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Introduction

The implementation of fast (nanosecond-ns) and ultrafast (picosecond-ps and femtosecond-fs) optical diagnostics for the study of ionized gases is nowadays among the principal research axes of different research groups [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF][START_REF] Gazeli | Effect of the gas flow rate on the spatiotemporal distribution of Ar(1s5) absolute densities in a ns pulsed plasma jet impinging on a glass surface[END_REF][START_REF] Reuter | Review on VUV to MIR absorption spectroscopy of atmospheric pressure plasma jets[END_REF][START_REF] Bruggeman | Special issue: diagnostics of atmospheric pressure microplasmas[END_REF][START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF][START_REF] Chng | Electric field evolution in a diffuse ionization wave nanosecond pulse discharge in atmospheric pressure air[END_REF][START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Schmidt | Femtosecond, two-photon laser-induced fluorescence imaging of atomic oxygen in an atmospheric-pressure plasma jet[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF][START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Hübner | Electron properties in an atmospheric helium plasma jet determined by Thomson scattering[END_REF][START_REF] Hübner | Thomson scattering on non-thermal atmospheric pressure plasma jets[END_REF]. Such diagnostics aim for the precise identification and fine tuning of essential physical quantities, leading to a better understanding of transient phenomena in reactive plasmas. Typical examples refer to the use of (i) two-photon absorption laser induced fluorescence (TALIF) to obtain atomic densities [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF][START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF][START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Schmidt | Femtosecond, two-photon laser-induced fluorescence imaging of atomic oxygen in an atmospheric-pressure plasma jet[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF][START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF], (ii) electric-field-induced second harmonic generation to infer electric field dynamics [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF][START_REF] Chng | Electric field evolution in a diffuse ionization wave nanosecond pulse discharge in atmospheric pressure air[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF], and (iii) Thomson scattering to access electron density and temperature [START_REF] Hübner | Electron properties in an atmospheric helium plasma jet determined by Thomson scattering[END_REF][START_REF] Hübner | Thomson scattering on non-thermal atmospheric pressure plasma jets[END_REF]. These measurements can help in the development of diverse plasma-based applications, e.g. synthesis of advanced nanomaterials [START_REF] Kasri | Experimental characterization of a ns-pulsed micro-hollow cathode discharge (MHCD) array in a N2/Ar mixture[END_REF][START_REF] Kabbara | A microplasma process for hexagonal boron nitride thin film synthesis[END_REF], biomedical [START_REF] Svarnas | Acinetobacter baumannii deactivation by means of DBD-based helium plasma jet[END_REF][START_REF] Chung | Cell electropermeabilisation enhancement by non-thermal-plasma-treated PBS[END_REF], public security [START_REF] Gazeli | Experimental investigation of a ns-pulsed argon plasma jet for the fast desorption of weakly volatile organic compounds deposited on glass substrates at variable electric potential[END_REF], and environmental applications [START_REF] Stepanyan | Large-volume excitation of air, argon, nitrogen and combustible mixtures by thermal jets produced by nanosecond spark discharges[END_REF][START_REF] Brisset | Modification of the electric field distribution in a diffuse streamer-induced discharge under extreme overvoltage[END_REF], where the above plasma quantities can play a key role.

Particularly, TALIF is a reliable technique that has been extensively applied over the last decades to probe reactive atoms (mostly H, N, and O) in collisional media [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF]. TALIF offers high sensitivity with a very good spatial and temporal resolution. The latter is defined by the duration of the laser pulse, which can be either in the ns [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Amorim | Two-photon laser induced fluorescence and amplified spontaneous emission atom concentration measurements in O2 and H2 discharges[END_REF][START_REF] Es-Sebbar | Absolute ground-state nitrogen atom density in a N2/CH4 late afterglow: TALIF experiments and modelling studies[END_REF], ps [START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF][START_REF] Kulatilaka | Comparison of nanosecond and picosecond excitation for interference-free two-photon laser-induced fluorescence detection of atomic hydrogen in flames[END_REF] or fs [START_REF] Schmidt | Femtosecond, two-photon laser-induced fluorescence imaging of atomic oxygen in an atmospheric-pressure plasma jet[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF][START_REF] Schmidt | Comparison of femtosecond-and nanosecondtwo-photon-absorption laser induced fluorescence (TALIF) of atomic oxygen in atmospheric-pressure plasmas[END_REF]] time-scale. In general, ns-TALIF is consistent for measurements at gas pressures lower than 10 mbar [START_REF] Döbele | Laser-induced fluorescence measurements of absolute atomic densities: concepts and limitations[END_REF]. However, with increasing gas pressure, the collisional quenching can become the major loss mechanism of excited states of interest depending on the species and the quencher nature [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF]. For instance, the quenching time of laser-excited H atoms in flames falls well below ns at atmospheric pressure [START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF], which is shorter than the pulse duration of ns lasers (typically few ns [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Amorim | Two-photon laser induced fluorescence and amplified spontaneous emission atom concentration measurements in O2 and H2 discharges[END_REF][START_REF] Es-Sebbar | Absolute ground-state nitrogen atom density in a N2/CH4 late afterglow: TALIF experiments and modelling studies[END_REF]). In this case, to infer the quenching rate of species from the fluorescence signal, the laser pulse duration must be much shorter than the TALIF decay time. Otherwise, more complex model-based signal corrections need to be performed [START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Conway | Two-photon absorption laser induced fluorescence measurement of atomic oxygen density in an atmospheric pressure air plasma jet[END_REF]. For accurate measurements at pressures close to the atmospheric (or even higher [START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF]), a better approach would be to use ultrafast lasers.

These can deliver (i) sufficient peak intensities (I, units W.cm -2 ) to achieve the necessary two-photon transitions, and (ii) pulse widths down to the ps and fs timescales.

The use of ultrafast lasers for probing reactive species in flames has been already reported in the past decades in interesting works of different groups [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF][START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF][START_REF] Kulatilaka | Comparison of nanosecond and picosecond excitation for interference-free two-photon laser-induced fluorescence detection of atomic hydrogen in flames[END_REF][START_REF] Kulatilaka | Interference-free two-photon LIF imaging of atomic hydrogen in flames using picosecond excitation[END_REF]. However, the implementation of mostly ps- [START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF], and fs-TALIF [START_REF] Schmidt | Femtosecond, two-photon laser-induced fluorescence imaging of atomic oxygen in an atmospheric-pressure plasma jet[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF][START_REF] Schmidt | Comparison of femtosecond-and nanosecondtwo-photon-absorption laser induced fluorescence (TALIF) of atomic oxygen in atmospheric-pressure plasmas[END_REF] for quench-free measurements in collisional plasmas is very recent. In ps/fs TALIF, the relatively high peak intensities of the laser pulses used can lead to saturated fluorescence regimes [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF]. This is due to a substantial depletion of the densities of the laser-excited states through photoionization (PIN) and/or amplified stimulated emission (ASE) [START_REF] Patnaik | Recent advances in ultrafast-laser-based spectroscopy and imaging for reacting plasmas and flames[END_REF][START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF][START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF][START_REF] Kulatilaka | Comparison of nanosecond and picosecond excitation for interference-free two-photon laser-induced fluorescence detection of atomic hydrogen in flames[END_REF][START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF]. These processes must be studied in detail so as to be carefully avoided when absolute density measurements are sought from TALIF signals.

Such an understanding is particularly needed in the case of ps-TALIF in krypton. This rare gas has been well-utilized as a calibrating species for the measurement of H-and N-atom densities in plasmas with ns-TALIF [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Es-Sebbar | Absolute ground-state nitrogen atom density in a N2/CH4 late afterglow: TALIF experiments and modelling studies[END_REF][START_REF] Döbele | Laser-induced fluorescence measurements of absolute atomic densities: concepts and limitations[END_REF]. Non-saturating regimes with a quadratic dependence between the TALIF signal intensity and the laser energy (ELaser) were reported [START_REF] Yatom | Nanosecond pulsed humid Ar plasma jet in air: shielding, discharge characteristics and atomic hydrogen production[END_REF][START_REF] Chng | TALIF measurements of atomic nitrogen in the afterglow of a nanosecond capillary discharge[END_REF][START_REF] Es-Sebbar | Absolute ground-state nitrogen atom density in a N2/CH4 late afterglow: TALIF experiments and modelling studies[END_REF][START_REF] Döbele | Laser-induced fluorescence measurements of absolute atomic densities: concepts and limitations[END_REF]. Within these regimes, the kinetic of the fluorescing state is dominated by the processes involved in the TALIF scheme, and the fluorescence signal intensity is proportional to the ground-state Kr atom density. However, the use of Kr gas in ps-TALIF for studies of reactive plasmas is very recent [START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Klose | The spatial distribution of hydrogen and oxygen atoms in a cold atmospheric pressure plasma jet[END_REF], and requires further assessment of the conditions where Kr atom may be still considered for calibration purposes.

Based on the above, the present study focuses on the fundamental investigation of the relative predominance of the processes involved in the ps-TALIF scheme of Kr atom. In particular, the critical role of PIN on the depletion of the Kr 5p´[3/2]2 fluorescing state at high ELaser, as well as conditions leading to a minor PIN effect are demonstrated. The later also allow for the quadratic dependence on ELaser of the TALIF-signal intensity to be ensured. Thus, besides being a fundamental investigation, our work contributes to the development of ps-TALIF in Kr gas to calibrate measurements of H-and N-atom densities in reactive plasmas.

Experimental setup

Fig. 1 illustrates the experimental setup used to perform ps-TALIF studies in krypton gas (Air liquide, 99.998% purity). The gas was introduced in a low-pressure gas cell, which offered optical accesses through two fused silica (for the laser) and one BK7 (for the TALIF) windows, suitable for TALIF diagnostics in the UV-NIR range. Besides, it allowed for the precise control (±5%) of the Kr gas pressure (PKr) between 0.1 and 10 mbar using a MKS Baratron ® capacitance manometer (pressure range: 0.01-10 mbar). In the following parts of the paper, one will note the ground-state of Kr (4p 6 1 S0) as level #1, the laser-excited state Kr 5p´[3/2]2 as level #3, and the de-excitation state Kr 5s[3/2]1 as level #2. To induce a two-photon excitation from level #1 to level #3, and analyze the subsequent fluorescence decay to level #2 (i.e. #3→#2 transition at λ=587.09 nm, as that used in [START_REF] Yue | Absolute atomic hydrogen density measurements in an atmospheric pressure plasma jet: generation, transport and recombination from the active discharge region to the effluent[END_REF], see Fig. 1), an ultrafast laser from EKSPLA ® was used. It was composed of three units: i) a Nd:YLF pump laser (PL3140, 50 mJ max output, ~10 ps pulse width) selectively producing a fundamental output of 1053 nm in two modes: pulse train or 5 Hz repetition rate, ii) a harmonic generator (APL2100, 50 mJ max output, <15 ps pulse width)

for fundamental frequency doubling (527 nm) and tripling (351 nm), and iii) a solid state optical parametric generator (PG411, 2 mJ max output, 10 ps pulse width, ~4 cm -1 linewidth as it is assessed by the manufacturer) generating laser pulses between 193 and 2300 nm at different tuning ranges (( 6)-( 9)).

For the present study, the laser pulse repetition rate was kept at 5 Hz (output (2) of PL3140). The suitable experimental wavelength for the two-photon excitation of ground-state Kr in our case was 𝜆 𝑐 𝐾𝑟 =204.06 nm (𝜈 ̃𝑐𝐾𝑟 =1/𝜆 𝑐 𝐾𝑟 =49005.19 cm -1 ) and was tuned within the range 193-212 nm of the output (7) of PG411.

The laser spot after the output (7) of PG411 was fairly homogeneous with a diameter of less than 5 mm (an indicative laser beam profile, using a linear color scale to represent the intensity, is shown in the upper left side of Fig. 1). Using a series of prisms, the laser light was guided to a lens (35 cm focal length) focusing it at the center of the gas cell. Then it was collected with a second identical lens, as shown in Fig. 1. A calorimeter (Coherent J-10MB-LE, 11630 V/J) was placed after the second lens to measure the laser energy per pulse (the energy measurement was not affected by the presence of Kr gas in the gas cell). Its output was recorded with a high-definition oscilloscope (Lecroy HDO6104, 1 GHz, 2.5 Gs/s).

TALIF was collected at 90 o angle with respect to the laser beam by using a third focusing lens, and a bandpass filter (Semrock FF02-586/15-25, center wavelength: 586 nm, bandwidth: 20.5 nm) to eliminate any stray light. Then, it was focused to the entrance slit (500 μm width) of a fast photomultiplier tube (PMT, Hamamatsu R9110) and stored in the same oscilloscope. It should be noted that the sensitivity of the PMT is maximal between 500 and 600 nm. That is why we chose to perform TALIF studies on the Kr I transition at λ=587.09 nm instead of using more classic lines (e.g., that at 826.3 nm [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF]). Also, the corresponding recorded fluorescence with the PMT was less prone to perturbations from other Kr I lines as it is shown further in the text. The features of the TALIF signal were studied for ELaser values ranging between 0.1 and 13 μJ/pulse, corresponding to I=4 and 52 MW.cm -2 (I=E Laser (D × 𝜏 𝐿 ) ⁄ ), respectively, for a beam diameter (D) of 500±100 μm at the collection point, and 𝜏 𝐿 =10 ps (laser pulse duration of PG411 indicated by the manufacturer; the precise measurement of the width of the laser pulse is planned for a later study by our group using a streak camera). The variation of ELaser was achieved by combining different neutral density filters placed after the output (7) of PG411. The shot-to-shot energy fluctuation was <10% (measured over 1000 laser pulses during different days, the room's temperature being controlled via air conditioning). The room temperature was equal to 20 o C which was also assumed to be the temperature of Kr in the gas cell.

Results and discussion

The spectrally-and temporally-integrated TALIF signal (∬ 𝑆(𝜈 ̃, 𝑡)𝑑𝜈 ̃𝑑𝑡=𝑆 𝜈 ̃𝑡) depends on the PMT quantum efficiency (𝜂), the transmission of the optics used (𝑇), the solid angle of detection (ΔΩ), the fluorescence yield (𝑎 32 = 𝐴 32 /(𝐴 3 + 𝑄 3 )), where A32 is the Einstein coefficient for the fluorescence channel #3→#2, A3 is the sum of Einstein coefficients for all radiative channels from level #3, and Q3 is the quenching rate of level #3, the Kr-atom density (𝑛 𝐾𝑟 ), the photon statistic factor (𝐺 (2) ), the twophoton absorption cross-section (𝜎 (2) ), the time-integrated squared laser intensity (∫ 𝐼 2 𝑑𝑡 ∝ E Laser 2

), the squared laser photon energy ((ℎ𝜈) 2 ), and the observed excitation volume (V), as follows [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF]:

𝑆 𝜈 ̃𝑡 = 𝜂𝑇 ΔΩ 4𝜋 𝑎 32 𝑛 𝐾𝑟 𝐺 (2) 𝜎 (2) (ℎ𝜈) 2 𝑉 ∫ 𝐼 2 𝑑𝑡 → 𝑆 𝜈 ̃𝑡 ∝ E Laser 2 (1) 
This is experimentally evaluated by capturing TALIF signals at different laser frequencies around the peak two-photon excitation frequency, followed by temporal and spectral integration. In the present work, the spectral profile of the two-photon absorption line was acquired over a laser-wavelength range of 250 pm with a step of 2 pm (see later in the text). Based on eq. ( 1), for reliable density measurements, 𝑆 𝜈 ̃𝑡 should exhibit a quadratic dependence on ELaser (quadratic regime) [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF]. Thus, a linear regression of the experimental data on 𝑆 𝜈 ̃𝑡 versus E Laser 2 should give a slope of 1. This is plotted in Fig. 2. For ELaser<0.45 μJ/pulse (i.e. I<18 MW.cm -2 , green zone), a slope of 0.97±0.04 is obtained (red line), validating the quadratic regime. However, for I≥18 MW.cm -2 , a slope of 0.5±0.01 is found (blue line within the yellow zone). This implies that other physical processes are involved in the depletion of the fluorescing state, namely PIN and possibly ASE [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF]. Thus, eq. ( 1) is not valid for I≥18 MW.cm -2 . When using ultrafast TALIF to probe atomic densities, the validity of eq. ( 1) (quadratic regime) is ensured if two conditions are satisfied [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF]: (c1) the depletion of an atomic ground state (i) by the laser is negligible; to achieve that, 𝜏 𝐿 must be much lower than the characteristic time of the two-photon absorption process, 1/𝑊 𝑖𝑗 , where 𝑊 𝑖𝑗 is the frequency of the two-photon excitation from the ground to an excited state (j). This translates to 𝑊 𝑖𝑗 × 𝜏 𝐿 <<1. (c2) the depletion rate of the laser-excited state (level #3) through PIN and ASE must be much lower than A3 and Q3.

In Fig. 2, the above two conditions should be valid for I<18 MW.cm -2 , where the quadratic regime is obtained (green zone). Similarly, in [START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Klose | The spatial distribution of hydrogen and oxygen atoms in a cold atmospheric pressure plasma jet[END_REF], the quadratic regime was clearly achieved when using ps-TALIF (30 ps laser pulses) in Kr gas. However, in those studies, Kr gas was mostly used to calibrate absolute density measurements of H atoms in plasma jets. Concerning Kr atoms, they were laser-excited at ELaser=0.28 μJ/pulse, which was well-below the TALIF saturation limit. Thus, for a laserbeam diameter of ~250 μm (given in [START_REF] Klose | The spatial distribution of hydrogen and oxygen atoms in a cold atmospheric pressure plasma jet[END_REF]) at the TALIF collection point, I [START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Klose | The spatial distribution of hydrogen and oxygen atoms in a cold atmospheric pressure plasma jet[END_REF]≅8.2 MW.cm -2 , which is consistent with our finding above. Our study here aims further to analyze the processes leading to the depletion of the fluorescing state. Quadratic regimes have been also achieved when using fs-TALIF in Kr gas by constructing laser sheets so as to significantly decrease I [START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF]. Therefore, our work and studies [START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Schröter | The formation of atomic oxygen and hydrogen in atmospheric pressure plasmas containing humidity: picosecond two-photon absorption laser induced fluorescence and numerical simulations[END_REF][START_REF] Klose | The spatial distribution of hydrogen and oxygen atoms in a cold atmospheric pressure plasma jet[END_REF][START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF], contribute to the development of ultrafast TALIF diagnostics for determining absolute densities and quenching coefficients of H and N atoms in reactive plasmas. For I≥18 MW.cm -2 in Fig. 2 (yellow zone), a lower slope (~0.5) of the linear regression is revealed, indicating a non-quadratic dependence on ELaser of the TALIF signal intensity. To understand this behavior, the validity of the above conditions (c1) and (c2) must be checked. For condition (c1) we have 𝑊 𝑖𝑗 = 𝜎 𝐾𝑟 (2) 𝑔(𝑣 0 )𝐺 (2) 𝐼 2 (ℎ𝑐) 2 𝜈 ̃𝑐𝐾𝑟 2 [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF] and 𝜏 𝐿 =10 ps. The value of 𝜎 𝐾𝑟 (2) , inferred from 𝜎 𝐾𝑟 (2) /𝜎 𝐻 (2) =0.62 [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF] (with 50% uncertainty) and 𝜎 𝐻 (2) = 1.77 ×10 -35 cm 4 [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF][START_REF] Tung | Two-photon absorption of atomic hydrogen from two light beams[END_REF], is of 1.09×10 -35 cm 4 . For Imax=484 MW.cm -2 (ELaser=12.1 μJ/pulse), i.e. the highest laser intensity in Fig. 2, and 𝑔(𝑣 0 )𝐺 (2) ≈ 0.94 ~4 cm -1 ×2≈1.56×10 -11 s (considering a Gaussian absorption-line profile dominated by the laser linewidth [START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF]), 𝑊 𝑖𝑗 ≅4.19×10 In (c), the black dashed signal, which is essentially defined by the grey area A2747 (A1747 being very weak), is recorded when using a 747 nm-centred interference filter.

The impact of PKr and ELaser on the experimentally-obtained PMT signal 𝑆 𝑡 = 𝑆(𝜈 ̃= 𝜈 ̃𝑐𝐾𝑟 , 𝑡) is shown in Fig. 3. The solid red and black lines refer to an 𝑆 𝑡 recorded using a 586 nm-centred interference filter for the corresponding ELaser values: i) 0.4 μJ/pulse, i.e. within the quadratic regime (at PKr=3 mbar), and ii) 12.1 μJ/pulse, which is the upper ELaser limit studied outside the quadratic regime (see Fig. 2). For ELaser≤0.4 μJ/pulse and PKr up to 10 mbar in Fig. 3, the decaying part of the TALIF (solid red) follows an exponential variation with a time-constant τ. Then, the total decay rates of the excited state (1/τ) are in fact the sum of the natural (radiative) decay rate (1/𝜏 𝐾𝑟 * ) and the collisional quenching rate of Kr

5p´[3/2]2 such that 1 𝜏 = 1 𝜏 𝐾𝑟 * + 𝑘 𝐾𝑟 * 𝑛 𝐾𝑟 (2) 
Where 𝑘 𝐾𝑟 * and 𝑛 𝐾𝑟 are the collisional quenching rate and the Kr atom density, respectively [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF]. 𝜏 𝐾𝑟 * was evaluated for ELaser≤0.4 μJ/pulse, and PKr=0.1-0.2 mbar, for which the collisional quenching was negligible. It was found to be of 34.6±2.3 ns, which is consistent with the values of 34.1 ns, 35.4±2.7 ns, and 33.6±1.1 ns reported in [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Boogaarts | Quantitative two-photon laser-induced fluorescence measurements of atomic hydrogen densities, temperatures, and velocities in an expanding thermal plasma[END_REF]. Further, from the Stern-Volmer plot [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF], i.e. plotting of

1 𝜏 versus
𝑛 𝐾𝑟 in the pressure range 0.1-10 mbar, 𝑘 𝐾𝑟 * was found to be of 1.7±0.2×10 -10 cm 3 s -1 , which is in the range of values reported in the literature [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Schmidt | Femtosecond, two-photon-absorption, laser-induced-fluorescence (fs-TALIF) imaging of atomic hydrogen and oxygen in non-equilibrium plasmas[END_REF][START_REF] Boogaarts | Quantitative two-photon laser-induced fluorescence measurements of atomic hydrogen densities, temperatures, and velocities in an expanding thermal plasma[END_REF][START_REF] Chang | Radiative lifetimes and two-body collisional deactivation rate constants in argon for Kr(4p 5 5p) and Kr(4p 5 5p') states[END_REF]. This is illustrated in Fig. 4, where our results (green) are compared to those from references [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF] (red), [START_REF] Boogaarts | Quantitative two-photon laser-induced fluorescence measurements of atomic hydrogen densities, temperatures, and velocities in an expanding thermal plasma[END_REF] (blue), and [START_REF] Chang | Radiative lifetimes and two-body collisional deactivation rate constants in argon for Kr(4p 5 5p) and Kr(4p 5 5p') states[END_REF] (black). Interestingly, for temporal signals in the saturated regime (ELaser=12.1 μJ/pulse and PKr≥0.1 mbar in Fig. 3), two distinct signal-decay areas are revealed: A1586 and A2586, as indicated in Fig. 3b. The transition from A1586 to A2586 is observed at around 200-300 ns almost independently of PKr. Indeed, A2586 is still present even at PKr=0.1 mbar (Fig. 3(e)). However, it is less significant than in the case of higher pressures because reactions (3) and (4) (see below) are less important at 0.1 mbar as compared to higher pressures. A1586 has a short duration and corresponds to the decay of Kr 5p´[3/2]2 laser-excited state, which is characterized by an exponential function with a time constant 𝜏. On the other hand, A2586, which forms almost immediately after the laser pulse (see below for justification), and is responsible for the inflection point at around 200-300 ns, has a larger duration depending on the gas pressure. This suggests that there could be additional mechanisms leading to the formation of different excited states of Kr atom. In fact, the 586 nm-centred interference filter used in this work could capture only three Kr I emission lines, which emanate from different excited states of Kr atom, i.e. 586.68, 587.09, and 587.99 nm, as also reported in [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF]. That said, it would be impossible to discriminate with this filter the different excited states that could lead to the observed emissions corresponding to the area A2586.

In order to verify if other excited states of Kr are produced, emission was recorded using a broader filter (Semrock FF01-747/33- the three previous lines [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF]. Those seven transitions are illustrated in Fig. 5. In fact, temporal signals captured using this filter were similar to those recorded with the previous one, where a single exponential decay region (i.e. only A1747) was always observed for laser energies within the quadratic regime (i.e.

ELaser≤0.4 μJ/pulse for PKr=3 mbar), while for the saturated regime two distinct areas were produced:

A1747 over very short timescales, and A2747 over long timescales (indicated in Fig. 3c, black dashed line at PKr=2 mbar). However, A2747 is seen to be much more predominant when compared to A1747. These signals became stronger with krypton pressure and laser energy, especially in the saturated regime. Furthermore, the presence of the secondary decay region (A2586 or A2747) for signals recorded in the saturated regime using both interference filters, clearly points towards the existence of a secondary much slower chain of reactions leading to the formation of different excited states of krypton. One of the likely mechanisms which could explain this observation is PIN from Kr 5p´[3/2]2 state through the absorption of a third laser photon [START_REF] Bruggeman | Special issue: diagnostics of atmospheric pressure microplasmas[END_REF][START_REF] Stancu | Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma diagnostics[END_REF]. This leads to the formation on Kr + ions, which through transformation to Kr 2 + ions, and subsequent radiative recombination, could produce several Kr excited states [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF][START_REF] Barrios | Superthermal Component in an Effusive Beam of Metastable Krypton: Evidence of Kr 2 + Dissociative Recombination[END_REF], which de-excite radiatively in the spectral range 420-900 nm [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF]. Additional Kr I lines in the TALIF spectrum at high ELaser were also observed in [START_REF] Dakka | Laser-based metastable krypton generation[END_REF] while studying two-photon absorption from Kr atom at 215 nm, and were also attributed to PIN, which further validates our findings. In fact, the energy of Kr 5p´[3/2]2 is of 97945.97 cm -1 (12.1436 eV), and the ionization threshold of Kr is of 112914.47 cm -1 , resulting in an energy gap of 14968.5 cm -1 [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.8)[END_REF]. The laser photon energy in our case is of 49005.19 cm -1 , which is more than enough to produce Kr + ions from the 5p´[3/2]2 level. This would in fact explain the departure from the quadratic regime at the higher ELaser studied.

In order to understand the relative significance of the different physical mechanisms involved in the TALIF scheme, a simple 0D model was developed (similar to that used in [START_REF] Amorim | Two-photon laser induced fluorescence and amplified spontaneous emission atom concentration measurements in O2 and H2 discharges[END_REF]). For the large time scales (after the laser pulse), in addition to the 𝐴 3 + 𝑄 3 loss channels, mechanisms related to the ions Kr + and Kr 2 + have been considered in the model. The main modes of loss of Kr + ions are known to be through diffusion or by the formation of Kr 2 + ions, as follows [START_REF] Bhattacharya | Ion conversion in krypton afterglow plasmas[END_REF][START_REF] Howorka | Production and loss of multiply charged and molecular ions (Kr + , Kr 2+ , Kr 3 + , Kr 4 + , Kr 2 + ) in a krypton hollow cathode discharge[END_REF]:

Kr + + 2Kr → Kr 2 + + Kr (k=2.3×10 -31 cm 6 s -1 ) (3) 
Then Kr 2 + undergoes dissociative recombination, as follows [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF]:

Kr 2 + + e → Kr + Kr * (k=16±2×10 -7 cm 3 s -1 ) (4) 
However, the model is not able to discriminate the various Kr* excited states formed in (4) since we do not have the corresponding statistical weights. Therefore, we have assumed that the Kr* excited-state density is equally distributed (i.e., with 50% probability) between Kr 5p´[3/2]2 and Kr 5s[3/2]1 states, which are the only excited states that have been considered in the model.

Fig. 6 shows the results of the numerical model performed at PKr=3 mbar (as in Fig. 2) for the same two ELaser values as in Fig. 3. Firstly, the effect of ASE was found to be negligible when compared to PIN even at the higher laser energy. In fact, the intensity of ASE was only significant within the laser pulse (~10 ps), and the depletion of the laser-excited state through ASE was negligible as it accounts for less than 0.1% of the total number of TALIF photons. This is consistent with reference [START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF], where it was shown experimentally that ASE from H atoms in a H2/O2 flame was only formed during the laser pulse (35 ps) and for less than 30 ps after it. Unfortunately, the ASE signal was not possible to be measured experimentally in the present study. The ASE effect on the fluorescence signal was reported in different works when performing ps-TALIF studies of O and H atoms in flames. Agrup et al. [START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF] compared the laser power dependence of ps-TALIF and ASE from O atoms in a H2/O2 flame. For I>400 MW.cm -2 , ASE started perturbing more and more the TALIF signal. In another example, Kulatilaka et al. [START_REF] Kulatilaka | Comparison of nanosecond and picosecond excitation for interference-free two-photon laser-induced fluorescence detection of atomic hydrogen in flames[END_REF] performed ps-TALIF and ASE studies of H atoms in different flames. Te lowest ASE threshold fluence was found for a H2/O2 flame and was of 0.03 J.cm -2 , i.e., 300 MW.cm -2 (100 ps laser pulse). For CH4/O2/N2 and H2/O2/N2 flames, though, the corresponding ASE thresholds were of 700 and 1500 MW.cm -2 . Based on the above, ASE could possibly affect the TALIF signal at Imax=480 MW.cm -2 in our experiments. In this case, the effect of ASE would be significant only during the laser pulse (or slightly after it) [START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF] leading to a faster TALIF decay. However, the TALIF system investigated in our work (Kr) and its pressure are not the same as in [START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF][START_REF] Kulatilaka | Comparison of nanosecond and picosecond excitation for interference-free two-photon laser-induced fluorescence detection of atomic hydrogen in flames[END_REF]. Furthermore, we did not observe a fast decay on the TALIF signal up to Imax=480 MW.cm -2 , which is also supported by the model. Thus, the major mode of depletion of the laser-excited state is through PIN.

Similarly, PIN can lead to a significant depletion of different fluorescing atomic states when using much shorter laser pulses (fs range). As it was shown by Dumitrache et al. [START_REF] Dumitrache | Femtosecond two-photon absorption laser induced fluorescence (fs-TALIF) imaging of atomic nitrogen in nanosecond repetitive discharges[END_REF], the use of 100 fs laser pulses and a strongly focused beam (beam waist: 52 μm) resulted to laser peak intensities of ~4 TW.cm -2 . In those conditions, PIN led to a departure from the quadratic regime for both N (produced in a ns repetitive discharge) and Kr (used for calibration) atoms. Schmidt et al. [START_REF] Schmidt | Femtosecond, two-photon laser-induced fluorescence imaging of atomic oxygen in an atmospheric-pressure plasma jet[END_REF] also investigated 100 fs TALIF in O (produced in a plasma jet) and Xe (used for calibration) atoms. But instead of strongly focusing the laser beam, they constructed a laser sheet (2 mm × 0.09 mm). In this way, they were able to define adequate conditions in order to obtain the quadratic regime for both atoms by avoiding PIN effect.

Finally, Wang et al. [START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF] studied fs-TALIF in Kr (80 fs laser pulses) by also constructing a laser sheet (25 mm high). They also demonstrated that the effects from PIN and ASE can be limited at specific laser energies (lower than 4 μJ/pulse in their case). Thus, even for fs-TALIF it is possible to determine conditions leading to the quadratic regime. The results obtained by the model may be better understood by a simple rate analysis. As a matter of fact, using the available experimental information, the PIN rate (𝛤) of Kr(5p) states can be qualitatively estimated as follows [START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF]:

𝛤 = 𝜎 𝑖 𝐼 ℎ𝑐𝜈 ̃𝑐𝐾𝑟 (5) 
For I=Imax=484 MW.cm -2 , eq. ( 5) gives Γ=1.79×10 9 s -1 . This is almost two orders of magnitude larger than 𝐴 3 + 𝑄 3 , which herein is estimated to be of ~4.25×10 7 s -1 at PKr=3 mbar, and ~6.5×10 7 s -1 at PKr=10 mbar, in good agreement with references [START_REF] Niemi | Absolute calibration of atomic density measurements by laser-induced fluorescence spectroscopy with two-photon excitation[END_REF][START_REF] Boogaarts | Quantitative two-photon laser-induced fluorescence measurements of atomic hydrogen densities, temperatures, and velocities in an expanding thermal plasma[END_REF][START_REF] Chang | Radiative lifetimes and two-body collisional deactivation rate constants in argon for Kr(4p 5 5p) and Kr(4p 5 5p') states[END_REF] (see Fig. 4). Furthermore, for I=18 MW.cm -2 , i.e. the upper intensity limit of the quadratic regime in Fig. 2, Γ=6.67×10 7 s -1 , which is still slightly higher than 𝐴 3 + 𝑄 3 at 3 and 10 mbar. Therefore, similarly to what is suggested by the model, PIN determines the population of the fluorescing state and, thus, the TALIF signal intensity beyond the quadratic regime.

On the other hand, for I=4 MW.cm -2 (ELaser=0.1 μJ/pulse, i.e. the lowest ELaser giving an acceptable TALIF signal-to-noise ratio in our work), Γ decreases to 1.48×10 7 s -1 . This is ~65% and ~77% lower than 𝐴 3 + 𝑄 3 at 3 and 10 mbar, respectively. This result is also supported by Fig. 6, where the density of Kr + ions at 2 nd decay region ELaser=0.4 μJ/pulse (dashed red) is 4 orders of magnitude lower than that at ELaser=12.1 μJ/pulse (dashed black). Thus, PIN and ASE effects are limited in the quadratic regime, fulfilling the condition (c2) above.

Further, for the higher ELaser in Fig. 6, the model captures the transition from a 1 st to a 2 nd signaldecay region (both indicated in the figure), which starts at the inflection point around 200 ns. This transition is similar to that captured experimentally in Fig. 3b (PKr=3 mbar), the corresponding signaldecay regions denoted by A1586 and A2586, respectively. This establishes that PIN is the major saturation mechanism of the TALIF signal due the creation of Kr + ions, followed by reactions (3) and ( 4), and radiative relaxations of Kr* (formed through reaction ( 4)). In fact, the slope of 𝑆 𝜈 ̃𝑡 versus E Laser 2 in the saturation regime is of ~0.5 (Fig. 2), which also strongly suggests that depletion of Kr 5p´[3/2]2 takes place through PIN. Also to be noted is that the contribution of the 2 nd decay region to the fluorescence yield is negligible.

The key-contribution of PIN to the TALIF signal properties may be also inferred from the spectral analysis of the two-photon absorption line (Fig. 7). Fig. 7a illustrates two normalized spectral profiles obtained at PKr=3 mbar for the lower-and upper-limit values of ELaser in Figs. 3 and6. To the best of our knowledge, such a detailed analysis of the two-photon absorption line profile, especially for ELaser values outside the quadratic regime, has not been performed in the literature regarding ultrafast TALIF studies in Kr. The experimental data points (black squares and red spheres) were obtained through the temporal integration of 𝑆(𝜈 ̃𝑖, 𝑡), which was recorded at different laser wavelengths around the central laser frequency. For ELaser=0.4 μJ/pulse, the spectral profile (red spheres) is narrow and can be well-fitted with one Gaussian (red line, denoted as G1). In this case, the main broadening mechanism of the two-photon absorption line is the laser instrumental function, which has a Gaussian shape. As a matter of fact, the only other broadening effect that can enter into play is the Doppler broadening for Kr atoms that turns out to be much smaller than the laser linewidth (0.14 versus ~17 pm, respectively). For ELaser=12.1 μJ/pulse, however, the recorded spectral profile (black open squares) can be well-fitted only by combining two Gaussians (denoted as G1 and G2 in Fig. 7a). While contribution from other processes. In fact, as it can be seen in Fig. 7b, the formation of the peak G2 is directly associated to the appearance of the emissive region A2586 in the time-range ~80-1000 ns of the PMT signal. Indeed, when the laser is tuned to 204.00 nm (black signal, see corresponding black arrow in the inset spectral profile), only emission from region A2586 is recorded. Furthermore, when tuning the laser at the peak two-photon absorption frequency (red signal/arrow), A2586 is still present along with the fluorescence peak, which is seen between ~80 and 200 ns. Thus, at the higher ELaser, the existence of A2586 and G2 indicates the presence of additional emission channels that are initiated by the laser, they last over almost 1 μs, and they are captured when using this filter. PIN is a process that may explain this behavior, as follows. First, it initiates the slow chain of reactions ( 3) and ( 4), as discussed through the analysis of Figs. 3 and6, which would result to the creation of different Kr* states after the laser pulse.

Therefore, these would contribute to the formation of the long-lasting part of the region A2586 through spontaneous emissions [START_REF] Shiu | Dissociative recombination in krypton: Dependence of the total rate coefficient and excited state production on electron temperature[END_REF][START_REF] Barrios | Superthermal Component in an Effusive Beam of Metastable Krypton: Evidence of Kr 2 + Dissociative Recombination[END_REF][START_REF] Dakka | Laser-based metastable krypton generation[END_REF][START_REF] Shekhtman | Two-photon cross-section calculations for krypton in the 190-220 nm range[END_REF]. Second, the formation of A2586 in Fig. 7b happens very fast, almost immediately after the laser pulse. This may be also attributed to PIN through the generation of photoelectrons. Depending on their energy and density, these would rapidly enter into collisions with Kr atoms, leading to their fast excitation, especially if the photo-electrons are substantially heated by the laser electric field and the ionization degree is high. This seems to be the case at the higher ELaser studied herein, as revealed by the model (Fig. 6). It should be noted that at the higher ELaser, a slight deformation of the spectral profile can be possible due to non-linear processes happening during the passage of the ultrafast laser through the UV fused silica window of the gas cell. But this is almost negligible as compared to that due the other processes discussed above.

Putting it all together, a likely sequence of processes that would explain the obtained results at the higher ELaser is the following: (i) the application of the laser pulse leads to two-photon excitation of Kr at the fluorescing state Kr 5p´[3/2]2, (ii) laser-induced photoionization of this state happens very fast (within the laser pulse), leading to the production of photo-electrons; their energy is estimated to be of ~4.2 eV in our case (based on the difference between the laser photon energy, and the energy gap between the Kr ionization threshold and the Kr 5p´[3/2]2 state energy, as discussed above), (iii) generated photo-electrons may be further heated by the laser electric field, inducing a fast excitation of Kr (depending on their energy and density), and a subsequent early emission, which is seen in the very beginning of the PMT signal in Fig. 7b, (iv) the moderately-fast reaction (3) leads to the formation of Kr 2 + ions, which through radiative recombination (reaction (4)slow process) lead to the creation of Kr* states, (v) radiative relaxation of Kr* states induces the long-lasting emission part of the region A2586 in Figs. 3 and7b.

However, in spite of having the peak G2 close to the main excitation peak G1, this does not prevent using G1 for calibration purposes when aiming on the measurement of H-and N-atom densities in plasmas. This is due to the negligible contribution from G2 when using the 586-centred filter for ELaser values in the quadratic regime, as seen in Fig. 7a for ELaser=0.4 μJ/pulse (red signal). Besides, the area A2586 in the time variation of the PMT signal also disappears for ELaser≤0.4 μJ/pulse (see Figs. 3b and6, red signals).

Furthermore, in Fig. 7a, we also observe that at the higher ELaser the line G1 is noticeably broader, and its central wavelength is shifted by -6 pm from the central laser wavelength. This should be attributed to an AC Stark shift induced by the linearly-polarized electromagnetic field of the laser [START_REF] Agrup | Two-photon laser-induced fluorescence and stimulated emission measurements from oxygen atoms in a hydrogen/oxygen flame with picosecond resolution[END_REF][START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF][START_REF] Miller | Two-photon resonant multiphoton ionization and stimulated emission in krypton and xenon[END_REF][START_REF] Goldsmith | Two-step saturated fluorescence detection of atomic hydrogen in flames[END_REF].

Besides, the possible mechanism for the observed broadening may be the Stark effect due to the presence of charged species [START_REF] Miller | Two-photon resonant multiphoton ionization and stimulated emission in krypton and xenon[END_REF][START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N2 and N2/H2O mixtures[END_REF]. Indeed, the results obtained from the investigation of the fluorescence timedecay, the laser-induced emission, the spectral analysis of the two-photon absorption line, and the laserabsorption-induced collisional-radiative kinetics, give a strong indication for the presence of charged species, which create a strong local micro-field resulting in a Stark effect. This induces the two-photon absorption-line broadening and shift. Our results would indicate that this effect would quickly dominate the laser absorption mechanism and result in the deviation from the quadratic regime when ELaser is increased. In fact, this mechanism has been also proposed in [START_REF] Miller | Two-photon resonant multiphoton ionization and stimulated emission in krypton and xenon[END_REF], where the excitation line profiles corresponding to the two-photon excitation of ground-state Kr atom to the 5p[5/2]2 state, and its subsequent transitions to the Kr 5s[3/2]1 or Kr 5s[3/2]2 states, were broader than the laser line, similar to our case. It should be noted that broadening due to power-saturation [START_REF] Demtroder | Laser Spectroscopy[END_REF] of the optical transition is ruled out for our conditions since 𝑊 𝑖𝑗 × 𝜏 𝐿 <<1. Besides, the power saturation broadening always comes with a much less increase of the peak fluorescence with ELaser (not seen in Figs. 3 and6).

Conclusions

In summary, ps-TALIF in Kr between 0.1-10 mbar was fundamentally investigated in this work. The laser intensity (I) was varied between 1 and 480 MW.cm -2 . The influence of photoionization (PIN) and amplified stimulated emission (ASE) on the TALIF signal properties was detailly studied for a Kr gas pressure of 3 mbar. PIN was the dominant process leading to the depletion of the laser-excited state (5p´[3/2]2), which became increasingly significant for 15 < 𝐼 ≤ 480 MW.cm -2 . Thus, a saturated fluorescence regime was obtained, and broader two-photon absorption-line profiles probably due to the Stark effect. However, for I≤15 MW.cm -2 , the PIN effect was significantly limited, the two-photon absorption line was narrow, and the quadratic dependence of the TALIF-signal intensity versus the laser energy was revealed. Thus, in this case the investigated Kr TALIF scheme, including two-photon excitation to the 5p´[3/2]2 state and fluorescence at 587.09 nm can be used for calibration purposes in ps-TALIF studies. Besides its fundamental interest, this work contributes to the development of ps-TALIF diagnostics for measuring absolute densities and quenching coefficients of H and N atoms in reactive plasmas and/or flames.

The determination of atomic species densities and quenching coefficients in reactive plasmas is generally difficult. This is because the quenching kinetic scheme of species de-excitation is complex and depends on the type, the density and the temperature of colliding species. In this case, the species quenching rate can only be measured from the decay of fluorescence signals if the laser decay is faster than that of the fluorescence. Thus, TALIF techniques with excitation time-scales lower than the quenching de-excitation of species can be extremely useful. The use of ps-TALIF proposed in this work can allow sub-ns measurements of quenching rates that are necessary for absolute atomic densities determination. Thus, the present study is linked to many experimental works focused on plasma physics.

In fact, the investigation of the application of ps-TALIF in Kr and the definition of regimes where the TALIF signal intensity scales quadratically with the laser energy is extremely useful for the plasma community. This is because Kr is an essential gas to calibrate H and N atom densities in plasmas when using ns-and, more recently, ps-and fs-TALIF diagnostics. Particularly, the measurement of H-atom density, quenching rates, and lifetime in atmospheric pressure plasmas is quite challenging. Indeed, the quenching time of laser-excited H atoms can fall well-below ns at atmospheric pressure [START_REF] Agrup | Measurements of collisional quenching of hydrogen atoms in an atmospheric-pressure hydrogen oxygen flame by picosecond laser-induced fluorescence[END_REF]. In this case, the use of ps-TALIF would be beneficial. Therefore, this work provides adequate conditions for which the use of ps-TALIF in Kr can be valid and adopted subsequently for calibrating H-atom densities in atmospheric pressure plasmas. Furthermore, the quenching coefficients of H and N atoms by different quenchers in collisional plasmas can be obtained using ps-TALIF and performing well-known Stern-Volmer plots. The obtained information would be especially useful in numerous plasma-based applications (e.g. thin film synthesis, biomedical treatments, plasma-assisted combustion, …), for which the knowledge of the densities and kinetics of those reactive species is crucial for the optimization of the related processes.

Figure 1 .

 1 Figure 1. Experimental setup of ps-TALIF in Kr gas. The two-photon excitation scheme and the investigated fluorescence transition are given at the top right. The laser beam at the output (7) of PG411 (EKSPLA ® ) is fairly homogeneous as shown at the top left (measured with a CCD camera beam-profiler).
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 2 Figure 2. 𝑆 𝜈 ̃𝑡 = ∬ 𝑆(𝜈 ̃, 𝑡)𝑑𝜈 ̃𝑑𝑡 versus E Laser 2

Figure 3 .

 3 Figure 3. PMT signals 𝑆 𝑡 =𝑆(𝜈 ̃= 𝜈 ̃𝑐𝐾𝑟 , 𝑡) for PKr=0.1-10 mbar at low (0.4 μJ/pulsesolid red) and high (12.1 μJ/pulsesolid black) ELaser, recorded with a 586 nm-centred interference filter. Black solid signals are saturated consisting of two areas: A1586 and A2586 (indicated in (b) for PKr=3 mbar). It should be noted that A2586 is clearly observed in (a)-(d), but it is also present in (e) for the lower PKr studied, i.e. 0.1 mbar.
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 4 Figure 4. Stern-Volmer plots showing the decay rate of Kr 5p´[3/2]2 fluorescing state against the krypton density in the gas cell. The results of the present work are given in green and compared to other published studies in the literature [7,37,38].

Figure 5 .

 5 Figure 5. Krypton energy level diagram illustrating seven Kr I emissions (red dashed arrows) and their corresponding wavelengths recorded when using a 747 nm-centred interference filter. The energies of the upper and lower Kr I levels are taken from NIST [40] and they are given in units of cm -1 . The population of the upper Kr I levels is due to radiative recombination of Kr 2 + ions. Kr-atom emission that is not exclusively attributed to the relaxation of the fluorescing state Kr 5p´[3/2]2 starts almost immediately after the laser pulse, and lasts for a relatively long time as compared to the lifetime of Kr 5p´[3/2]2 state. Its presence suggests the existence of additional emission mechanisms. These mechanisms are rapidly induced by the laser pulse and remain active over almost 1 s. It means that these mechanisms are able to produce several emitting excited species over almost 1 s time-scale.

  For the very short time scales corresponding to the laser pulse, the model takes into account the two-photon excitation rate of the ground-state Kr atom, PIN from Kr 5p´[3/2]2 and Kr 5s[3/2]1 states, and ASE, in addition to the decay of the Kr 5p´[3/2]2 fluorescing state by spontaneous emission (fluorescence) and collisional quenching (𝜏 values obtained from this work). Ionization from Kr(5p) (cross-section: 𝜎 𝑖 ≅3.6×10 -18 cm 2 )and Kr(5s) states (𝜎 𝑖 ≅2.8×10 -21 cm 2 )[START_REF] Duzy | Photoionization of excited rare-gas atoms[END_REF] leads to the formation of Kr + ions. Also, ASE results from a population inversion between Kr 5p´[3/2]2 and Kr 5s[3/2]1 states[START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF][START_REF] Miller | Two-photon resonant multiphoton ionization and stimulated emission in krypton and xenon[END_REF], leading to an amplification of the fluorescence along the laser beam[45]. ASE has been implemented in the model through the analytical solution given in[START_REF] Allen | Amplified spontaneous emission III. Intensity and saturation[END_REF]. PIN and ASE would deplete the Kr 5p´[3/2]2 state leading to saturated fluorescence regimes.

Figure 6 .

 6 Figure 6. Indicative modelling results referring to PKr=3 mbar. Black and red solid lines are the Kr 5p´[3/2]2 densities (N) obtained for ELaser=12.1 and 0.4 μJ/pulse, respectively. Also shown for ELaser=12.1 μJ/pulse are: i) the cumulative number of photons corresponding to ASE (dash-dot) and TALIF (thick black), and ii) the density (N) of Kr + ions at both ELaser values (dash). The shaded grey curve represents the laser pulse.

Figure 7 .

 7 Figure 7. (a) Experimental high-resolution two-photon absorption line profiles (symbols), ∫ 𝑆(𝜈 ̃𝑖, 𝑡) 𝑑𝑡, fitted with Gaussians (solid/dashed lines) for low (0.4 μJ/pulsered) and high (12.1 μJ/pulseblack) ELaser, respectively, at PKr=3 mbar. At the higher ELaser, the center of the absorption line is shifted by -6 pm. (b) PMT signals 𝑆 𝑡 =𝑆(𝜈 ̃, 𝑡) at PKr=3 mbar and ELaser=12.1 μJ/pulse, recorded with a 586 nm-centred interference filter at two laser wavelengths (indicated by the arrows on the corresponding cumulative spectral profile in the inset): 204.00 nm (black) and 204.06 nm (red).
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 6 the peak G1 corresponds to a two-photon excitation to the Kr fluorescing state of interest (i.e. 4p S0→→Kr 5p´[3/2]2 transition), as expected, the appearance of the peak G2 strongly indicates a 0 200 400 600 800 1000 1200 1400 1600
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25, centered at 747 nm, 41.1 nm bandwidth). With this filter, the emissions recorded do not emanate from Kr 5p´[3/2]2 and would consist of seven Kr I lines, i.e. 728.73, 742
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