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High power ytterbium rod-type fiber laser delivering tunable picosecond pulses

We designed an all-normal dispersion ytterbium rod-type fiber laser oscillator delivering picosecond pulses which are continuously tunable both in central wavelength and pulse duration. This system delivers self-mode-locked pulses with an average power up to 25 W.

At a repetition rate of 78 MHz, it yields picosecond laser pulses, of which the central wavelength and pulse duration can be tuned between 1010 nm -1060 nm and 4.5 ps -1.8 ps, respectively.

The tunability is obtained by adjusting the position and the width of a slit which acts as a spectral bandwidth filter, placed close to the center of a 4f-folded zero dispersion line inserted in the laser cavity. This oscillator delivers nearly Fourier limited pulses with at most a 1.2 time-bandwidth product. A numerical model accounts well for the behavior of this all-normal dispersion fiber oscillator.

Introduction

High power picosecond lasers have been used in many different fields, for instance, precision manufacturing [START_REF] Knappe | Applications of picosecond lasers and pulse-bursts in precision manufacturing[END_REF], to study ultrafast dynamics [START_REF] Zhu | Effects of an intense picosecond laser on liquid carbon disulfide: a molecular dynamics study[END_REF], photovoltaic and semiconductor devices [START_REF] Moser | Laser processing of gallium nitride-based light-emitting diodes with ultraviolet picosecond laser pulses[END_REF][START_REF] Albelo | Picosecond laser micromachining of advanced semiconductor logic devices[END_REF], etc. Fiber laser sources have been shown to be very useful in nonlinear microscopy [START_REF] Liu | Multimodal nonlinear microscopy by shaping a fiber supercontinuum from 900 to 1160 nm[END_REF][START_REF] Liu | Energetic ultrafast fiber laser sources tunable in 1030-1215 nm for deep tissue multi-photon microscopy[END_REF], diffuse optical spectroscopy [START_REF] Taroni | Diffuse optical spectroscopy of breast tissue extended to 1100 nm[END_REF], and nonlinear frequency conversion [START_REF] Klein | Rapidly tunable continuous-wave optical parametric oscillator pumped by a fiber laser[END_REF]. Fiber lasers delivering picosecond pulses have a broad range of industrial and research applications, for example, material processing [START_REF] Nolte | Ablation of metals by ultrashort laser pulses[END_REF], biomedical research [START_REF] Bulter | Amplified picosecond diode lasers simplify biomedical research[END_REF], supercontinuum generation [START_REF] Chen | 35 W high power all fiber supercontinuum generation in PCF with picosecond MOPA laser[END_REF], frequency doubling [START_REF] S.-U. Alam | Over 55W of frequency doubled light at 530 nm pumped by an all-fiber diffraction limited picosecond fibre MOPA[END_REF], and source to pump optical parametric oscillators [START_REF] Dupriez | 321 W average power, 1 GHz, 20 ps, 1060 nm pulsed fiber MOPA source[END_REF]. Hence, during the last few decades, the use of fibers to generate picosecond pulses has grown remarkably in all aspects, due to their excellent attributes, such as, thermal management, compactness, robustness, easy alignment, and better beam quality [START_REF] Gabzdyl | Fibre lasers make their mark[END_REF][START_REF] Jauregui | High-power fibre lasers[END_REF]. Erbium doped fiber laser providing tunable picosecond pulses in the Telecom wavelength in the 1.532 µm to 1.594 µm range have been reported [START_REF] Gao | Widely wavelength-tunable mode locked er-doped fiber oscillator from 1532 nm to 1594 nm with high signal-to-noise ratio[END_REF]. Ytterbium (Yb) doped fiber is among the most popular fibers due to its broad-gain-bandwidth and small quantum defect [START_REF] Paschotta | Ytterbium-doped fiber amplifiers[END_REF][START_REF] Fermann | Ultrafast fiber laser technology[END_REF], and it has been previously used to generate picosecond pulses around 1 µm [START_REF] Okhotnikov | Mode-locked ytterbium fiber laser tunable in the 980-1070-nm spectral range[END_REF][START_REF] Nielsen | Self-starting self-similar all-polarization maintaining Yb-doped fiber laser[END_REF][START_REF] Baumgartl | High average and peak power femtosecond large-pitch photonic-crystal-fiber laser[END_REF][START_REF] Baumgartl | Environmentally stable picosecond Yb fiber laser with low repetition rate[END_REF][START_REF] Deslandes | Picosecond to femtosecond pulses from high power self mode-locked ytterbium rod-type fiber laser[END_REF][START_REF] Cuadrado-Laborde | All Polarization-maintaining Passively Mode-locked Ytterbium-doped Fiber Lasers, Behavior under Two Different Cavity Configurations[END_REF][START_REF] Usechak | Tunable, high-repetition-rate, harmonically mode-locked ytterbium fiber laser[END_REF][START_REF] Pask | Ytterbium-doped silica fiber lasers: versatile sources for the 1-1.2 𝜇𝑚 region[END_REF][START_REF] Gomes | Picosecond SESAM-based ytterbium mode-locked fiber lasers[END_REF][START_REF] Kong | Tunable all-normal-dispersion yb-doped mode-locked fiber lasers[END_REF][START_REF] Liu | Programmable controlled mode-locked fiber laser using a digital micromirror device[END_REF][START_REF] Ma | High-performance tunable, self-similar fiber laser[END_REF]. All-normal-dispersion (ANDi) fiber along with a birefringent filter was used to generate tunable picosecond pulses, but the output average power was limited to ∼ 60 mW [START_REF] Kong | Tunable all-normal-dispersion yb-doped mode-locked fiber lasers[END_REF].

Diffraction grating instead of birefringent filter was also used as a spectral filter, the tunability being achieved by changing the angle of incidence (AOI) on the grating which, we think, may degrade the efficiency in terms of output average power [START_REF] Ma | High-performance tunable, self-similar fiber laser[END_REF]. In combination with gratings, a semiconductor saturable absorber mirror (SESAM) was implemented to generate tunable self-starting pulses [START_REF] Okhotnikov | Mode-locked ytterbium fiber laser tunable in the 980-1070-nm spectral range[END_REF][START_REF] Gomes | Picosecond SESAM-based ytterbium mode-locked fiber lasers[END_REF]. But this makes the laser cavity complicated and also limits the output average power to below ∼ 30 mW. Wavelength tunable self-starting fiber laser in which mode-locking was ensured with the bulk phase modulator has also been reported but here again the average power was limited to 38 mW [START_REF] Usechak | Tunable, high-repetition-rate, harmonically mode-locked ytterbium fiber laser[END_REF]. It has also been shown that a programmable digital micro-mirror device can be used in combination with a grating in the ytterbium-doped fiber cavity to ensure central wavelength tunability from 1020 nm to 1060 nm [START_REF] Liu | Programmable controlled mode-locked fiber laser using a digital micromirror device[END_REF].

In this paper, we demonstrate high power laser source delivering picosecond pulses with tunability both in central wavelength and spectral width. This ring laser is built around a large-1 mode-area (LMA) dual clad ytterbium fiber. The central laser wavelength and duration of the generated pulses are adjusted by implementing a 4f-folded zero dispersion line in the laser cavity.

A slit that acts as a spectral bandwidth filter is inserted near the focal plane of the lens. Changing the position and width of this slit makes it possible to tune the central wavelength and duration of the generated pulses, respectively. The self-starting pulsed laser operation is achieved in the laser cavity by optimizing the nonlinear polarization rotation (NPR) [START_REF] Matsas | Selfstarting passively mode-locked fibre ring soliton laser exploiting nonlinear polarisation rotation[END_REF] in the LMA ytterbium fiber which in-result generates high power almost Fourier-limited picosecond pulses. The central wavelength of these pulses is continuously adjusted over 50 nm from 1010 nm to 1060 nm, while the spectral width is tuned from 0.38 nm up to 2.24 nm. At its fundamental repetition rate of 78 MHz, the maximum extracted average power is around 25 W, which corresponds to a pulse energy of about 320 nJ. We also demonstrate that numerical model previously reported well accounts for our experimental results [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF].

Experimental setup

The ring laser configuration shown in Fig. 1a is arranged around a LMA rod-type ytterbium-doped fiber (NKT photonics, AeroGAIN-ROD modules, Model 1.1). The length of the fiber is 0.8 m, and it has a mode field diameter of 45 ± 4 µm and a pump-cladding diameter of 200 ± 10 µm at 1030 nm. The fiber is pumped by a 2 nm broad laser diode at 976 nm through a dichroic mirror which has a high reflectivity at 1030 nm and high transmissivity around 976 nm. Mode-locking of the fiber laser is achieved by taking advantage of the nonlinear polarization rotation (NPR) inside the LMA ytterbium fiber. Thanks to the NPR along with the combination of two 𝜆/4-waveplates (QW1, QW2), one 𝜆/2-waveplate (HW1), optical isolator (OI), called hereinafter nonlinear output port (NLOP), only the high-intensity part of the pulses is transmitted inside the laser cavity, imitating the principle of operation of saturable absorber (SA). A transmission grating (TG) having a period of 575 nm (1739 lines/mm) is inserted inside the laser cavity to disperse the pulse beam (AOI = 63.6 • , s-polarized) into its spectral components. With a lens having a focal length of 75 mm, the dispersed light is collimated and imaged onto a high reflecting mirror (HRM).

The reflected light from the HRM is sent back through the transmission grating and propagates through the ring laser cavity. The transmission grating and the mirror are kept at twice the focal length of the lens in a 4f-folded dispersion line. With this 4f-folded system, the dispersion of the grating can be almost cancelled and if necessary can be finely adjusted within the laser cavity. A mechanical slit (VA100-Thorlabs) is placed on a translation stage in front of the HRM. When the slit is set near the focal plane of the lens, it makes it possible to adjust the spectral width and central wavelength of the generated pulses. Hence, the slit size is varied to tune the spectral width of the spectrum whereas its position adjusts the central wavelength of the generated pulses.

The isolator after the 𝜆/2-plate (HW1) ensures the unidirectional flow inside the laser cavity, and the laser output is achieved through a polarizing beam splitter (PBS) attached at the end of the isolator. The output pulses are detected with a 2 GHz Si-based photo-detector (Thorlabs DET025/M) and analyzed using an oscilloscope (RIGOL MSO5204) while their spectra are measured using an optical spectrum analyzer (Thorlabs OSA205C). Similarly, the RF spectrum of the pulses is analyzed using an RF spectrum analyzer (Agilent Technologies N9340B). Lastly, the pulse duration is measured by a homemade intensity autocorrelator using a BBO crystal (type I phase matching at 1030 nm).

Experimental results and discussion

In this section, the results obtained from our laser setup are discussed. The pump threshold power of our fiber laser is ∼ 17 W. Above this pump power, we improved the output power by rotating the waveplates. The slope efficiency of around 47 % was achieved for the CW output.

Mode-locking is achieved with about 65 W of pump power. To ensure stable mode-locking regime, the waveplates are optimized. Their optimized angles are QW1 = 141 • , QW2 = 129 • , 1b. In order to continuously adjust the spectral width and the central wavelength of the generated pulses, we made sure that the laser is robustly self mode-locking. This is accomplished by precisely adjusting the distance from the TG to the lens, and from the lens to the HRM. Hence, both the lens and the HRM are mounted on precision translation stages to keep the distances between the TG to the lens and from the lens to the HRM almost equal to the focal length of the lens. Even if the slit is placed almost against the HRM, still it is not exactly in the focal plane of the lens. This implies that the slit is not sharply filtering the spectrum of the laser pulse. This is why, in the simulations presented afterwards in the manuscript, we will consider the slit acts as a super-Gaussian filter of low order.

Spectral width tunability

The spectral width of the output pulses is continuously adjusted by changing the size of the slit. Figure 2a displays the evolution of the pulse spectrum for a pump power of 78 W. Around a 1030 nm central wavelength, as the width of the slit increases from 0.26 mm to 0.70 mm, the spectral width (full-width at half maximum (FWHM): Δ𝜆) of the pulse spectra broadens from ∼ 0.38 nm to ∼ 2.24 nm. Even if the pulse spectral profiles are structured, the FWHM spectral width and the root mean square spectral width deviates from each other by less than 3%. The broadening of the pulse spectra is concomitant with the reduction of the duration of the autocorrelation at half-width (𝜏 𝑎𝑐 ). The latter decreases from 𝜏 𝑎𝑐 = 6.3 ± 0.1 ps (corresponds to the spectral width of ∼ 0.38 nm) down to 𝜏 𝑎𝑐 = 2.5 ± 0.1 ps (corresponds to the spectral width of ∼ 2.24 nm) (Fig. 2b). Considering a Gaussian pulse, this indicates the pulse duration 𝜏 𝑝 decreases from ∼ 4.5 ps to ∼ 1.8 ps. The reduction of the pulse duration is accompanied by a decrease of the average output power from 𝑃 𝑜𝑢𝑡 ∼ 24.3 W to 𝑃 𝑜𝑢𝑡 ∼ 17.6 W (Fig. 2c).

Accordingly, the pulse energy reduces from 𝐸 𝑝 ∼ 312 nJ to 𝐸 𝑝 ∼ 225 nJ. However, while the pulse energy decreases, the pulse peak power increases from 𝑃 𝑝 ∼ 70 kW to 𝑃 𝑝 ∼ 129 kW. This ultimately modifies the self-phase modulation (SPM) experienced by the laser pulse during its propagation in the ytterbium fiber and broadens its output pulse spectrum. The evolution of the spectral width of the generated pulses versus the width of slit is displayed in Fig. 2d. As noted in the figure, the spectral width of the pulses varies nonlinearly with respect to the slit size. The reduction of the average power recorded while enlarging the slit width is likely due to SPM. As the SPM increases, the pulse spectrum broadens and it experience more losses during its transmission through the slit. Similarly, the increase of SPM results in an increase of the half-width time bandwidth product (HWTBP). Considering the envelope of the pulse is Gaussian in shape, the parameter 𝐶 of the chirped pulse is computed as

𝜏 𝑝 = 𝜏 0 𝑝 √ 1 + 𝐶 2 ,
where 𝜏 𝑝 and 𝜏 0 𝑝 are the pulse duration of the chirped and unchirped pulses, respectively. The latter is computed using the Fourier transform of the pulse spectra. The chirp parameter 𝐶 increases from ∼ 0.4 to ∼ 2.35 as the width of the slit is enlarged (Fig. 2e). Based on the data in Fig. 2a and Fig. 2b, we computed the HWTBP which is plotted in Fig. 2e. It increases from 0.47 (almost Fourier-limited if Gaussian pulse is considered) to 1.14 as the size of the slit is enlarged.

Additionally, sharp peaks are observed at the edges of the spectrum when the spectrum gets broader (Δ𝜆 = 1.26 nm, 1.94 nm and 2.24 nm) as a result of the increase of SPM (Fig. 2a) [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF].

Central wavelength tunability

As mentioned in the setup description, the central wavelength of the generated pulses can also be changed, while ensuring the fiber laser is self mode-locked, keeping the width of the slit constant and varying its position laterally. Figure 3a shows the recorded spectra varying the position of the slit for a pump power of 81 W, demonstrating a 50 nm tunability over the 1010 nm to 1060 nm spectral range. The minimum spectral width of 0.62 nm is recorded at 1024 nm and the maximum spectral width of 0.88 nm is recorded at 1059 nm, respectively. The autocorrelation for these spectra is also shown in the same figure. The evolution of average output power is bell shaped and it is in good agreement with the emission cross-section of ytterbium-doped optical fiber [START_REF] Paschotta | Ytterbium-doped fiber amplifiers[END_REF]. A maximum of ∼ 25 W of average power is achieved ∼ 1040 nm. Towards the edges (i.e., at 1010 nm and 1060 nm) the output average power is decreased to ∼ 13 W, and ∼ 15 W, respectively. Based on the average power and the pulse duration, the minimum and maximum peak power, achieved at 1010 nm and 1051 nm, are ∼ 46 kW and ∼ 101 kW, respectively. The HWTBP is almost constant and around 0.90 for all spectra except for the spectrum at 1051 nm where the HWTBP is 0.55.

Numerical model and discussion

To account for the above reported behaviors of our fiber laser, we run a numerical model previously reported in [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF]. The computations were performed considering the laser is built around a 0.8 m long, single mode ytterbium-doped fiber having mode field diameter 𝑑 0 = 50 µm. The pulse is then freely propagated in the air for a length of 2.67 m before being sent through a saturable absorber (SA) that mimics the role of the NPR in combination with the NLOP [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF]. The output mirror of the laser is set just after the SA with a 70% coupling ratio. Before being amplified again in the fiber, the pulse is transmitted through a super-Gaussian filter of order 𝑛 = 3. This filter accounts for the role of the slit slightly displaced from the focal plane of the 4f-folded dispersion line. As we already mentioned, in the presentation of the set-up, this implies the slit is not sharply filtering the spectrum of the pulses. Results for Gaussian and super-Gaussian filters of order 𝑛 = 2, 3, 5, 10 with a given width of 0.3 nm centered at 1030 nm, are presented in the supplementary materials. Previous study has shown that the Gaussian spectral filter impacts the pulse breaking-up process whereas super-Gaussian-shaped filter give rise to noise-like pulses in all-normal-dispersion fiber lasers [START_REF] Xu | Impact of spectral filtering on pulse breaking-up and noise-like pulse generation in all-normal dispersion fiber lasers[END_REF]. Thanks to the moderate pump power we used, no such effects are evidenced in our simulations. During the propagation in the fiber, the laser pulse experiences amplification and self-phase modulation. The propagation of the laser pulse within the amplifying fiber is simulated by solving the nonlinear Schrödinger equation:

𝜕 𝐴 𝜕𝑧 + 𝑖 𝛽 2 2 𝜕 2 𝐴 𝜕𝜏 2 = 𝑔 2 𝐴 + 𝑖𝛾(𝜔 0 )| 𝐴| 2 𝐴, (1) 
where 𝐴 = 𝐴(𝑧, 𝜏) is the slowly varying envelope of the pulse, 𝑧 is the propagation coordinate, 𝜏 is the time delay parameter, and 𝛽 2 is the group velocity dispersion. 𝛾 is the nonlinear parameter given by 𝛾(𝜔 0 ) = 4𝑛 2 𝜔 0 /(𝑐𝜋𝑑 2 0 ) where 𝑛 2 is the Kerr coefficient, 𝜔 0 is the central angular frequency, 𝑐 is the velocity of light in vacuum. The gain 𝑔 within the fiber is written as

𝑔 = 𝑔 0 /(1 + 𝐸 𝑝𝑢𝑙𝑠𝑒 /𝐸 𝑠𝑎𝑡 )
, where 𝑔 0 is the small signal gain, 𝐸 𝑠𝑎𝑡 is the gain saturation energy, 

𝐸 𝑝𝑢𝑙𝑠𝑒 = ∫ +𝑇 𝑅 /2 -𝑇 𝑅 /2 | 𝐴| 2 𝑑𝜏

Spectral width tunability

To run these simulations, we adjusted the filter bandwidth (FBW) of the super-Gaussian filter from 0.23 nm to 1.2 nm. The simulated arrangement matched the experimental setup except for the SA. Indeed, in the experiment, the NLOP takes the role of the SA. But the NLOP has a sinusoidal transfer function whereas the SA has a monotonically increasing transfer function.

Therefore, in the experiment, the output coupling depends on the NLOP parameters while it is assumed to be constant in the simulations. Despite these differences, numerical simulations shown in Fig. 4 are able to retrieve the experimental trends displayed in Fig. 2. At constant gain saturation energy 𝐸 𝑠𝑎𝑡 , as we increase the spectral BW of the super-Gaussian filter, the output power 𝑃 𝑜𝑢𝑡 and pulse duration 𝜏 𝑝 decrease from 28.2 W to 13.3 W and from 12.9 ps to 2.2 ps, respectively (Fig. 4a). It is worth noticing that as the width of the spectral filter increases, while the energy of the pulse decreases from ∼ 362 nJ to ∼ 170 nJ, the pulse peak power increases from ∼ 28 kW to ∼ 77 kW. Accordingly, the nonlinear phase shift, experienced by the pulse during its propagation in the amplifying fiber, increases from 0.50𝜋 to 1.07𝜋 (Fig. 4b). We have also evaluated the HWTBP and chirp parameter 𝐶 plotted in (Fig. 4c) which increases from ∼ 0.98 to ∼ 1.45 and from ∼ 2.0 to ∼ 3.2, respectively as the width of the slit is enlarged. As self-phase modulation increases, the edges of the pulse spectra grow substantially with a pronounced dip in the center (Fig. 4d). In good agreement with the experimental data (Fig. 2a), the half-width bandwidth of the pulse spectrum also increases from 0.27 nm to 2.35 nm (Fig. 4d). In Fig. 4f, 4g, and 4h we have also plotted the normalized field envelope and the frequency chirp (𝛿𝜔). The latter is related to the chirp parameter 𝐶 [START_REF]Nonlinear fiber optics[END_REF]. The envelope of the pulse exhibits oscillations that last for about twice the pulse duration. The frequency chirp evolves almost linearly across the central part of the pulse but exhibits high-frequency oscillations outside. As the spectral width of the super-Gaussian filter increases, the pulse duration at half-width decreases whereas 𝛿𝜔 increases.

As presented in the supplementary material the oscillations in the pulse envelope and 𝛿𝜔 disappear if a Gaussian filter is used. The oscillations in pulse envelope and 𝛿𝜔 are lasting longer and are more pronounced as the order of the super-Gaussian is increased. The latter behavior is expected due to the sharp edges of the super-Gaussian filter. Besides, the pulse energy and 𝛿𝜔 are higher for super-Gaussian filter with higher order. This is expected since the transmission of the super-Gaussian filter of higher order is higher.

Central wavelength tunability

We have also simulated the evolution of the generated pulses for a given pump power considering a super-Gaussian filter of order n=3 having a width of 0.5 nm, while tuning its central frequency.

To account for the evolution of the gain within the fiber versus the central wavelength of the super-Gaussian filter, the amplitude of the small signal gain 𝑔 0 was adjusted according to the evolution of the emission cross section of ytterbium [START_REF] Paschotta | Ytterbium-doped fiber amplifiers[END_REF]. The unsaturated gain 𝑔 0 (𝜆) at a given wavelength was computed considering 𝑔 0 (𝜆) = 3.45 • 𝜎(𝜆)/𝜎(𝜆 = 1030 nm) where 𝜎(𝜆) is the emission cross section of ytterbium at the wavelength 𝜆. To account for the increase of the pump power from 78 W to 81 W used to record the experimental data displayed in Fig. 3, we increased 𝐸 𝑠𝑎𝑡 from 110 nJ to 120 nJ in the simulations. The other numerical parameters are the same.

Here again, the numerical simulations are able to retrieve the experimental trends displayed in Fig. 3. The maximum averaged output power 𝑃 𝑜𝑢𝑡 ∼ 22.5 W is achieved around 1030 nm.

Towards the edges of the scanned spectral range (i.e., at 1010 nm and 1055 nm) the output average power is decreased to 16.4 W and 15.3 W, respectively. The autocorrelation duration 𝜏 𝑎𝑐 of the generated pulses slightly changes (Fig. 5b). The frequency chirp slightly increases around 1030 nm where the nonlinear phase shift is higher. 

Discussion

Overall the numerical simulations are able to account for the experimental behavior we recorded.

While the numerical and experimental spectra and energies of the pulses are in good agreement, the experimental HWTBP is shorter from the numerical ones. As we already mentioned, this phenomenon can be associated with the difference of the transfer function of SA and NLOP.

However, we also suspect the 4f-folded dispersion line to partly compensates for the frequency chirp experienced by the laser pulse during its propagation within the laser cavity. However, based on our simulations the remaining nonlinear frequency chirp will be difficult to compensate by conventional grating compressor.

Conclusion

In conclusion, we have developed a high power laser source delivering picosecond pulses with tunability both in central wavelength and spectral width. It incorporates a combination of a large-mode-area dual clad ytterbium fiber, a slit, and a transmission grating inside the ring laser cavity configuration. At 𝜆 ∼ 1030 nm and with a repetition of 78 MHz, this laser delivers picosecond pulses with pulse duration 𝜏 𝑝 which can be continuously adjusted from ∼ 1.8 ps to ∼ 4.5 ps and accordingly pulse energy from ∼ 320 nJ and ∼ 225 nJ, respectively. The pulses with the larger pulse duration are almost Fourier-limited (HWTBP∼ 0.48) whereas for the shorter ones the HWTBP is at most about 1.2. We have also demonstrated the central wavelength of the laser pulse can be continuously tuned from 𝜆 ∼ 1010 nm to 𝜆 ∼ 1060 nm while keeping the pulse energy above ∼ 150 nJ. Contrary to conventional femtosecond ANDi laser, to control the spectral width of the generated pulse while achieving an almost Fourier-limited picosecond pulse, our ANDi laser is running without adding any passive optical fiber in the laser cavity [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF].

We have also adapted a previously proposed numerical model to account for the ensemble of our experimental data [START_REF] Chong | Properties of normal-dispersion femtosecond fiber lasers[END_REF]. Our numerical simulations well capture the experimental trends.

The different phenomena that can be responsible for the difference between the numerical and experimental data are proposed. This laser system offers many interesting features, to name a few, it can be used to pump picosecond optical parametric oscillators, supercontinuum generation, and biomedical imaging [START_REF] Camp | High-speed coherent Raman fingerprint imaging of biological tissues[END_REF][START_REF] Rigneault | Tutorial: Coherent Raman light matter interaction processes[END_REF].
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 1 Fig. 1. (a) Ytterbium-doped rod-type fiber laser setup. LD: laser diode, DM: Dichroic mirror, HW: Half waveplate, QW: Quarter waveplate, TG: transmission grating, PBS: polarizing beam splitter, and HRM: high reflection mirror. (b) The RF spectrum (∼ 65 dBm) at a resolution bandwidth (RBW) of 1kHz, shows the fundamental repetition rate around 78 MHz, (Inset left: Oscilloscope trace of the laser pulses, Inset right: Pulse beam profile)

Fig. 2 .

 2 Fig. 2. (a) Output pulse spectra recorded while changing the slit width. (b) Corresponding intensity autocorrelation traces. (c) Evolution of the average output power and pulse duration versus the spectral width of the generated pulse. (d) Variation of the spectral width of the pulses according to the slit size. (e) Evolution of the half-width time-bandwidth product (HWTBP) and the chirp parameter 𝐶 versus the pulse spectral width. The lines in figures c,d and e are guide for the eyes.
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 32 Fig. 3. (a) Tunability of the central wavelength achieved while keeping the constant slit width. (b) Corresponding autocorrelation traces. (c) Average output power and half-width time-bandwidth product (HWTBP) versus the wavelength. The lines in (c) are guide for the eyes.

  and 𝑇 𝑅 is the cavity round trip time. The transmission function of the SA is given as, 𝑇 = 1 -𝑞 0 /[1 + 𝑃(𝜏)/𝑃 𝑠𝑎𝑡 ] where 𝑞 0 is the unsaturated losses, 𝑃(𝜏) is the instantaneous pulse power and 𝑃 𝑠𝑎𝑡 is the saturation power. The numerical model is solved with a standard split-step algorithm and the initial field is white noise. We run our simulations considering 𝛽 2 = 230 fs 2 /cm, 𝑛 2 = 2.19 × 10 -20 m 2 /W, 𝑔 0 = 3.45 m -1 , 𝐸 𝑠𝑎𝑡 = 110 nJ, 𝑞 0 = 0.55 and 𝑃 𝑠𝑎𝑡 = 7 kW.

Fig. 4 .

 4 Fig. 4. Numerical simulations of the laser evolution. (a) Average output power and pulse duration versus the spectral width of the super-Gaussian filter. (b) Corresponding pulse energy and nonlinear phase shift Φ 𝑁 𝐿 . (c) Evolution of the halfwidth time bandwidth product and the chirp parameter 𝐶 of the output pulses versus the spectral width of the filter. (d) Spectra of the output pulse for FBW of 0.3 nm, 0.4 nm, 0.5 nm, 0.7 nm, 1.0 nm and 1.2 nm, respectively. (e) Corresponding autocorrelation trace of the output pulses. (f-h) Normalized field envelope and frequency chirp (𝛿𝜔) for FBW of 0.3 nm, 0.4 nm, and 1.2 nm, respectively. The lines in figures a, b and c are guide for the eyes.

Fig. 5 .

 5 Fig. 5. Numerical simulation of the laser output evolution versus the wavelength. (a) Evolution of the spectra from 1010 nm to 1060 nm of the generated pulses considering a super-Gaussian filter of order 𝑛 = 3 with a FBW of 0.5 nm. (b) Corresponding normalized autocorrelation traces. (c) Output power and half-width time-bandwidth product (HWTBP) versus the wavelength. (d-f) Normalized field envelope and frequency chirp (𝛿𝜔) for central wavelength of 1010 nm, 1030 nm, and 1060 nm, respectively. The lines in (c) are guide for the eyes.

  It increases versus the wavelength. It is about 7.6 ps and 8.8 ps at 1010 nm and 1060 nm, respectively. This corresponds to a Gaussian pulse duration 𝜏 𝑝 of 5.4 ps and 6.2 ps, respectively. The pulse peak power 𝑃 𝑝 evolves smoothly and follows the same trend as the output power. It is ∼ 39 kW at 1010 nm, increases to ∼ 51 kW at 1030 nm, and then decreases to ∼ 32 kW at 1060 nm. The nonlinear phase shift Φ 𝑁 𝐿 experienced by the laser pulse during its propagation in the fiber evolves accordingly. It is Φ 𝑁 𝐿 ≈ 0.66𝜋, 0.83𝜋, 0.54𝜋 at 𝜆 = 1010 nm, 1030 nm and 1060 nm, respectively. As Φ 𝑁 𝐿 increases, the spectra of the generated pulses exhibit more sharper peaks at it edges. The value of HWTBP slightly evolves and follows the same trend as Φ 𝑁 𝐿 . It is ∼ 1.22, 1.42, 1.07 at 𝜆 = 1010 nm, 1030 nm and 1060 nm, respectively. The normalized field envelope and 𝛿𝜔 for three different central wavelengths (𝜆 = 1010 nm, 1030 nm and 1060 nm) are also plotted in Figs. 5d, 5e, and 5f, respectively. For all the wavelengths, the envelope and the frequency chirp of the pulse are almost similar in shape.
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