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Air lasing is a concept that refers to remote no-cavity (mirrorless) optical amplification in ambient air with the air
constituents as the gain media. Due to the high potential of air lasing in view of applications in atmospheric sensing, a
variety of pumping schemes have been proposed so far for building up population-inverted gain media in air and producing
forward and/or backward directional lasing emissions. This review paper presents an overview of recent advances in the
experimental observations and physical understanding of air lasing in various pumping schemes of air molecules by intense
laser fields. Special emphasis is given to the strong-field-induced N2+ air lasing, the mechanism of which is currently still

in a hot debate.
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1. Introduction

Since the first ruby laser was demonstrated in 1960, there
have been enormous requirements for a variety of coherent
light sources in a broad spectrum of fields covering science
and engineering.!!?! In environmental science, there has been
a large amount of research efforts aiming at measuring at-
mospheric trace species over a long distance. The ability to
control the generation of coherent light source with differ-
ent frequencies at a designated location would provide a new
strategy to meet the pressing needs of various environmen-
tal issues from monitoring global warming and stratospheric
ozone depletion to early detection of nuclear reactor radiation
leak and biological treat agents in air.[>* Thanks to the rapid
progress of high-power ultrafast laser technologies in the last
two decades,®! a so-called “air lasing” concept based on the
filamentation of intense femtosecond laser pulses in air was
proposed, ®) which provides the possibility for remote gen-
eration of no-cavity optical amplification in the population-
inverted constituents of air at a desired distance.

Laser filamentation is a unique nonlinear optical phe-
nomenon resulting from the propagation of powerful fem-

(78] In air,

tosecond laser pulses in transparent optical media.
the laser intensity inside the filament core is clamped to a
nearly constant value of 50-100 TW/cm?,>>!% which ranges
from centimeters to tens of meters at a far distance.!!"1?] The
high-intensity laser field can induce ionization and fragmen-
tation of molecules in the laser propagation path, giving rise

to characteristic optical emissions from the ionized or frag-

DOI: 10.1088/1674-1056/ab47f5

mented molecules.!'>~15] Interestingly, it was demonstrated
that some of the ionized and fragmented particles from parent
molecules such as N, CHy4, and H,O inside the filament core
can be populated inverted, resulting in amplification of inco-
herent (e.g., fluorescence) or coherent (e.g., supercontinuum
or harmonics) light.[®19-29] Since the high-intensity filament
in air can be projected at a far distance and is hardly disturbed

even in adverse environments, 2123

creation of population-
inverted air molecules by femtosecond laser filamentation has
been regarded as a promising step towards the remote gen-
eration of bright directional radiation, called air lasing, in
the atmosphere. Different from conventional laser schemes,
air lasing is a concept that enables remote no-cavity (mir-
rorless) optical amplification in ambient air with the air con-
stituents as the gain media, which holds three unique prop-
erties: (i) remote generation of optical gain in air molecules,
(i1) no-cavity required for optical amplification, and (iii) in-
coherent/coherent directional radiation opposed to (backward)
and/or along (forward) the pump laser propagation direction.
Air lasing was first proposed in the early 2000’s by Chin’s
group from the observation of amplified spontaneous emission
(ASE) in a femtosecond filament, in which the intensity of the
backward scattered fluorescence from the C3I'IU—B31'Ig transi-
tion of Ny at 357 nm showed an exponential dependence on
the input laser energy (filament length).[®) The optical gain
was measured to be about 0.3 cm~!,®) which showed a strong
spatial dependence.?*! After the first observation of filament-

induced ASE in air, such exponential increase of fluorescence
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as a function of the filament length was subsequently observed
for a number of fragmented molecules such as CH from the
mixture of air and hydrocarbon molecules CHy, CoH;, and
C,H,,!"81 and OH and NH from water vapor H>O in air,!!%%0]
and CN from the ethanol-air flame.?>! Furthermore, narrow-
band lasing lines from backward or forward directions along
the pump laser propagation path have been demonstrated with

atomic oxygen (O) and nitrogen (N),[?6-281

neutral and singly-
ionized nitrogen molecules (N», N2+ ),[6:16.17] and jonized car-
bon oxides!*! as gain media.

In this review, we will present an overview of recent re-
search progress in the experimental observations and physical
understanding of air lasing in various pumping schemes. We
will focus on air lasing produced from the two most abundant
atmospheric constituents, i.e., nitrogen and oxygen molecules
by intense laser fields, while for that from other molecules, the
readers can refer to a few available review papers. 1339311 Tn
addition, the discussion in this review will not only be lim-
ited to air lasing induced by femtosecond laser filamentation,
but also include the air lasing phenomena produced at low
gas pressure by strong laser field in the absence of laser fil-
amentation. Different from the filamentation case where the
clamping effect in the filamentation process limits the mod-
ulation of the laser intensity, the laser intensity in the latter
case can be varied in a large range, so that many nonlinear
optical effects in the filamentation regime could be excluded
during the discussion of air lasing, providing a benefit in un-
derstanding of the underlying mechanism of air lasing induced
by strong-field excitation. The context is organized as fol-
lows. We begin with the lasing actions observed from the
O and N atoms with the pump of air molecules by intense
picosecond/nanosecond laser pulses in the ultraviolet (UV)
spectral range, which is followed by the introduction to re-
cent progress in N; lasing driven by near-infrared femtosec-
ond laser pulses. We then give an overview of N2+ lasing in a
number of pumping schemes of N, molecules by near-infrared
and mid-infrared intense laser fields, with a special emphasis
on the understanding of its physical mechanism. Lastly, both
current challenges and a future outlook are given.

2. Atomic air lasing pumped by deep-ultraviolet
laser pulses

High optical gain on the transition between the 3p *P—
3s 3S levels of oxygen atoms in air induced by a 226-nm and
100-ps laser pulse was experimentally demonstrated in 2011
by detecting the forward and backward 845-nm emissions
along the pump laser propagation.[?®) The measured pulse du-
ration of the backward-propagating 845-nm emissions is about
300 ps, which is two orders of magnitude shorter than the flu-
orescence lifetime (about 36 ns) of the 3p 3P level.’? The
measured optical gain is larger than 60 cm™!. The mechanism

of the gain was ascribed to the two-photon dissociation of the
oxygen molecules followed by two-photon-resonant pumping
of the atomic oxygen fragments by the 226-nm intense laser
light, as shown in Fig. 1(a). That is, the intense UV pump
laser plays two roles in the generation of ASE-type oxygen air
lasing: (i) dissociation of oxygen molecules, and (ii) building
up the population inverted oxygen through two-photon excita-
tion of the resultant oxygen atoms.

225 3
a m N 3p °P
@ % OB?E’:}N P_ p,f;s nm
22,
Srger @ i R
02% 226 nm
o 2p%
O* O atom excitation

1000

300

10
200+
05

00
80 625 850 675 900
100 - Wavelength (nm)

800

80
.

o - :
o

Oxygen

200

Backward energy (nJ)
Backward energy (nJ)

Forward energy (nJ)

Oxygen

0 1 2 3 4 5 6 0 ; ‘2 ‘3 4 5 6
Pump energy (mJ) Pump energy (mJ)

Fig. 1. (a) Schematic diagram for the oxygen atomic lasing pumped by the
266-nm laser.[?] (b) Energy output of the backward and forward air lasing in
the absence of the dissociating pulse, and (c) that of the backward air lasing
in the presence of the dissociating pulse, as a function of energy of the deep-
UV pump pulse, for the case of atmospheric oxygen emission. Inset in (b):
the spectrum of backward air lasing; and inset in (c): the far-field intensity
profile of the generated backward-propagating laser beam. 33!

However, the threshold of atomic oxygen lasing in-
duced by deep-UV pumping is as high as a few hundred of
GW/cm?,1261 which would limit the performance of this ap-
proach at a standoff range.’*! To lower or even eliminate
the lasing threshold, a pre-dissociation air lasing scheme was
proposed, ¥ in which an additional nanosecond laser was
used to dissociate air molecules, and then the resultant atomic
oxygen and nitrogen were excited by a tunable deep UV laser
source through two-photon absorption. In this experiment,
both the dissociation and the pump laser sources were operated
at the 6-ns pulse duration and repetition rate of 10 Hz. The dis-
sociating pulse firstly generates neutral atomic fragments by
the high-energy electron impact and after a few microseconds,
the focused pumping pulse reaches the interaction zone to ex-
cite the atomic fragments, resulting in bidirectional coherent
emissions. As an example, the thresholds of atomic oxygen
lasing in the absence and presence of the dissociating pulse
are shown in Figs. 1(b) and 1(c), respectively. The wavelength
of the pump was set at 226 nm. Figure 1(b) clearly shows that
when the dissociating laser is turned off, the thresholds of both
the forward and backward lasing emissions at 845 nm (see
inset of Fig. 1(b)) are high, in hundreds of GW/cm?. While
when the dissociating laser is turned on, it can be seen from
Fig. 1(c) that the lasing threshold is significantly decreased,
resulting in a virtual elimination of the lasing threshold that
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is below the measurement uncertainty and thus cannot be reli-
ably quantified.!

Similar experiments for atomic nitrogen air lasing were
also performed by dissociating nitrogen molecules and sub-
sequently pumping of the atomic nitrogen through two-photon
excitation. 33! The low-threshold lasing of nitrogen atoms with
the transitions between the 3p “D® and 3s *P states at 870 nm
and that between the 3p #S® and 3s *P states at 745 nm were
investigated with the 211 nm and 207 nm pump lasers, respec-
tively. Low-threshold forward and backward emissions were
achieved, showing that the approach is feasible for generating
air lasing on a variety of transitions of oxygen and nitrogen
atoms fragmented in air. 3]

3. N; and N;r air lasing driven by intense laser
fields

It is long known that the air molecules exposed to in-
tense laser fields can give rise to characteristic optical emis-
sions, which are mainly assigned to two spectral band sys-
tems: the second positive band system of Nj (C31'Iu—B3Hg
transition) and the first negative band system of N (B2r)-
Xng transition).3*] Recently, it has been demonstrated that
the optical emissions from both N, and N; can be ampli-
fied inside the plasma channel, resulting in narrow-band lasing

616,171 1 this section, we will overview the recent

emissions. !
progress in N, and N3 lasing driven by intense femtosecond

laser pulses in various pumping schemes.

3.1. N, lasing actions

Since the first demonstration of the gain on the C3IT, —
B3Hg transition of N, in an air filament by detecting the
backward ASE,[%3 a variety of pumping scenarios have
been proposed for enhancing the N, lasing emissions, such
as the gain-swept superradiance*®! and the “igniter-heater”
configuration.3’4%1 Experimentally, a significant enhance-
ment of the backward ASE-type N; lasing driven by a mid-
infrared femtosecond laser filament was then realized in an
Ar-N, gas mixture.[*!l The experiment was carried out at
a distance above 2 m with mid-infrared, 4 pm wavelength
pulses. By focusing the 80 fs/8 mJ mid-infrared laser pulses
in the mixture of 1-bar N, and 5-bar Ar gas, backward lasing
actions induced by filamentation of the laser pulses were un-
ambiguously observed. Two strong narrow-bandwidth lines at
357 nm and 337 nm, assigned respectively to the C*I1, (V' =
0)-B3M, (v =1) and C3I, (V' = 0)-B%II, (v =0) tran-
sitions, appeared in the backward spectrum (see Fig. 2(a)).
These two lines are much narrower than the fluorescence
bands,?* showing a clear evidence of ASE-type lasing action.
As shown in Fig. 2(b), the mechanism behind the population
inversion in Ny was attributed to resonant excitation transfer
from the excited Ar atoms to N, molecules, where the excited

Ar atoms are produced by a two-step collision process.*!]
The measured output energy of the backward lasing emissions
can reach to 3.5 uJ with an energy conversation efficiency of
~ 0.5%, which could be employed for sensing trace species
by stimulated Raman spectroscopy.+?!
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Fig. 2. (a) Spectra of backward lasing emissions from the 1 bar of N, and
5 bars of Ar mixture induced by filamentation of mid-infrared, 4 um wave-
length pulses at a distance above 2 m, and (b) excitation and energy-level
diagram of the backward ASE-type N lasing.[*!]

The gain dynamics of the backward N, laser generated
in an Ar-N; mixture were subsequently investigated based on
pump—probe measurements using 800-nm femtosecond laser

s.143] After the creation of population inversion, the weak

pulse
probe pulse reached the interaction zone to quench the N las-
ing signal by kicking off N, molecules from the state C>IT,,.
The gain duration could be finely tuned by changing the de-
lay between the pump and the probe. It was demonstrated that
the minimum gain duration of about 0.8 ns is required under
this experimental condition for the occurrence of the backward
lasing signal by comparing the gain dynamics between the for-
ward and backward lasing actions.[*?]

The generation of the intense backward N, lasing emis-
sion in the circularly-polarized femtosecond laser fields was
also demonstrated. [44#] Figure 3(a) shows backward emis-
sion spectra of the pure N, gas induced by circular- and linear-
polarized laser filaments (800 nm/50 fs/9.3 mJ) at the atmo-
spheric pressure.[**l It can be seen that the 337-nm spectral
intensity in the circularly-polarized case is higher by one or-
der of magnitude than that in the linearly-polarized case. By
changing the angle of optic axis of the quarter wave plate, it
was found that the 337-nm signal intensity decreases dramati-
cally as the laser polarization state varies from circular to lin-
ear, as shown in Fig. 3(b).

The dramatic enhancement of backward N, fluorescence
in the circularly-polarized laser field was explained based
on the ASE phenomenon with the population inversion of
N, induced by the inelastic electron impact excitation.[*+43]
To verify this, the electron kinetic energy distributions in
the linearly- and circularly-polarized laser fields were calcu-
lated, as shown in Figs. 3(c) and 3(d), respectively.*?] In the
linearly-polarized laser fields, the kinetic energy distribution
reveals that most electrons produced by ionization of N, have
the energy below 1 eV, while in the circularly-polarized laser
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field, the electrons produced from the photon ionization would
be further accelerated by the laser field, leading to the higher
kinetic energy with the distribution peaked at ~ 14.6 eV.
The produced high-energy electrons in the circularly-polarized
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case enable more efficient excitation of N, from the ground
X!%, state to the C3I1, state than to the B*T1, state due to the
larger collision cross section of the XlZg—C3l'Iu transition in
the energy range of 10-20 eV.[4”]
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Fig. 3. (a) Spectra of backward N, emission for the circular (red) and linear (black) laser polarizations, at 9.3-mJ pulse energy, (b) the
337-nm emission signal vs. the rotation angle of the quarter wave plate, where the angle 0° corresponds to linearly polarized light.[#4!
(c) and (d) Calculated electron energy distributions in the cases of (c) linearly and (d) circularly polarized laser pulses at the laser

intensity of 1.4 x 10'* W/cm? 146l

It was further confirmed that the population inversion of
N, was indeed established in the circularly-polarized laser
field by investigating the external seeded lasing action of
N, molecules in the forward and backward directions. #8511
However, the lasing intensity and pulse duration showed ob-
vious difference behaviors for the forward and backward con-
ditions, which may result from the finite gain lifetime and the
traveling excitation scheme as well as the temporal dynamics
of the electron—neutral collisions.3%->11

It should be emphasized that O, molecules play a neg-
ative role in the Ny lasing actions in air due to the collision
reaction Ny (C°T1,)+ O, = N; (X!'Eg)+ O + O, which leads
to a significant reduction of the N, population on the C3IT,
state.[? It was demonstrated that when the concentration of
0O, molecules exceeds 15% in the mixture of N, and O, gas,
with the pumping of 9.3 mJ incident laser energy, the inten-
sity of the backward 337-nm emission of Nj by the circularly
polarized light is reduced to the level close to that obtained by
the linearly-polarized laser.#*!

Recently, the forward N, coherent emission at 337 nm
was also investigated in the pure N, gas or in ambi-
ent air using a linearly-polarized picosecond laser pulse
(1053 nm/10 ps/10 J).131 When the laser pulse was focused
in air to form an air filament, third harmonic (TH) was gener-
ated, whose spectrum covers the transition between the 311,
(v =0) and B3Hg (v = 0) states. Harmonic-seeded amplifi-
cation occurred, giving rise to a strong forward lasing emis-

sion at 337 nm. The population inversion between the C3IT,
and B>I1, states in N, was ascribed to the collision excita-
tion by the hot electrons generated during the laser-induced
breakdown of air molecules. It should be pointed out that with
this pumping scheme, since the gain medium was seeded by
the TH of the pump laser, the lasing emission occurred on the
timescale defined by the incident laser duration of 10 ps.

3.2. Nj lasing actions

Another important research topic in air lasing is the for-
ward lasing in Nz+ induced by strong-laser pulses. In 2011, it
was observed that forward high-brightness narrowband emis-
sions at 330 nm, 357 nm, 391 nm, 428 nm, and 471 nm,
corresponding to different vibrational transitions between the
B%X; and X2zg+ states, can be achieved by producing a fil-
ament in air using a wavelength-tunable optical parametric
amplifier (OPA) laser system.['®! This phenomenon was as-
cribed to ultrafast establishment of population-inverted N;r by
strong laser fields, followed by the amplification of the self-

116541 However, in the

generated harmonic seed in the filament.
strong-field ionization theory, it is commonly accepted that the
ionization would leave most of ionized nitrogen molecules on
the ground state. >8] Since the above observation was seem-
ingly contradictory to the strong-field theory, considerable ef-
fort has been made to clarify the mechanism responsible for
the narrow-band forward emissions of N; induced by strong

laser fields.
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Since in the self-generated harmonic seed scheme,!'®! the
self-generated harmonic in the filament is temporally over-
lapped with the mid-infrared driven laser, the delay time be-
tween the pump and the self-generated seed cannot be eas-
ily modified, making it difficult to examine the dynamics of
lasing emission of N; . Therefore, the coherent emission of
N2+ was subsequently investigated based on a pump-—probe
scheme, in which the 800-nm fundamental light from a Ti:
sapphire laser system was employed as the pump to prepare
the population inversion in N and its second harmonic gen-
erated by frequency-doubling was used as the probe to be

(591 By manipulating the propagating direction of

amplified.
the pump and the probe, spectral property, and intensity of
the probe pulse, some parametric processes such as four-wave
mixing and stimulated Raman scattering were excluded as the
origin of coherent N2+ emissions at the 800 nm pump condi-
tion, and the population inversion was regarded as the most

(601 By measuring the forward externally-

possible mechanism.
injected seed-amplification lasing spectra, one could obtain
much information such as gain dynamics!®'-%* and remote
characterization of rotation coherence, %! and population den-
sities and dynamics in different rotational levels,®*~7!] which
is significant for understanding the mechanism behind the es-
tablishment of the optical gain and achieving the coherent con-
trol of the N2+ lasing.[7>=73]

The above mentioned OPA laser has a low laser energy
output, making it hard to generate a filament at a remote
location, while the pump—probe scheme has a difficulty to
temporally and spatially overlap the two pulses over a far
distance. A variety of pumping schemes for generation of
N2+ air lasing have been proposed to overcome the above
drawbacks.!!7-76-821 For example, it was demonstrated that
the N; lasing emissions could be generated using a single
800-nm Ti: sapphire femtosecond laser pulse, in which the
self-generated white-light produced by self-phased modula-
tion served as the seed,!!”-70-811 and the laser energy output
up to micro-joule level for the B2L) (V/ = 0)— X?E) (v=1)
transition at 428 nm was realized.®!! In addition, in order to
overcome strong signal fluctuation of air lasing introduced by
the self-generated white light, a co-axial dual-color femtosec-
ond laser field (800 nm fundamental laser and its second har-
monic) was proposed to generate air lasing at extended dis-
tances. In this case, the dual-color laser field was generated by
inserting a barium borate crystal in the propagation path of the
800-nm fundamental Ti: sapphire pump laser pulse,®? and
the N lasing in air was unambiguously achieved, as shown in
Fig. 4. The inset of Fig. 4 shows that the lasing signal has a
nearly linear polarization that is parallel to that of the 400 nm
seed.

It should be pointed out that even though the N; las-
ing actions induced by strong-light excitation has been ex-

tensively investigated in the past decade, the physical mech-
anism responsible for the population inversion of NJ is

still hot discussed with a variety of physical pictures, such

[83,84]

as field-induced multiple recollision, post-ionization

multiple-state coupling,[83-87] transient inversion due to rota-

tion coherence,[88] different rotational distributions between

5,189 [90-92]

two states,[®”! and near-resonant Raman amplification.

Here we will only focus our discussion on the contribu-
tions from field-induced multiple recollision!®*34 and post-

[85-87

ionization multiple-state coupling, I which have attracted

more attention among the above proposed scenarios.
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Fig. 4. Forward lasing spectrum produced by a coaxial 800 nm+400 nm
laser pulse in air. Inset shows the measured (dot) and fitted (solid line)
coherent characteristics of the narrowband signal at 391 nm. 82!

In 2015, it was proposed, by comparing the ellipticity ef-
fect of the pump laser on air lasing with that of high-order har-
monic generation (HHG),!”?! that the field-induced multiple
electron recollisions could play an essential role in achieving
the optical gain of N;r 83341 In this scheme, in the linearly po-
larized pulse case, after tunnel ionization the electrons driven
by the laser field move back and interact with the parent ion
by inelastical impact, leading to efficient transfer of the N2+
population from the ground Xng state to the excited B2X;
state, and creating the gain on the B2L} —X2Zg transition of
N;r . It was further demonstrated that the N2+ lasing intensity
was extremely sensitive to the duration and wavelength of the
driven laser pulses, which was ascribed to the interference of
dipolar moments of N; created by electron recollisions. (941
However, by reexamining the ellipticity effect of the

91 it was

pump laser on air lasing under different conditions,|
recently demonstrated that the N; gain and HHG behave dif-
ferently as the ellipticity of the driven pulse changes, from
which it was concluded that the electron recollision does not
play a dominant role in building up the population inversion of
N3 .1 More recently, the 428-nm lasing action of NJ was in-
vestigated by using a bicircular two-color (BTC) femtosecond

laser pulse, [°®! and similar lasing results were observed for the
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co-rotating and the counter-rotating BTC driving fields. Since
the field-induced electron recollision is suppressed in the co-
rotating BTC field as compared to that in the counter-rotating
field, it was also concluded that the electronic impact makes
a minor contribution to the population inversion of NJ. The
controversial issue of the above mentioned recollision mecha-
nism for N2+ air lasing remains to be understood.

Meanwhile, a pumping scheme based on post-ionization
multiple-state coupling, as shown in Fig. 5(a), was also pro-
posed in 2015.18586] In this scheme, after the strong-field ion-
ization by the most strongest central part of the pulse, the rear
part of the laser induces multiple state couplings among the
lowest three states, Xng, A?T1,, and B2Z] of N2+ , which en-
able efficient depletion of the population on the XZEg+ state,
resulting in gain on the B*L,/—X*L} transition of N . Fig-
ure 5(b) shows a typical lasing spectrum induced in air by
few-cycle laser pulses (6 fs/0.2 mJ/800 nm). The white light
produced from self-phased modulation serves as the seed to
be amplified in the population-inverted N; system, resulting
in the forward coherent emission at 391 nm. With the above
experimental conditions, the numerical simulation of multi-
ple state coupling was performed. As shown in Fig. 5(c), the
theoretical results of the time-dependent populations on the
three electronic states suggest that the intermediate state A%I1,
serves as the population reservoir to accept the population
transferred from the ground state.!®3! The effects of the pulse
duration!®! and the wavelength[®] on the post-ionization cou-
pling were also investigated.

(a) (b)
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Fig. 5. (a) Schematics of the ionization and coupling concept for the pop-
ulation inversion in N2+, (b) forward spectrum of air lasing induced by a
few-cycle laser pulse, and (c) numerical simulation of time-dependent pop-
ulations in the three electronic states, in which the few-cycle laser field (grey
curve) is presented for comparison. (%3]

Interestingly, the coupling model®! can well explain the

molecular alignment effect on the N;r lasing,®”! in which

the Np molecules were first aligned by a weak laser pulse
(50 £s/800 nm/34 pJ) and then pumped by a strong few-cycle
laser pulse (6.3 fs/800 nm/49 wJ). As shown in Fig. 6 (a), the
intensity of the generated lasing emission at 391 nm could be
enhanced or suppressed by finely adjusting the delay time 7
between the alignment pulse and the pumping pulse whose po-
larization directions were set to be parallel with each other. In
addition, the lasing intensity (Fig. 6(b)) showed a cosine de-
pendence on the angle a of the polarization direction of the
alignment pulse with respect to that of the pumping pulse. It
was discussed that the modulation of the lasing signals is not
from other effects such as the change in nonlinear refractive in-
dex induced by the molecular alignment.®’! As shown by the
red lines in Fig. 6, numerical simulation based on the model
of post-ionization light-induced coupling combined with the
time-dependent rotational motion of N> reproduced the experi-
mental results, which supports the idea that the post-ionization
multiple-state coupling effect plays an essential role in build-
ing up the population inversion between the BZEIT and Xng
states of NJ .
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Fig. 6. (a) Measured (black line) and simulated (red line) 391-nm lasing in-
tensity as a function of the delay time 7 between the alignment and pumping
pulses, and (b) measured and simulated 391-nm lasing intensity as a func-
tion of the angle o between the polarization direction of the alignment pulse
and that of the pumping pulse.®”!

It is known that the ionization of N, preferentially occurs
when the molecular axis is parallel to the polarization direction
of the driven laser polarization due to the orbit symmetry, 3]
but in the coupling model the optical coupling between the
A1, and X22g+ states would be more efficient when the
molecular axis is perpendicular to the polarization direction
of the driven laser polarization due to the perpendicular tran-
sition. Therefore, it was expected that the lasing intensity of
N;r would be sensitive to the polarization state of the rear part
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of the driven laser.[®”! Recently, the post-ionization coupling
effect on the N; lasing was investigated®! using an intense
laser pulse, whose polarization can be modulated in time by
a so-called polarization gating (PG) technique.!'®") With the
PG setup shown in Fig. 7(a) to modulate the polarization state
of the laser pulse, a significant enhancement of the lasing in-
tensity was observed in the PG pulse case, as compared with
that in the linearly-polarized pulse case. In contrast, under
the same experimental condition, fluorescence measurement
revealed that the population on the excited state BZZSr in the
PG laser field is lower than that of linearly polarized pulse.
The enlarged gain was ascribed to the stronger coupling be-
tween the ground state XZZQ and the intermediate state ATT,
due to the existence of the perpendicular laser part in the PG
pulse, which made an efficient population transfer from XZZQ
to A’I1,. Numerical simulations based on the coupling model
reproduced the experimental results.

Three-state
Coupling
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Fig. 7. (a) Schematic diagram of the polarization gating, where HWP stands
for a half wave plate, and OA is the optical axis of the multiple order quar-
ter wave plate (MQW) and that of the zero-order quarter wave plate (ZQW).
The angle 0 is the angle between the OAs of MQW and ZQW. (b) The inten-
sity of the 391-nm lasing (filled red circle) and that of the 391-nm fluores-
cence (open green circle) induced by the polarization-modulated pulses. !

Furthermore, it was found that the lasing and fluores-
cence emission signals showed different dependences on the
ellipticity of the rear part of the pumping laser, as shown in
Fig. 7(b). The constant intensity of the fluorescence was as-
cribed to the constant population in the excited BZZf{ state in
the entire range of 6, implying that the ionization only occurs
in the central part of the PG pulse, and is not sensitive to the
polarization state of the rear part of the pumping laser pulse.
The constant fluorescence also implies that the collisional ex-
citation by free electrons is negligible in the PG case. Since

the population on the excited B> state keeps constant, the
dramatic variation in the intensity of N; lasing means that the
population on the ground state is efficiently depleted by the
PG pulse, supporting that the light-induced coupling effect af-
ter tunnel ionization indeed plays key roles in establishing the
population inversion of N2+.

4. Summary and prospective

In this article, we have presented results of recent studies
on lasing actions in air induced by intense laser pulses in a va-
riety of pumping schemes. This dynamical research field was
stimulated by the experimental observation of ASE produced
during filamentation of femtosecond laser pulses propagating
in air. Since the filamentation can project a 50-100 TW/cm?
laser intensity at a designated far distance holding high poten-
tial for remote atmospheric sensing, air lasing is referred as to
an efficient method to greatly increase the signal-to-noise ratio
in the filamentation remote sensing scheme.

We have introduced several representative gain media in-
cluding oxygen and nitrogen atoms, and neutral and ionized
nitrogen molecules, and also discussed their generation mech-
anisms. To date, the physics behind the population inversion
of atomic oxygen and nitrogen induced in air by deep-UV laser
pulses, as well as that of neutral nitrogen molecules by near-
infrared intense laser fields are almost clear, but the underlying
mechanism of building up population-inverted N2+ lasing by
intense near- and mid-infrared fields, which could not be natu-
rally achieved by strong-field ionization, is still in a hot debate.
In the recent discussion of the N2+ lasing mechanisms, special
attention has been given to the field-induced recollision and
multiple state coupling, both of which are the post-ionization
processes.

Although air lasing has been regarded as a promis-
ing tool in atmospheric applications for detection of, e.g.,
molecular rotational coherence,®] and stimulated Raman
scattering, [*>1°1] the practical application of air lasing is still
a big challenge and strongly depends on the progress in the
following research subjects: (i) understanding mechanisms of
strong-field—molecule interaction for building up population-
inverted atmospheric constituents in various atmospheric con-
ditions, (ii) generating high-power output of air lasing over a
long distance, (iii) generating backward air lasing with differ-
ent atmospheric constituents as gain media. In particular, the
backward air lasing would be a key factor for the detection
of remote targets in the practical application. Novel experi-
mental scenarios and technologies are expected to control the
gain dynamics of light in the backward direction, for example,
using a newly developed technique called “flying focus”,!1%?]
which can make the laser focus counter-propagate along the

laser axis.
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