW regime was 1.3 m. The measured single-pass pump absorption under lasing conditions
was almost independent of the transmission of the OC ranging from 98.9% to 99.5%. The
maximum output power of 3.91 W was achieved with a 7.5% OC at an absorbed pump power
of 5.89 W and a laser threshold of 438 mW. This corresponds to an optical efficiency of 66.4%
and a slope efficiency of 71.5%, see Fig. 3(a). A slightly higher slope efficiency of 72.7% was
obtained with a 10% OC for an output power of 3.86 W at an absorbed power of 5.9 W. The
laser threshold gradually increased with the transmission of the OC, from 276 mW (Toc = 1%)
to 513 mW (Toc = 10%). The laser emission wavelength in the CW regime experienced a
monotonic blue-shift with increasing the transmission of the OC in the range of 1039.7 — 1062.3
nm, as shown in Fig. 3(b). This behavior is typical for quasi-three-level Yb lasers with inherent
reabsorption at the laser wavelength. The laser emission was linearly polarized (E || b). While
this polarization is expected to be also naturally selected, in the present laser it was imposed by
the Brewster condition for the active element.

The Caird analysis was applied by fitting the measured laser slope efficiency as a function
of the output coupler reflectivity, Roc =1 - Toc [40]. The total round-trip cavity losses &
(reabsorption losses excluded), as well as the intrinsic slope efficiency g (accounting for the

g 6 (a) Too = 1%, 77 = 43.4%;
= 4l Toe=75% 17=71.5%;
o) T..=10%, 17=72.7%
= 2
o
A
0 1 2 3 4 5 6
Absorbed pump power [W]
> (b) l Toc = 10%
3 | Too=7.5%
C
2
C
- l TOC = 1%

1000 1020 1040 1060 1080 1100
Wavelength [nm]

Fig. 3. CW Yb:YAP laser: (a) input-output dependences for different OCs, 1 — slope
efficiency; (b) typical spectra of laser emission, E || b.
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mode-matching and the quantum efficiencies) were estimated yielding 6 =0.9% + 0.4% and
no = 81.9%, respectively, as shown in Fig. 4(a). The wavelength tuning of the CW Yb:YAP
laser was studied by inserting a 2-mm thick quartz plate acting as a Lyot filter close to the OC
(Toc = 1%) at an incident pump power of 2.6 W. The Lyot filter was aligned at Brewster’s angle
for the oscillating polarization. The laser wavelength was continuously tunable between 1008.4
and 1102.1 nm, i.e., across 93.7 nm at the zero-power-level, see Fig. 4(b).

10
0.8 (a)
0.6 PO [

0.4' ”"‘ ‘ f _ o _5_ o o
0.2}, Best fit 77, = 81.9%; 0 = 0.9%%0.4%

T

0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10
-In(R

Slope efficiency

oo)
1600
1200 (b)
800
400

Power [mW]

0
1000 1020 1040 1060 1080 1100 1120
Wavelength [nm]

Fig. 4. CW Yb:YAP laser: (a) Caird analysis: slope efficiency vs Roc = 1 - Toc; (b) tuning
curve obtained with a Lyot filter and T = 1%. The laser polarization is E || b.

4. Mode-locked laser operation

For ML operation, the flat rear mirror M3 was substituted by a curved mirror M4 (RoC =-100
mm) in order to create a second beam waist on the SESAM for efficient saturation, with a
calculated beam radius of ~60 pym. A commercial SESAM (BATOP, GmbH) with a modulation
depth of 0.6%, a recovery time of ~1 ps, a non-saturable loss of ~0.4% and a high reflection
band ranging from 1000 nm — 1070 nm was implemented to start and stabilize the ML operation.
The intracavity group delay dispersion (GDD) was managed by implementing two flat dispersive
mirrors (DMs) characterized by the following GDD per bounce: DM; = -200 fs?> and DM, = -100
fs?. The resulting round-trip negative GDD amounted to -1200 fs? in order to compensate the
materials dispersion and to balance the SPM induced by the Kerr nonlinearity of the crystal. The
round-trip material dispersion due to the 3-mm thick Yb:YAP crystal was estimated from the
dispersion curve [28] to be ~+534 fs? at 1080 nm. The physical cavity length of the ML laser
was 1.76 m which corresponded to a pulse repetition rate of ~85 MHz.

The Yb:YAP laser was initially ML with an intermediate 2.5% OC. After careful cavity
alignment, stable and self-starting ML operation was readily achieved. The measured optical
spectrum of the laser pulses plotted both in linear and logarithmic scales is shown in Fig. 5(a). It
has an emission bandwidth (FWHM) of 41.4 nm at a central wavelength of 1075 nm by assuming
a sech?-shaped spectral profile. The recorded intensity autocorrelation trace was almost perfectly
fitted with a sech?-shaped temporal pulse profile giving a pulse duration (FWHM) of 32 fs
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corresponding to a time-bandwidth-product (TBP) of 0.344, see Fig. 5(b). An average output
power of 320 mW was obtained at an incident pump power of 1.56 W, corresponding to a laser
efficiency of 20.5% and a peak power of 103 kW. In this case, the on-axis peak intensity in the
Yb:YAP crystal amounted to 193 GW/cm?. The inset in Fig. 5(b) shows the measured intensity
autocorrelation trace on a long-time span of 50 ps indicating single-pulse CW-ML operation free
of multiple pulse instabilities.

1.5 7 —~
_-é’ (a) o1p W \\‘
2 1 0 [ 0.01L ',' l‘
[ A =1075 nm 0001} A\
-E 0.5¢ 1E4 I i
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0.0 : : :
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Fig. 5. SESAM ML Yb:YAP laser with Toc =2.5%. (a) Optical spectrum, Inset: spectral
profile in logarithmic scale with a sech? fit; (b) background-free autocorrelation trace. Inset:
autocorrelation trace measured on a time span of 50 ps.

A radio-frequency (RF) spectrum analyzer was used for confirming the stability of the ML
operation. A relatively high extinction ratio of >80 dBc above the noise level for the fundamental
beat note at 85.3 MHz in combination with the uniform harmonics recorded on a 1-GHz frequency
span are evidence for highly stable ML operation without any Q-switching or multi-pulsing
instabilities, see Fig. 6.

It is well known from passive mode-locking analytical theory that the pulse duration can be
shortened by applying lower transmission of the output coupler at the expense of the average
output power. The shortest pulses with ultimate stability were achieved with yet smaller 1%
OC. The measured laser spectrum, plotted again both in linear and logarithmic scales, is shown
in Fig. 7(a). Assuming a sech?-shaped spectral profile [see also the inset in Fig. 7(a)], the
self-starting ML Yb:YAP laser delivered pulses having a spectral bandwidth of 47 nm at 1091
nm, i.e., being notably broader that the gain bandwidth of the laser crystal [~34 nm, cf. Fig. 1(b)],
see Fig. 7(a).

Figure 7(b) shows the recorded background-free intensity autocorrelation trace for the shortest
pulses. The curve is fitted with a sech?-shaped temporal profile, yielding an estimation of 29 fs (~8
optical cycles) for the pulse duration. This could be confirmed by a fringe-resolved interferometric
autocorrelation measurement, see Fig. 7(c). The corresponding TBP was 0.343 which is slightly
above the Fourier-transform-limit. The inset in Fig. 7(b) shows the measured background-free
intensity autocorrelation trace on a long-time span of 50 ps indicating single-pulse CW-ML
operation free of multiple pulse instabilities. The average output power for the shortest pulses
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Fig. 6. RF spectra of the SESAM ML Yb:YAP laser with Toc =2.5%: (a) fundamental
beat note at 85.32 MHz recorded with a resolution bandwidth (RBW) of 200 Hz, and (b)
harmonics on a 1-GHz frequency span recorded with a RBW of 100 kHz.

Frequency [GHZ]

amounted to 156 mW at an incident pump power of 1.52 W, corresponding to a laser efficiency
of 10.3% and a peak power of 55.6 kW. As already mentioned the spectrum of the ML Yb:YAP
laser significantly exceeded in width the calculated gain profile of the laser crystal and clearly
extended towards longer wavelengths even beyond 1180 nm where no gain is expected, see
Fig. 7(a). Such spectral behavior indicates that the Yb:YAP laser was operating in a regime
with strong self-phase modulation leading to substantial spectral broadening. For this OC, the
estimated peak on-axis intensity in the crystal amounted to 262 GW/cm?. Recently, Drs e al.
reported on a Kerr-lens mode-locked Yb:YAG thin-disk laser generating 27 fs pulses at 1028 nm
(emission bandwidth: 39.8 nm, notably exceeding the gain bandwidth of ~8 nm in the laser
crystal) [21]. The frequencies outside of the gain bandwidth were generated by intracavity SPM
inside the Kerr-active medium [41], while the operation in the SPM-broadened regime followed
the standard soliton mode-locking scheme.

The RF spectra of the shortest pulses were recorded to verify the ultimate stability of the ML
operation in different frequency span ranges, as shown in Fig. 8. The recorded first beat note
located at 85.1 MHz exhibited a high extinction ratio of >81 dBc above carrier. The measured
uniform harmonics on a 1-GHz frequency span again revealed high stability of the single-pulse
ML operation.

In order to confirm the pulse shaping mechanism, far-field beam profiles of the Yb:YAP
laser both in the CW and self-starting ML regimes were recorded with an IR camera placed
at ~0.7 m away from the OC. It was relatively easy to switch between the ML and CW laser
operation regimes by a slight cavity misalignment, see Fig. 9. A slight spatial modification of the
far-field beam profile could be observed without a significant beam shrinking. This phenomenon
is very similar to the observation in Yb:SrF, [42], which indicates that the underlying pulse
shaping mechanism is soliton mode-locking [43] sustained by the SESAM rather than Kerr-lens
mode-locking.
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Fig. 7. SESAM ML Yb:YAP laser with Toc = 1%. (a) Optical spectrum plotted together
with gain profiles (not in scale), with inversion ratios £ in the range from 0.04 to 0.12 for
light polarization E || b, Inset: spectral profile in logarithmic scale with a sech? fit; (b)
background free intensity autocorrelation trace. Inset: autocorrelation trace on a time span
of 50 ps; (c) interferometric autocorrelation trace.
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Fig. 8. RF spectra of the SESAM ML Yb:YAP laser with Toc = 1%: (a) fundamental
beat note at 85.09 MHz recorded with a resolution bandwidth (RBW) of 200 Hz, and (b)
harmonics on a 1-GHz frequency span recorded with a RBW of 100 kHz.

Fig. 9. Measured far-field beam profiles of the Yb:YAP laser: (a) CW and (b) ML regimes
of operation; Toc = 1%, the laser polarization is horizontal corresponding to E || b.

5. Conclusion

To conclude, we report on sub-30 fs pulse generation from a SESAM mode-locked solid-state
laser using an Yb3*-doped YAP crystal. This result represents the shortest pulse duration ever
obtained from any solid-state Yb laser ML with a slow, i.e., physical saturable absorber. Pumping
by a high-brightness Yb fiber laser at 979 nm, the SESAM mode-locked Yb:YAP laser delivered
soliton pulses as short as 29 fs at a central wavelength of 1091 nm with an average output power
of 156 mW at an incident pump power of 1.52 W, corresponding to a laser efficiency of 10.3%.
The self-starting ML Yb:YAP laser was operating in the strongly self-phase modulation spectral
broadened regime as evidenced by the measured laser spectrum significantly exceeding the
available gain profile of the laser crystal, as well as very high peak on-axis intensity in the laser
crystal. Our results indicate the potential of Yb:YAP crystals for further power scaling and pulse
shortening via the Kerr-lens mode-locking technique.
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