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Abstract: Inducing and controlling lasing in the open air is an intriguing challenge. Recent experiments on laser filamentation in the air
have demonstrated generation of population inversion and lasing on the 391 nm and 428 nm lines in the nitrogen ion, which correspond to
transitions between its second excited B2Σ+

u and the ground X2Σ+
g electronic states. Importantly, lasing at these transitions appears to be a

very general effect, arising during filamentation of virtually any incident radiation, from visible to mid-infrared. We analyze the possible
mechanisms that can be responsible for the generation of the population inversion between the B2Σ+

u and X2Σ+
g states of N+

2, focusing on
the interplay between tunnel  ionization of  neutral  nitrogen to  different  electronic  states  of  the ion,  ultrafast  laser  driven electronic
excitations in the ion, molecular vibrations, laser induced alignment and rotations. We show how the combined action of all of these
mechanisms can enable population inversion in B2Σ+

u . 

Several experiments have shown that a tightly 
focused laser beam in air produces bright emission 
lines in the forward emission direction, in particular 
at 391 nm and 428 nm. These wavelengths 
correspond to transitions between the second excited 
(the B2Σ+

u state) and the ground (the X2Σ+
g state) 

states of the N2
+ molecule [1] (see figure). 

By now, several competing explanations of the 
underlying process of this exciting experimental 
observation have been offered. The proposed 
mechanisms  are, however,  specific to the laser-
driven electronic and vibrational dynamics in the 
nitrogen molecular ion and seem to be dependent on a
delicate interplay of the wavelength, the intensity, and
the duration of the laser pulse, in contrast to the 
experimental observations. Moreover, the attempts to 
provide a unifying physical picture, that  supports the 
experimental findings [2-4], do not report sufficient 
gain to support spontaneous unseeded lasing.

Besides being a fascinating unresolved physics 
problem, the complete understanding of this 
phenomenon, and its control, is of practical relevance 
as it offers important practical applications, e.g., in 
the field of remote sensing.

We propose a mechanism that explains the population
inversion between the B2Σ+

u state and the X2Σ+
g state 

and is based on the combined effect of several 
processes: (i) tunnel ionization of neutral nitrogen to 
the different relevant ionic states, using angular-
resolved strong-field ionization rates calculated 
numerically for the nitrogen molecule, (ii) laser-
induced ultrafast electronic excitations in the ion, (iii)
molecular vibrations, (iv) alignment of the molecule 

induced by the strong laser pulse, and (v) molecular 
rotation upon ionization. 

We  find  that  the  strong  laser  field   creates  a  ro-
vibrational  `conveyor  belt'  carrying  the  population
away from the ground electronic state and enabling
population inversion in the high rotational  states of
the  excited  B2Σ+

u state.  Our  results  show  that
population inversion is not a pre-requisite, but rather
that lasing without inversion is possible, thanks to the
coherent rotational dynamics in the cation. This new
rotational mechanism is not specific to the nitrogen
ion  and should facilitate gain in other systems.  

Figure i : Sketch representation of the two emission lines 
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