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Self-seeded lasing in ionized air pumped by 800 nm femtosecond laser pulses

We report on the lasing in air and pure nitrogen gas pumped by a single 800 nm femtosecond laser pulse. Depending on gas pressure, incident laser power and beam convergence, different lasing lines are observed in the forward direction with rapid change of their relative intensities. The lines are attributed to transitions between vibrational and rotational levels of the first negative band of the singly charged nitrogen molecule-ion. We show that self-seeding plays an important role in the observed intensity changes.

Introduction

Lasing in ambient air or its major components (N 2 and O 2 ) when pumped by an intense ultrashort laser pulse has attracted much attention in recent years [START_REF] Dogariu | High-gain backward lasing in air[END_REF][START_REF] Kartashov | Free-space nitrogen gas laser driven by a femtosecond filament[END_REF][START_REF] Shneider | Population inversion of molecular nitrogen in an Ar: N2 mixture by selective resonance-enhanced multiphoton ionization[END_REF][START_REF] Luo | Lasing action in air driven by ultra-fast laser filamentation[END_REF][START_REF] Kocharovsky | Gain-swept superradiance applied to the stand-off detection of trace impurities in the atmosphere[END_REF][START_REF] Yao | High-brightness switchable multiwavelength remote laser in air[END_REF][START_REF] Chu | Multiwavelength amplified harmonic emissions from carbon dioxide pumped by mid-infrared femtosecond laser pulses[END_REF][START_REF] Ni | Harmonic-seeded remote laser emissions in N2-Ar, N2-Xe and N2-Ne mixtures: a comparative study[END_REF][START_REF] Kartashov | Stimulated amplification of UV emission in a femtosecond filament using adaptive control[END_REF][START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. The generation of coherent radiation with such cavity-less laser sources holds great potential for remote sensing applications. Q. Luo and coworkers were the first to suggest the existence of a backward stimulated emission from filaments formed in air by 800 nm femtosecond pulses, based on an exponential increase of nitrogen fluorescence with filament length [START_REF] Luo | Lasing action in air driven by ultra-fast laser filamentation[END_REF]. Dogariu et al. demonstrated in 2011 that a backward coherent emission at 845 nm can be achieved in air pumped by picosecond UV pulses [START_REF] Dogariu | High-gain backward lasing in air[END_REF]. The stimulated emission was attributed to optical dissociation of O 2 molecules followed by multiphoton excitation of atomic lines of Oxygen. Shortly later, Kartashov et al. reported a strong backward lasing emission at 337 nm and 357 nm in pure Nitrogen gas and its mixture with Argon when driven by powerful mid-infrared lasers ( = 3.9 m or 1.03 m), due to a collision-induced population inversion between the   u C [START_REF] Shneider | Population inversion of molecular nitrogen in an Ar: N2 mixture by selective resonance-enhanced multiphoton ionization[END_REF] and
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states of the excited N 2 molecule [START_REF] Kartashov | Free-space nitrogen gas laser driven by a femtosecond filament[END_REF][START_REF] Shneider | Population inversion of molecular nitrogen in an Ar: N2 mixture by selective resonance-enhanced multiphoton ionization[END_REF]. Here, the electronic transitions of nitrogen molecule are the same as in the conventional discharge-pumped nitrogen laser [12]. In 2011, Yao et al. reported a forward stimulated radiation from N 2 molecule-ions pumped by short and intense mid-infrared pulses [START_REF] Yao | High-brightness switchable multiwavelength remote laser in air[END_REF]. The lasing effect corresponded to the
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transition between the excited and ground cation states. It could be triggered by fine tuning of the wavelength of a femtosecond Optical Parametric Amplification (OPA) laser operating in the mid-IR (1.2 m-2.9m). It was found that when the 3 rd or 5 th harmonic of the driving pulse overlapped with specific spectral positions of the above transitions, lasing radiation was initiated by a seeding effect. The authors attributed the lasing effect to the amplification of the weak harmonic pulse in the presence of population inversion [START_REF] Ni | Harmonic-seeded remote laser emissions in N2-Ar, N2-Xe and N2-Ne mixtures: a comparative study[END_REF][START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF]. The mechanism responsible for population inversion is still a subject of controversy [START_REF] Chu | Multiwavelength amplified harmonic emissions from carbon dioxide pumped by mid-infrared femtosecond laser pulses[END_REF][START_REF] Ni | Harmonic-seeded remote laser emissions in N2-Ar, N2-Xe and N2-Ne mixtures: a comparative study[END_REF][START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. Later, the same group showed that lasing action of could also be activated with 800 nm femtosecond laser pulses, but required injection of a seed pulse around 400 nm [START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. This external 400 nm pulse is the counterpart of the 3 rd and 5 th harmonic in the case of mid-IR pumping. Lasing obtained with a pump at 800 nm is particularly interesting because of the wide availability of femtosecond lasers at this wavelength.

In this article, we report on forward lasing effect of in ambient air and pure nitrogen gas pumped by just one pulse at 800 nm, without any external seeding pulse. We attribute the observed lasing lines around 391 nm and 428 nm to a self-seeding effect. Lines around 391 nm and 428 nm have been attributed to
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transitions. Specifically, the 391 nm transition is seeded by the 2 nd harmonic around 400 nm generated by the laser pulses in the plasma. We attribute the 428 nm laser emission dominating at higher gas pressure to the seeding by the super-continuum generated when the intense incident laser pulse undergoes filamentation. It is further found that the gas pressure and incident laser beam convergence play an important role in determining the intensity of the emission lines. We thus confirm the importance of an injection source proposed by Yao et al. to explain the forward stimulated emission between cation states of N 2 and show in addition that several other factors such as gas pressure, nonlinear propagation effects, and the presence of oxygen play a key role for optical gain.

Experimental results and discussion

In the experiment, we employed a commercial Chirped-Pulse-Amplification laser system (Thales, Alpha 100), which provides 45 fs pulses at 800 nm with energy up to 12 mJ per pulse. The laser pulses were focused by a convex focal lens (f = 40 cm, 75cm, or 150 cm) into a gas chamber with variable length. In the experiment, the chamber was first pumped to a pressure as low as 10 -5 mbar and then filled with air or nitrogen gas at different pressures. Visible plasma strings with length of 5 to 30 mm were observed in the gas chamber, with a string length depending on the focal lens, incident pulse energy, and gas pressure. The pulses emerging from the gas chamber after the plasma generation area were first filtered by two color filters (BG 40), which transmit the spectral components shorter than 600 nm but block largely the fundamental pulses and the accompanying super-continuum. The filtered pulses were then focused by a fused silica lens (f = 10 cm) to couple them into a fibre spectrometer (Ocean Optics, HR 4000). A photodiode was also used to measure the radiation intensity. No significant emission was detected in the backward direction in our current experiment, indicating the backward stimulated emission was relative weak comparing to the forward one.

In Fig. 1(a), we present the measured spectrum as a function of gas pressure in air in the case of f = 40 cm. The incident laser pulse energy was 3.5 mJ. A strong narrow-line radiation around 391 nm is observed for a pressure ranging from 20 mbar to 200 mbar. The radiation around 391 nm has been identified previously as the transition between the vibration states v = 0 of second excited state   g B 2 of the nitrogen ions and its ground state [START_REF] Yao | High-brightness switchable multiwavelength remote laser in air[END_REF][START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. We find that the radiation around 391 nm is actually composed of two separated lines at 390 nm and 391.6 nm (Fig. 1(b)). We attribute the peaks at 390 nm and 391.6 nm to the R-branch and P-branch of the
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transition, where different levels of quantum rotation of the molecular ions are involved [13, 14]. A higher spectral resolution is needed to reveal the discrete spectral lines corresponding to different rotation states of the transition. The relative strength of the two lines changes with pressure. At very low pressure, the P branch at 391.6 dominates, while at higher pressure p > 150 mbar the R branch becomes comparable or even surpass the P branch. We performed similar measurement in pure nitrogen gas. The results are presented in Fig. 1(c). Here the incident pulse energy was slightly higher, about 4 mJ. At the lowest pressure p = 4 mbar, a weak broad emission peaked at 400 nm is observed, which will be discussed in more detail later. Under a slight increase of pressure, the lasing radiation around 391 nm appears, grows to a maximum for a pressure around 100 mbar and disappears above 200 mbar. Again, the same alternation between the relative importance of the P and R branch is observed with pressure. In contrast to air, the intensity of the lasing line around 428 nm increases significantly from 100 mbar up to p = 750 mbar and then saturates for p > 750 mbar. The line at 428 nm corresponds to the transition between the vibration states v = 0 of second excited state   g B 2 of the nitrogen ions and its v = 1 ground state   g X 2 [START_REF] Yao | High-brightness switchable multiwavelength remote laser in air[END_REF][START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. A weak radiation peaked around 471 nm, corresponding to the
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transition [START_REF] Yao | High-brightness switchable multiwavelength remote laser in air[END_REF][START_REF] Ni | Harmonic-seeded remote laser emissions in N2-Ar, N2-Xe and N2-Ne mixtures: a comparative study[END_REF], is observed for pressure larger than 450 mbar. However, it does not grow into a strong emission for the pressure range tested. The evolution of the radiation intensity around 391 nm and 428 nm are presented in Fig. 2(a) and 2(b) as a function of pressure. We have repeated the same experiments in pure N 2 with longer focusing conditions. For focal distance f = 75 cm, the intensity dependence of the two lasing lines as a function of pressure is shown in the Fig. 2(c) and 2(d) for incident pulse energy of 3.5 mJ. The lasing emission around 391 nm appears, dominates, and disappears in the pressure range from 1 mbar to 50 mbar. At the same time, the lasing emission at 428 nm starts to show up at 15 mbar, reaches its maximum around 400 mbar, and then gradually decreases up to 1000 mbar. For f = 150 cm no lasing emission was observed around 391 nm for all pressures tested while a relatively weak radiation around 428 nm was only observed for pressure below 80 mbar. We now come back to the broad emission around 400 nm in the case of p = 4 mbar, presented in Fig. 1(d). We attribute the observed broad radiation at 400 nm to the generation of second harmonic. In previous studies, 2 nd harmonic generation in gas media was supposed to be impossible [START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF], due to the isotropy of the medium. However, several groups reported second harmonic by simply focusing a femtosecond laser pulse in gases [15,16]. The mechanism has been attributed to the nonuniform plasma distribution driven by the ponderomotive force or an electric-field-induced third-order mixing [15, 16]. To further check this hypothesis, we filled the chamber with low pressure O 2 , Ar or CO 2 gases. For the three gases, a similar broad emission around 400 nm was observed for pressure below 80 mbar. The harmonic signal appears above an input pulse energy of 2 mJ. It rises with increasing pressure to reach a maximum around 15-30 mbar and then decreases progressively up to 80 mbar. A detailed study on the 2 nd harmonic generation in gases will be published elsewhere.

Also, white-light continuum became visible to human eyes during the experiments for pressures larger than 100 mbar. Above 100 mbar, filamentation occurs under our experimental conditions. Broadband continuum generation accompanying the formation of filaments is a well known phenomenon. The presence of the supercontinuum is only weakly observed in Fig. 1(a) around 490 nm for p > 600 mbar, because the supercontinuum was strongly attenuated by the two BG40 filters. Without filters, we observed that the supercontinuum extends well below 400 nm in the case of p = 1000 mbar both in air and pure N 2 .

We measured the lasing radiation intensity in N 2 as a function of incident laser pulse energy for the two lasing lines. The results are presented in Fig. 3. The chosen nitrogen gas pressures for the two experiments were 100 mbar and 600 mbar for 391 nm and 428 nm, in view of their pressure dependence (Fig. 1(c)). With the current detection system, incident laser pulse energy thresholds around 2 mJ were observed for both lasing lines. This corresponds to the threshold for appearance of the second harmonic. A discussion of this behavior requires proper inclusion of nonlinear propagation effects. Due to nonlinear propagation, there is no simple relation between the incident pulse energy and the local laser intensity in the interaction region where plasma is produced. For instance, at the lowest pressures, the intensity at the focus is fixed by diffraction of the beam, because beam defocusing effects are negligible. The peak incident laser intensity then scales like the incident pulse energy and reaches a maximum value of for a pulse energy of 2 mJ. At such intensities, a large fraction of the molecules are singly ionized. At higher pressures, defocusing of the beam limits the peak intensity. An increase of pulse energy does not change significantly the fraction of ionized molecules but extends the range of ionization (onset of filamentation). In filaments, the peak laser intensity is clamped to a value I ~ 3 × 10 13 W/cm 2 for air or N 2 gas pressure between 200 and 1000 mbar [17].

We now try to explain the evolution of the observed self-seeded lasing effects presented in Fig. 1(c) and compare it with the previous results of other groups. In the previous report of Yao and coworkers, where the incident pulse energy was below the energy threshold (~ 2 mJ) for harmonic generation, population inversion between the   g B 2 state and the   g X 2 state could be achieved [START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. However, external seeding pulse was required to initiate lasing phenomenon [START_REF] Ni | Identification of the physical mechanism of generation of coherent N2 + emissions in air by femtosecond laser excitation[END_REF][START_REF] Yao | Remote creation of coherent emissions in air with two-color ultrafast laser pulses[END_REF]. In our case, the incident laser energy exceeds the threshold energy for 2 nd harmonic generation. As a result, effective 2 nd harmonic around 400 nm is generated (Fig. 1(d)), which serves as the seeding pulse to start the lasing around 391 nm. With pressure beyond 100 mbar, the 391 nm lasing radiation decreases due to the gradual yield decrease of the 2 nd harmonic. At the same time, the lasing activity at 428 nm takes over, thanks to the effective generation of supercontinuum, which gradually approaches 428 nm with increasing pressure. At still higher pressures, for example, p > 750 mbar in Fig. 1(c) and Fig. 2(b), and p > 400 mbar in Fig. 2(d), the lasing intensity saturates or even decreases. At higher pressure, the supercontinuum seed is expected to be stronger. Therefore, this suggests that the optical gain, i.e. the population inversion between the two involved states, decreases at higher pressure.

Finally, we measured the spatial profile of the lasing radiation as a function of nitrogen gas pressure. Results are presented in Fig. 4 in the case of f = 75 cm. In the experiment, a Charge-Coupled-Digital (CCD) chip was installed closely behind the two BG 40 filters to record the spatial profile of the transmitted lasing emissions. In Figs. 4(a)-4(c), the profiles of the lasing radiation around 391nm are shown for gas pressure of 5 mbar, 15 mbar, and 25 mbar. At the lowest pressure of 5 mbar, a Gaussian radiation pattern is observed (Fig. 4(a)). Upon increase of pressure, an outer ring structure surrounding the central spot appears. The outer ring is better seen in the line-cuts shown in Figs. 4(b) and 4(c). For the radiation peaked at 428 nm, a ring structure is observed at all pressures between 100 mbar and 1000 mbar (Figs. 4(d)-4(f)). The divergence angle of the lasing radiation was measured to be ~ 20 mrad in Fig. 4(e). At this moment, we speculate this ring-shaped profile around 428 nm reflects the spatial distribution of the super-continuum seeding pulse, which is emitted in a conical form during laser pulse filamentation [18,19]. Further experimental and theoretical efforts are under progress for a better understanding of this feature. 

Conclusion

In conclusion, we demonstrated that lasing radiation of can be achieved in ambient air or pure nitrogen gas pumped with a single 800 nm femtosecond laser pulse, without a second external seeding pulse. We attribute the initiation of the lasing effect to self-generated seeding pulses, either the 2 nd harmonic or the super-continuum white light. Gas pressure was shown to have a significant role on the lasing intensity and the spatial profile. The discovery of the selfseeded regime of the air plasma lasing pumped by the widely available 800 nm femtosecond pulses simplifies the experimental setup required and may prove useful for applications.
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 1 Fig. 1. (a) and (c), Spectrum intensity of the forward lasing radiations in air (a) and nitrogen gas (c) as a function of gas pressure. The focal length was f = 40 cm. The incident laser energy was 3.5 mJ in (a) and slightly higher, about 4 mJ, in (c). (b) Zoomed spectrum around 391 nm for pressure p = 30 mbar in Fig. 1(a). (d), Zoomed spectrum around 400 nm for pressure p = 4 mbar in Fig. 1 (c).

Fig. 2 .

 2 Fig. 2. Intensity of the lasing radiation around 391 nm (left) and 428 nm (right) as a function of nitrogen gas pressure. The focal length was 40 cm in (a) and (b), 75 cm in (c) and (d).

Fig. 3 .

 3 Fig. 3. Intensity dependence of the 391 nm (a) and 428 nm (b) lasing radiation on the incident laser pulse energy. The nitrogen pressure for (a) and (b) are 150 mbar and 600 mbar, respectively.

Fig. 4 .

 4 Fig. 4. (a)-(c), Spatial profile of the 391 nm emission at different nitrogen pressure. From (a) to (c), the pressure are 5 mbar, 15 mbar, and 25 mbar, respectively. (d) -(f), Spatial profile of the 428 nm lasing radiation. The pressures are 100 mbar, 300 mbar, and 800 mbar from (d) to (f). The angle of view of each panel is 60 × 40 mrad. The white lines on the right of each panel present the vertical line-cut of each intensity distribution on the center. As a final remark, we would like to mention that after the submission of our manuscript we became aware of two other independent works reporting self-seeded lasing action in pure nitrogen or air [20, 21]. Wang T-J et al. observed forward lasing at 428 nm in a filament formed in air and attributed it to the filament-induced white light [21]. Chu W. and coworkers observed the 391 nm and 428 nm lasing in air and pure nitrogen gas as well as a donut-shaped lasing emission profile at 428 nm [20].
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