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Abstract Air lasing refers to the coherent emission produced with air as the gain medium. Air lasing has numerous
advantages such as high directionality, high coherence, high intensity, and free-space propagation. Therefore, air
lasing provides a novel pathway for remote sensing. Air lasing, which is generated by the interaction between a
strong ultrafast laser and atoms or molecules in air, includes many new strong-field effects. In this paper, we
reviewed the major advances in air lasing in recent years. First, generation methods and basic characteristics of three
types of air lasing were introduced. Next, new physical effects involved in air lasing were revealed based on two
aspects, gain mechanism of molecular nitrogen ion lasing and quantum coherence. Moreover, applications of air
lasing in remote sensing were discussed. Conclusively, the research significance of air lasing was summarized, and
the opportunities and challenges in this topic were highlighted.
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Fig. 1 Generation mechanism and basic properties of oxygen atomic lasing® .

(a) Schematic of oxygen atomic lasing

pumped by a 226 nm ultraviolet picosecond laser; (b) the spectrum of oxygen atomic lasing measured from backward

direction along the pump laser propagation path, and the inset shows the far-field profile of backward oxygen atomic

lasing; (c¢) the backward coherent emission versus the side incoherent emission integrated over the solid angle of 47

steradians
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Fig. 2 N, lasing produced by collisional excitation of excited argon atoms

291 (a) Energy-level diagram of N, lasing

produced by the collisional excitation of excited argon atoms (Ar” ); (b) spectrum of fluorescence from the 0.1 MPa

nitrogen gas induced by 3.9 pm laser pulses, these radiations correspond to the electronic transition from C state to

B state of nitrogen molecules, and the corresponding vibrational levels are assigned; (c¢) spectrum of backward N,

lasing from the gas mixture of 0.1 MPa nitrogen and 0.5 MPa argon
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Fig. 3 N lasing produced by electron impact excitation. (a) Electron impact excitation cross sections for B state and C state

of N, molecules, electrons residing in the shaded region are capable of producing population inversion™; (b)

backward emission at 337 nm induced by the 9.3 m]J and 800 nm femtosecond laser pulses as a function of the angle

of the quarter wave plate, angles 0°, 90°,

135°,

180°, 270° correspond to the linearly polarized light, whereas angles 45°,

225°, 315° correspond to the circularly polarized light®” ; (¢) spectrum of forward 337 nm emission induced

by 10 J, 10 ps and 1053 nm laser pulses, and the inset shows the far-field profile of the third harmonic of the pump

beam®™" ; (d) spectrum of forward 337 nm emission induced by 8 mJ and 3.9 pm laser pulses, and the inset shows

a far-field beam profile of 337 nm emission
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by amplification of the probe laser in molecular nitrogen ions®? ; (¢) spectrum of Nj lasing at the wavelength of

428 nm produced by amplification of the probe laser in molecular nitrogen ions™?
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Fig. 9 Ny lasing produced by near-infrared (800 nm) and mid-infrared (1580 nm) pump lasers

B3 (a) N lasing spectra

produced by near-infrared (NIR) and mid-infrared (MIR) pump lasers as a function of the time delay between two

pump lasers, the positive delay indicates that the NIR pump laser is ahead of the MIR pump laser, and the inset

shows the comparison of spectra captured at time delays of 0.3 and 1.3 ps with that generated with the single NIR

laser; (b) energy-level diagram of the resonant excitation with two pump lasers for generating 391.4 nm lasing

radiation; (c) the dynamic evolution of coherence between each pair of electronic states caused by the NIR and MIR

pump lasers and the injection moments of two pump lasers are denoted by arrows
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nitrogen gas and 20-kPa argon gas in the same conditions®® ; (¢) measured probe spectra as a function of the pump-

probe delay when injecting an ultraviolet probe laser into Nj ions produced with the 1580 nm pump laser®” ;

(d) the comparison of the probe spectra measured at the time delay of z,, ¢, and ¢, "™
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scattering produced with N; lasing;
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. (a) Schematic of the experimental setup for high-order Raman

(b) spectra of high-order rotational Raman scattering produced by the

interaction of N3 lasing with coherently excited CO, and O, molecules, and the inset shows the spectrum and the

spatial profile of N5 lasing
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