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Air lasing is a concept based on the utilization of the common air as a gain medium in a mirrorless impulsive 
laser source [1]. Several schemes for air lasing are being actively investigated, motivated by its tremendous potential 
utility for remote sensing in the atmosphere. One of the approaches that can be potentially implemented at long 
stand-off distance is based on optical pumping by intense femtosecond laser beams propagating in filamentation 
regime in air [2]. These intense laser pulses lave in their wakes traces of ionized air molecules that include singly-
ionized nitrogen molecular ions N2

+. It has been shown that, in this case, an optical gain can be observed on the UV 
electronic transitions of N2

+, with emissions at 391 nm and 428 nm. However, the physical mechanism of the gain 
responsible for those emissions has been very controversial. In fact, there have been three recent high-profile 
publications that suggested three different gain scenarios [3-5].  

In this contribution, we report high-resolution spectroscopic studies of the lasing at 428 nm wavelength in the 
N2

+ ions under femtosecond laser pumping [6]. Our data show that the rotational degree of freedom of the N2
+ 

molecular ions is crucial to the generation of optical gain in this system. The population inversion occurs only 
between subsets of the rotational states within the upper and lower lasing levels, which have distinctly different 
rotational temperatures. This new rotational gain mechanism can be universally applicable to different molecular 
species.   

 

Figure. Left: Experimental data for spontaneous emission detected from the side, in the case of pumping 4 torr of pure nitrogen with 2 mJ, 
60 fs laser pulses at 1,500 nm wavelength. The tabulated values of the wavenumber for different rotational transitions are marked with 
vertical dashed lines. The corresponding values of the rotational quantum number N'' in the lower emission state are shown next to the 
individual lines. Spontaneous emission peaks at N'' = 6. Middle: Spectrum of the self-seeded stimulated emission measured in the forward 
direction. The R-branch emission, which comprises the transitions with the change of the nuclear angular momentum quantum number N 
number of -1, is shown in the main figure. The inset shows the full emission spectrum including both P- and R-branch emissions. 
Stimulated emission peaks at the N'' value of 12, which is larger than the peak value for spontaneous emission. Based on the ratio of the 
stimulated emission signals on the adjacent spectral lines in the R branch, we estimate the peak value of the total gain, in the 1 mm-long 
interaction zone as 64, corresponding to the lower-bound estimate for the peak exponential gain per unit length on the strongest R-branch 
line of about 40 cm-1. Right: Illustration of the rotational gain mechanism. Spontaneous emission always peaks at the maximum of the 
rotational distribution in the upper emission level, while stimulated emission peaks at the maximum of the difference between the rotational 
distributions in the upper and lower levels. Gain occurs on a sub-set of the rotational states even when the net population inversion between 
the upper and lower lasing levels is negative. 
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