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Preface

The word laser usually refers to a complex instrument made of various optical 
elements, including an active medium, an optical resonator, and a power supply. In 
most applications of lasers, such as micromachining, the laser source is brought to 
the point of service where it performs its function. However, in some important 
applications, placing the laser at the required location is problematic. In the case of 
remote atmospheric sensing, such a location would be behind the region of interest, 
with the laser beam propagating through that region, toward the observer on the 
ground. Instead of using laser-like backward-propagating optical probes, the 
schemes of remote sensing in use today rely on the detection of the backscattering 
of forward-propagating lasers. The weakness of backscattering in the air negatively 
impacts the signal-to-noise ratios attainable with such detection schemes.

About a decade ago, it was suggested that the constituents of the air itself could 
be used as an active laser medium, creating a backward-propagating, impulsive, 
laser-like radiation emanating from a remote location in the atmosphere [1]. That is 
the essence of the concept of air lasing, which is the subject of this book.

The development of a viable scheme for air lasing is a challenging task. The 
obstacles appear to be overwhelming: The choice of the gain medium is limited as 
the atmosphere contains significant amounts of only nitrogen and oxygen, as well as 
about 1% of argon. Thus molecular, atomic, or ionic forms of these three elements 
will have to be used. As it turns out, molecular oxygen, being a poor candidate for 
the lasing medium itself, quenches lasing in the schemes that involve nitrogen emis-
sion lines. Another limitation is associated with the fact that remote air laser, by defi-
nition, has to be mirror-less. Thus optical gain needs to be very high in order to 
support single-pass impulsive lasing. The natural choice for energizing remote air 
lasing is by optical pumping with forward-propagating pump lasers. Such a traveling-
wave pumping arrangement almost always favors forward-propagating stimulated 
emission at the expense of the emission backward. Furthermore, harmonics and 
broadband supercontinuum generated by the intense pump laser beam seed forward-
propagating lasing, which puts the backward-propagating lasing at even more severe 
disadvantage as it is not seeded. Finally, remote delivery of intense pump beams is 
challenging due to absorption, scattering, and turbulence in the real atmosphere.
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Notwithstanding the above challenges, air lasing is a subject of intense investiga-
tions by many research groups working in the field of strong-field laser physics. 
These efforts are motivated by both the tremendous practical potential that air lasing 
has in revolutionizing remote atmospheric sensing and by a purely academic chal-
lenge brought about by the complex and interdisciplinary nature of the problem. 
This book provides a comprehensive overview of the history and the current state of 
this dynamic field. The individual chapters are provided by scientists who have 
made significant contributions to the science of air lasing in the past; many of whom 
continue to actively work on this problem today.

This book begins with a chapter contributed by Joakim Bood and Marcus Aldén, 
who review their early work on stimulated emission in atomic oxygen and nitrogen 
pumped through a two-photon-resonant process. They discuss this effect from the 
angle of its relevance in combustion diagnostics, where, interestingly, it is sometimes 
viewed as an impairment. Stimulated emission lacks spatial resolution, which is neces-
sary for imaging of combustion flows, but efficiently depopulates the upper emission 
state of the atom, thus quenching the useful, spatially resolving fluorescence signal.

The next chapter is contributed by Arthur Dogariu and Richard Miles. They con-
tinue the discussion of stimulated emission in atomic oxygen and nitrogen, as well as 
in argon, but now in the context of air lasing. Their first publication on this subject [2] 
spearheaded the surge of research on air lasing in the last 5 years. As of today, the las-
ing scheme based on the dissociation of molecular oxygen and nitrogen and subse-
quent pumping of atomic fragments remains the only scheme that produces lasing in 
the atmosphere in the backward direction, which is the most relevant for applications. 
The major obstacles toward the implementation of this approach at a practically rele-
vant standoff distance are the high absorption and scattering of the deep-ultraviolet 
pump light that is required to pump population inversion in this scheme. We note that, 
counterintuitively, under a broad range of conditions, including both nanosecond 
and femtosecond [3] pumping, emission in the backward direction in this lasing 
scheme is about an order of magnitude more intense than the forward-propagating 
emission. The identification of the physical mechanism behind this significant for-
ward-backward gain asymmetry is an important open problem.

The next three chapters discuss an alternative approach to air lasing, based on the 
emission from the nitrogen gas pumped by high-intensity femtosecond laser pulses. 
Two distinctly different emission channels are discussed.

In the first scheme, neutral nitrogen molecules are pumped through the collisions 
with the energetic electrons produced via strong-field ionization. The average elec-
tron energy needs to be above ~15 eV, in order for a predominant excitation of the 
upper, not the lower, emission level in the nitrogen molecule to occur. Such high 
electron energies are not attainable in air or pure nitrogen at atmospheric pressure 
when linearly polarized near-infrared laser pulses are used (e.g., the pulses naturally 
produced by ultrafast Ti/Sapphire laser systems). Three alternative ways of produc-
ing electrons with high-average electron energy are (i) pumping by circularly polar-
ized near-infrared femtosecond laser pulses [4], (ii) pumping by mid-infrared 
femtosecond laser pulses [5], and (iii) pumping by picosecond laser pulses [6]. 
In the latter case, the electrons are heated through the inverse Bremsstrahlung process, 
involving multiple electron-molecule collisions. The mechanisms of the creation of 
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population inversion in the above three schemes are more or less understood. 
However, no spontaneous lasing in the backward direction has been achieved in the 
natural air using either of them. The reasons for that are discussed in detail by Danill 
Kartashov, Mikhail Shneider, and Andrius Baltuska in Chap. 5.

In the second scheme of molecular nitrogen lasing, population inversion appears 
to occur “naturally” in singly ionized nitrogen molecules (N2

+ ) that result from 
strong-field ionization of nitrogen gas. The key publication that provided important 
clues about the physics of the effect and stimulated follow-up investigations of this 
scheme is Ref. [7] by J. Yao et al. Unlike the scheme of nitrogen lasing based on 
pumping through electron impact, discussed above, the physical mechanism of las-
ing in N2

+  remains controversial to this day. It is likely that several pumping mecha-
nisms are operative at the same time, and the relative magnitudes of their 
contributions depend on the parameters of a particular experiment, the most impor-
tant parameters being the wavelength and the intensity of the optical driver field. As 
in the scheme based on neutral nitrogen, no spontaneous backward-propagating las-
ing in N2

+  has been achieved thus far. Furthermore, the presence of oxygen appears 
to be extremely detrimental to the N2

+  lasing. That is likely because oxygen, having 
lower ionization potential than nitrogen, is predominantly ionized; electron plasma 
produced through ionization of molecular oxygen clamps the intensity of the pump-
ing laser field at a lower level than what is necessary to efficiently ionize nitrogen.

Lasing in both neutral and singly ionized molecular nitrogen can be pumped by 
intense femtosecond laser pulses propagating in air in the self-channeling (or filamen-
tation) regime. Laser filamentation has been shown to be resistant to the adverse prop-
agation conditions of real atmosphere. It results in the formation of longitudinally 
extended regions with sustained optical intensity in the range 1013  – 1014 W/cm2. 
Filaments can be straightforwardly produced at a standoff distance with visible, near-
infrared or mid-infrared laser pulses that experience very low propagation and scatter-
ing losses in air. All of the above properties of air filamentation make the filament-based 
schemes of air lasing very promising. In spite of the numerous hurdles mentioned 
above, nitrogen air lasing remains a very active area of research where significant 
progress is being made continuously.

This book concludes with a chapter by Johanan Odhner and Robert Levis, who 
discuss remote Raman sensing in the atmosphere. This field is the primary driver for air 
lasing research, as it will be entirely revolutionized by taking advantage of the yet-to-be-
developed remote air lasing sources. The utilization of air lasing in the established 
Raman sensing schemes will enable single-ended standoff sensing, where only forward-
propagating excitation lasers are used, and strong and directional backward-propagating 
emission from air lasing is detected, resulting in high-sensitivity measurements.
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Office of Scientific Research, most recently through the Multi-University Research 
Initiative on femtosecond mid-infrared laser physics, program #FA9550-16-1-0013. 
Y. C. acknowledges the support from the National Basic Research Program of China 
(Grant No. 2014CB921303) and the National Natural Science Foundation of China.
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Chapter 1
Diagnostic Properties of Two-Photon-Pumped 
Stimulated Emission in Atmospheric Species

Joakim Bood and Marcus Aldén

1.1  �Introduction

Two-photon excitation provides access to atoms and molecules with absorption 
resonances in the vacuum ultraviolet (VUV), i.e., to the species otherwise inacces-
sible for probing under atmospheric conditions, since the atmosphere strongly 
absorbs VUV radiation. In addition, for high enough laser intensities, two-photon 
pumping may create population inversion between the pumped energy state and a 
lower-lying intermediate state, resulting in stimulated emission. In this chapter such 
an emission is discussed in terms of its diagnostic capacity. The method has primar-
ily been investigated for the detection of a number of atomic species, such as oxy-
gen and nitrogen, and a few small molecules, for example, CO and NH3. The major 
benefits of the technique are that the signal propagates in a laser-like beam, the 
backward-directed beam allows single-ended diagnostics, strong signals allow 
trace-level detection, and the optical setup is relatively simple. The main disadvan-
tages are the poor and sometimes ambiguous spatial resolution and the difficulties 
with modeling the process due to the nonlinear dependence of the signal on the 
concentration of the active species and the integrative-growth nature of the signal. 
Besides exploring the potential for diagnostics, early works on two-photon-induced 
stimulated emission have been imperative for today’s development of air-lasing 
concepts based on backward-directed stimulated emission. This chapter is devoted 
to a review and summary of these pioneering studies.

Since the invention of the laser in the early 1960s, a variety of laser-spectroscopic 
techniques have been developed for diagnostic purposes. These methods are 
extremely valuable for probing harsh environments such as combustion processes, 
where the nonintrusive nature and the high spatial and temporal resolution provided 
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by optical techniques are particularly useful. Spontaneous Raman scattering and 
coherent anti-Stokes Raman scattering (CARS) are commonly used for the mea-
surements of the concentrations and temperatures of the major species, while laser-
induced fluorescence (LIF) has been widely used for the detection of trace species, 
such as extremely reactive and short-lived radicals. Comprehensive reviews of 
laser-spectroscopic techniques for combustion diagnostics are given in [1–3], and 
references therein.

Several species of great importance in the combustion and atmospheric research 
have absorption resonances in the vacuum ultraviolet (VUV) region, i.e., below 
200 nm. Resonances in the VUV regime are inaccessible for probing in practical 
diagnostics under atmospheric conditions, since atmosphere strongly absorbs and 
scatters VUV radiation. Nevertheless, such species can be probed using excitation 
wavelengths above 200 nm via simultaneous absorption of two or more photons, 
i.e., multiphoton excitation. Table 1.1 lists important combustion species that have 
been detected with two-photon LIF.

A schematic illustration of two-photon LIF for detection of an atomic species is 
shown in Fig. 1.1. As can be seen in the figure, emission of fluorescence is not the 

Table 1.1  Excitation and emission wavelengths for some species probed by two-photon LIF

Species Excitation (nm) Emission (nm) Ref.

H 205 656 [4]
O 226 845 [5]
N 207/211 745/868 [6]
C 280 910 [7]
Ar 753/796 642 [8]
CO 230 400–600 [9]
NH3 305 565 [10]
H2O 248 400–500 [11]
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only de-excitation channel. The atom can also be deactivated through collisional 
quenching, as well as stimulated emission (SE). In addition, the atom can be ionized 
through the absorption of an additional photon. In single-photon LIF, stimulated 
emission typically has a much lower rate than collisional quenching, and thus 
quenching is the major loss channel. In two-photon LIF, however, with the high 
laser intensities required to drive the excitation, SE can be a significant de-excitation 
channel, as a substantial population inversion between states 3 and 2 may be cre-
ated. Therefore, several studies have been focused on how the two-photon LIF sig-
nal is impacted by SE [5, 12, 13].

It was soon realized that SE possesses some very attractive features for diagnos-
tics, such as high-signal intensity and the fact that the signal is generated in a laser-
like beam in both forward and background directions. SE potentially offers detection 
sensitivity exceeding that one of LIF and enables single-ended measurements, as 
only one-sided optical access is needed if the backward-generated SE is utilized. SE 
has not evolved into a major diagnostic tool due to various impairments inherent to 
the SE process, such as the integrative-growth nature of the signal and poor and 
sometimes ambiguous spatial resolution. However, in the recent years, the creation 
of population inversion and accompanying stimulated emission have become very 
interesting in the rapidly growing field of active remote sensing as means for pro-
ducing backward-propagating lasing in air. The present chapter is devoted to the 
review of works on two-photon-induced SE for diagnostics. The focus is on oxygen 
and nitrogen atoms due to their relevance to air lasing, and CO, as this is perhaps the 
most thoroughly investigated specie in terms of diagnostic properties of SE. For the 
investigations focused on other species, the reader is referred to the following 
papers: [14, 15] for hydrogen, [16] for carbon, [17] for chlorine, [18] for krypton 
and xenon, and [10, 19] for ammonia.

1.2  �Detection of Oxygen Atoms Through Two-Photon 
Excitation

A schematic energy-level diagram of the oxygen atom with relevant transitions indi-
cated is shown in Fig. 1.2. Excitation from 2p3P to 3p3P, i.e., between states within 
the same Rydberg series, is done through the simultaneous absorption of two 
226 nm photons. De-excitation to the intermediate 3s3S state is dipole-allowed and 
may occur via spontaneous emission, i.e., fluorescence at 845 nm. Collisions may 
induce a non-radiative transition to the 3p5P state, from which fluorescence at 
777 nm may be emitted upon relaxation to the 3s5S state. Since single-photon transi-
tion from 3p3P to the ground state 2p3P is not dipole-allowed (the two states are of 
the same parity), an inverted population may be created between the pumped 3p3P 
state and the unpopulated 3s3S state. Population inversion can also be created 
between 3p5P and 3s5S states, given that 3p5P gets collisionally populated. SE can 

1  Diagnostic Properties of Two-Photon-Pumped Stimulated Emission in Atmospheric…
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occur provided that the laser intensity is high enough to establish a population den-
sity in the excited state above threshold for single-pass SE.

A schematic experimental setup for the detection of oxygen atoms through two-
photon excitation is depicted in Fig. 1.3. A frequency conversion of the output of a 
dye laser generated 5 ns pulses at 226 nm wavelength with a pulse energy of 3 mJ 
and a full width at half maximum (FWHM) linewidth of ~1 cm−1. A variable attenu-
ator (VA) allowed the laser pulse energy to be varied before the laser beam was 
focused into the sample volume by a 25  cm focal length spherical lens (L1). 
Fluorescence (FL) was collected perpendicularly to the direction of the laser beam 
and detected by a photomultiplier tube (PMT). Stimulated emission in the forward 
direction was collimated with a 25 cm focal length spherical lens (L2) and discrimi-
nated from the laser beam by a glass filter (GF) before being detected by a 
PMT. Three different samples were investigated: a low-pressure H2/O2 flame and 
free flows of room temperature N2O and O2. While naturally present oxygen atoms 

Fig. 1.2  Energy-level 
diagram (not to scale) of 
atomic oxygen with the 
relevant transitions 
indicated

Fig. 1.3  Schematic setup for the detection of oxygen atoms through two-photon LIF and SE. The 
abbreviations are as follows: VA variable attenuator, FL fluorescence, GF glass filter, SE stimulated 
emission, and PMT photomultiplier tube

J. Bood and M. Aldén
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were detected in the flame, the oxygen atoms detected in the two gas flows were 
produced through photolysis by the 266 nm laser pulse.

It was observed that the forward-propagating signal, i.e., the SE, was more than 
four orders of magnitude stronger than the signal emitted to the side, i.e., the fluo-
rescence. Furthermore, spectral investigation of these emissions revealed that the 
fluorescence spectrum exhibits two peaks, a stronger one at 845 nm, corresponding 
to the triplet-triplet transition, and a weaker one at 777 nm, corresponding to the 
quintet-to-quintet transition. The SE spectrum, however, only showed a single peak 
at 845 nm corresponding to the triplet-triplet transition. The absence of the quintet 
emission (777 nm) in the SE spectrum indicates that the laser pulse does not create 
a sufficient population inversion between the quintet states to reach threshold for 
SE.

In order to unravel different dependences of fluorescence and SE on the density 
of excited atoms, the emissions were studied as functions of the laser intensity, with 
three different samples. The results of those measurements are shown in Fig. 1.4. As 
can be seen, for all three cases, the low-intensity behavior of the SE is clearly dif-
ferent from that of the fluorescence, indicating that SE has a threshold, whereas the 
fluorescence data follow a linear curve in this regime. The solid lines represent the 
least square fits to the low-intensity fluorescence data, while the dashed lines are the 
extrapolations to the high-intensity region. The slopes of these log-log plots are 
indicative of the cumulative multiphoton orders involved in the pumping of popula-
tion inversion. The slopes of the fits are 1.59 for the H2/O2 flame, 2.95 for the N2O, 
and 4.15 for the O2. The slope of 2.95 for the case of N2O is consistent with 

Fig. 1.4  Laser-energy dependence of fluorescence and SE from oxygen atoms recorded in three 
different environments (Adapted from Aldén et al. [20])

1  Diagnostic Properties of Two-Photon-Pumped Stimulated Emission in Atmospheric…
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single-photon photolysis followed by two-photon excitation of the oxygen frag-
ment. For the case of O2, the slope of 4.15 is consistent with two-photon photo-
fragmentation of O2 followed by two-photon excitation of the produced oxygen 
atom. The slope of 1.59 in the case of the H2/O2 flame is lower than the expected 
value of 2. Rapid single-photon photo-ionization and/or partial saturation of the 
two-photon transition may be the reasons for the reduction of the observed slope. 
These effects could also be responsible for the deviation from the low-intensity 
behavior at high pulse energies, indicated by the difference between the dashed 
lines and the data points shown in Fig. 1.4. It is also quite possible that rapid deple-
tion of the two-photon-excited state by SE contributes to the discrepancy.

Data for pressure dependence of fluorescence and SE signals, recorded in pure 
O2, are shown in Fig. 1.5. At low pressure the slope of the fluorescence signal in the 
log-log plot is close to unity, showing that it scales linearly with pressure. The SE 
signal on the other hand shows a much higher slope, indicating nonlinear pressure 
dependence. The fluorescence signal falls smoothly toward zero with decreasing 
pressure, while the SE signal drops abruptly at around 30 Torr, indicating threshold 
with respect to population inversion that is needed to generate SE.

Temporal dynamics of stimulated emission from oxygen atoms in a H2/O2 flame 
have been studied using 226 nm pump pulses of 10 ps duration and a streak camera. 
The results are shown in Fig. 1.6. It is evident from the data that the leading front of 
the signal pulse follows that of the pump pulse. The following part of the signal, 
however, decays due to the exponential dependence of the signal on the population 
inversion, which in turn has an exponential dependence on the quenching rate.

Fig. 1.5  Pressure dependences of the fluorescence and SE signals (Adapted from Aldén et  al. 
[20])

J. Bood and M. Aldén
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1.3  �Detection of Nitrogen Atoms Through Two-Photon 
Excitation

A schematic energy-level diagram of the nitrogen atom, with relevant transitions 
indicated, is shown in Fig. 1.7. Two-photon pumping from the 2p4S0 ground state to 
the 3p4D0 state, using an intense laser pulse of 211 nm wavelength, creates popula-
tion inversion between this state and the 3s4P state, resulting in SE at 870 nm.

The experimental setup for the studies of SE from nitrogen atoms was similar to 
the setup for oxygen atoms shown previously (see Fig. 1.3) and is described in detail 
in [22]. A dye laser, operated with a DCM dye solution and pumped by a 532 nm 
radiation from a Nd:YAG laser, was tuned to 633  nm. This radiation was 
frequency-doubled, and the resulting second-harmonic light was sum-frequency 
mixed with the 633 nm radiation to produce radiation at 211 nm. The 211 nm laser 
beam is isolated from the residual radiation at 633 and 316.5 nm using a Pellin-
Broca prism. Continuous adjustment of pump power while maintaining the spatial 
profile and the direction of the beam was provided by a variable attenuator. The 
pump beam was focused into the probe volume using spherical lenses with focal 
lengths of 200 or 500 mm. The SE, generated in the wavelength range 868–872 nm, 
was re-collimated with a spherical lens and spectrally discriminated against the pri-
mary laser beam using an RG-695 Schott filter, before focusing onto the entrance 
slit of a spectrograph with another spherical lens. The spectrally dispersed SE was 
analyzed with an optical multichannel analyzer (OMA) system based on a time-
gated diode-array detector. The signal was attenuated by two to three orders of 
magnitude using neutral-density filters in order to maintain a linear detection 
regime. The measurement volume was either an atmospheric premixed one-dimen-
sional NH3/O2 flame on a water-cooled porous plug burner or NH3 gas in a stainless 
steel cell equipped with quartz windows and connected to a vacuum and gas-flow 
systems.

Fig. 1.6  Stimulated emission from oxygen atoms in a H2/O2 flame measured by a streak camera. 
10 ps pulses of 226 nm wavelengths were used for the two-photon excitation (Reproduced from 
Agrup et al. [21])

1  Diagnostic Properties of Two-Photon-Pumped Stimulated Emission in Atmospheric…
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Figure 1.8a shows the SE excitation spectrum recorded in a fuel-rich (equiva-
lence ratio ϕ = 1.6) NH3/O2 flame, using 1.5 mJ of laser pulse energy focused by an 
f = 500 mm lens to a point located 1 mm above the burner. The four peaks corre-
spond to the absorption transitions to the four fine-structure components of the 
upper 4D0 state (see Fig. 1.7) with the 0 → 7/2 transition being strongest. The cor-
responding emission spectra, recorded in the same flame, are shown in Fig. 1.8b. 
The figure shows four different emission spectra, corresponding to the excitation 
using four different absorption lines shown in Fig. 1.8a. As seen in the emission 
spectrum (panel b), only transitions with ΔJ = 0 (blue designations) and ΔJ = −1 

Fig. 1.8  Spectra of excitation (a) and stimulated emission, SE (b) from nitrogen atoms recorded 
in an NH3/O2 flame (Reproduced from Agrup et al. [22])

Fig. 1.7  Energy-level 
diagram (not to scale) of 
atomic nitrogen with the 
relevant transitions 
indicated

J. Bood and M. Aldén
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(red designations) are observed. The reason why the lines corresponding to ΔJ = +1 
are missing in the spectra is most likely due to their significantly lower transition 
probability [23]. Only the transitions that originate from the directly pumped energy 
level are observed in SE, while fluorescence spectra also reveal the emission peaks 
originating from other fine-structure levels populated through the collisional energy 
transfer [23].

To assess the potential of the SE signal for combustion diagnostics, the SE emis-
sion from nitrogen atoms was recorded at different heights above the burner and in 
different flame compositions. Fig. 1.9 shows the normalized signal profiles acquired 
in NH3/O2 flames with equivalence ratios ϕ = 0.8 (a), 1.0 (b), and 1.6 (c).

The laser pulse energy was 1.9 mJ and the beam was focused with an f = 500 mm 
spherical lens. The dashed curve shows the absorption profile measured, in the 
flame with ϕ = 1.6. It is noteworthy that this curve, which reflects the NH3 concen-
tration, does not correlate with the corresponding SE signal (c), which passes 
through the entire flame. This observation suggests that the SE signal does not origi-
nate from the photodissociation of NH3. Another possible precursor to nitrogen 
atoms is nitric oxide (NO) that is present in relatively high concentrations (on the 
order of 10,000 ppm) in NH3 flames [24]. However, measurements in a cell filled 
with NO, having approximately the same concentration as in the flame, i.e., 1016 
molecules/cm3, and Argon bath gas, have not resulted in any SE signal [22]. Even 
with higher laser irradiance, established by the use of an f = 200 mm focusing lens 
and 1.5 mJ laser pulse energy, no SE was observed.

Since the signal originates from a stimulated process, it can be further enhanced 
by an optical feedback. That was confirmed by reflecting a fraction of the SE back 
into the gain medium, i.e., the volume carrying population inversion, resulting in 
signal amplification. It was also observed that SE is emitted both in the forward and 
in the backward directions. The fact that a laser-like beam is emitted in the back-
ward direction is of course particularly attractive as it opens up a pathway toward 
single-ended diagnostics, where only one-sided optical access is needed. That func-
tionality is, above all, absolutely essential for the actively investigated sensing 
approaches based on air lasing.

Fig. 1.9  Signal intensity 
vs. height above the burner 
for NH3/O2 flames with 
ϕ = 0.8 (a), 1.0 (b), and 1.6 
(c). The dotted line shows 
the UV laser power 
absorption characteristics 
for the richest flame 
(ϕ = 1.6) (Reproduced 
from Agrup et al. [22])
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1.4  �Stimulated Emission in Carbon Monoxide

Molecular specie that exhibits two-photon-pumped fluorescence of the type discussed 
above for atomic oxygen and nitrogen, but without the need for the dissociation step is 
carbon monoxide CO. This gas is an important specie in the atmospheric and combus-
tion chemistry. Its relevant energy-level diagram is shown in Fig. 1.10. Two photons of 
the wavelength 230 nm drive the transition from the X1Σ+ ground state to the B1Σ+ excited 
state. Radiation is then be emitted through the relaxation to different vibrational levels in 
the A1Π state or through the b3Σ - a3Σ system upon collisional energy transfer (Q).

In order to investigate the diagnostic potential of SE for the detection of CO and 
how SE influences the LIF signal from CO, a setup in which forward-propagated 
and backward-propagated SE could be fed back into the probe volume was con-
structed. The setup is shown in Fig. 1.11. Laser pulses (13 ns FWHM) at 230 nm 

Fig. 1.10  Energy-level 
diagram for two-photon 
LIF and SE of CO

Fig. 1.11  Experimental setup for two-photon LIF and SE studies in carbon monoxide

J. Bood and M. Aldén
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wavelength were generated using an Nd:YAG/dye laser system, where the frequency-
doubled output of the dye laser was mixed with the residual radiation at 1064 nm to 
generate laser radiation at 230 nm, with 3.5 mJ of energy per pulse. The CO gas was 
contained in a stainless steel pressure cell equipped with entrance and exit windows 
made of fused silica as well as a separate perpendicularly oriented quartz window 
for fluorescence studies. Fused silica slides were placed before and after the cell to 
add feedback in the forward and backward directions. The slide labeled QF added 
feedback to the forward-propagating SE, while the slide marked QB added feedback 
to the backward-propagating SE. The SE, attenuated with neutral-density filters (F), 
was monitored with a PMT, while the fluorescence emitted sideways could be moni-
tored in the spatially resolved fashion, using a diode-array detector (DA), or in the 
spectrally resolved fashion, using a monochromator or a spectrograph. The fluores-
cence and SE signals registered by the two PMTs were directed to a boxcar integra-
tor for simultaneous processing. Additional experimental details are given in [13].

While the fluorescence signals associated with both the B-A and b-a systems 
were observed, SE was only observed for the transitions belonging to the B-A sys-
tem. Furthermore, only three transitions, corresponding to the largest Franck-
Condon factors, were observed in the SE spectrum, as shown in Fig. 1.12. In the 
linear fluorescence signal, also the peaks associated with the transitions with lower 
Franck-Condon factors were observed [13]. Figure 1.12 also shows the SE spectra 
recorded for the cases with feedbacks. The spectra are normalized to unity at the 
highest peak. As can be seen, the relative intensities of the peaks are changed when 
feedback is added. The feedback enhances weaker ro-vibrational transitions relative 

Fig. 1.12  Spectra of the SE signals recorded without feedback, with forward feedback only, and 
with feedback from both directions (Reproduced from Westblom et al. [13])

1  Diagnostic Properties of Two-Photon-Pumped Stimulated Emission in Atmospheric…
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to the stronger ones. The reason for this is that stronger transitions saturate sooner 
than weaker transitions as the feedback is introduced, and the SE signal becomes 
stronger. With the laser intensity close to threshold for SE, which was 0.4 mJ with a 
focusing lens of 200  mm focal length and cell pressure of 80  Torr, feedback 
enhanced the SE signal by more than two orders of magnitude.

Experiments were carried out to study the relative strengths of the SE signals 
emitted in the forward and backward directions. Stimulated emission signals were 
recorded for various CO pressures, operating with 1–2 mJ/pulse and using two dif-
ferent lenses to focus the laser beam (focal lengths of 200 mm and 500 mm). When 
the longer focal length lens was used, the SE intensities in the forward and back-
ward directions were found to be approximately equal. With the shorter focal length 
lens, it was found that the SE signal generated in the backward direction was about 
a factor of two more intense than that generated in the forward direction. This 
forward-backward asymmetry seemed to be independent of pressure in the range 
5–100  Torr, and rather independent of pulse energy, once the process was well 
above threshold. The difference in the behavior for the two focal length lenses may 
be due to greater contributions of other nonlinear optical processes in the higher-
intensity focal region produced by the shorter focal length lens.

Figure 1.13 shows pressure dependence of the fluorescence and SE signals with 
and without feedback. As can be clearly seen in the figure, the two signals behave 
very differently as pressure is increased. The SE signal increases rapidly followed 

Fig. 1.13  Fluorescence and SE signals from CO versus pressure (Reproduced from Westblom 
et al. [13])

J. Bood and M. Aldén
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by an almost equally rapid decrease, while the LIF signal increases smoothly. 
Furthermore, the addition of feedback shifts the falling slope of the SE curve toward 
higher pressure. This behavior is reasonable since the initial value of the SE rate is 
higher with feedback than without, allowing the stimulated process to build up.

Although one can envisage combustion diagnostic schemes that rely on the detec-
tion of SE, a more traditional diagnostic approach relies on the detection of LIF, 
which has an advantage of being a position-specific quantity. In this regard, the gen-
eration of SE can be a detrimental effect. As can be seen in Fig.1.1, SE is a depopula-
tion process that competes with the signal of interest, i.e., the fluorescence. While the 
third deactivation channel, i.e., the collisional quenching, has been the subject of 
numerous studies (see, e.g., [25] and references therein), far fewer studies of the influ-
ence of SE have been undertaken. Since it is not practically possible to turn the SE 
process on and off, the impact of SE was investigated by studying the changes in the 
fluorescence intensity and spectral content while changing the strength of the SE, 
which could be made by introducing optical feedback. Figure 1.14 shows a CO fluo-
rescence spectrum recorded with and without feedback. The signals are spectrally 
virtually identical, but the addition of feedback reduces the fluorescence intensity by 
approximately 25%. The reduction of the LIF signal increases with laser intensity, but 
is independent of the CO pressure. Hence, these spectra show that the introduction of 
feedback affects the LIF signal. However, they do not tell anything about the absolute 
scale of the influence by SE on the fluorescence signal in the absence of feedback.

Fig. 1.14  Laser-induced fluorescence spectrum of CO with and without feedback of SE 
(Reproduced from Westblom et al. [13])

1  Diagnostic Properties of Two-Photon-Pumped Stimulated Emission in Atmospheric…
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In order to investigate the effect of SE on the fluorescence signal without adding 
feedback, a spatially resolved study of the fluorescence was conducted at two differ-
ent pressures, 76 Torr and 380 Torr. According to Fig. 1.13, SE is strong at 76 Torr, 
while it is essentially absent at 380 Torr. The results of the fluorescence measure-
ments are displayed in Fig. 1.15. Ideally, the spatially resolved fluorescence signal 
recorded with a weakly focused laser beam (f = 500 mm) should be constant along 
the sample, but due to the absorption of the laser light, the curve for the fluorescence 
signal vs. coordinate is tilted. The dip observed in the spectra recorded with tighter 
focusing of the laser beam (f = 200 mm) is mainly due to photo-ionization.

As the data in Fig. 1.15 clearly show, the profile recorded at 76 Torr has a deeper 
minimum than the profile recorded at 380 Torr. We believe that this difference is due to 
the presence of SE at 76 Torr and its absence at 380 Torr. Furthermore, the difference 
occurs only in the inner part of the focus zone, due to the threshold behavior of SE with 
respect to the power density. As a result, SE occurs in a narrower region of the interaction 
region compared to fluorescence. Frank et al. have studied the radial profiles of the two-
photon LIF signals from oxygen atoms excited with picosecond laser pulses of different 
intensities in an H2/O2 flame [5]. They found that the spatial distribution of the signal is 
essentially constant for low excitation intensities, but it becomes significantly modified 
at highest laser intensities, due to the combined influence of SE and photo-ionization.

1.5  �Improved Spatial Resolution Using a Crossed-Beam 
Setup

A major drawback of SE as a diagnostic tool is its poor spatial resolution along the 
direction of the laser beam. It is however possible to achieve high spatial resolution 
using a crossed-beam arrangement as schematically shown in Fig. 1.16 [26]. The 
two beams have slightly different frequencies such that the sum-frequency exactly 
matches that of the two-photon excitation of interest. The beams are spatially dis-
placed and focused so that they cross inside the gas sample. As a result, population 
inversion is only established in the overlap region, and a strong SE signal is emitted 
in the direction of the bisector of the two crossing beams.

Fig. 1.15  Normalized 
spatially resolved 
fluorescence signals from 
CO recorded at 76 Torr 
(strong SE) and 380 Torr 
(virtually zero SE). The 
fact that the dip in the 
profile is deeper at 76 Torr 
than at 380 Torr suggests 
that SE influences the 
fluorescence signal (From 
Westblom et al. [13])
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This method has been applied to the detection of NH3. Figure 1.17a shows an 
image recorded with a CCD camera without NH3 present in the probe volume, while 
Fig. 1.17b shows the corresponding image recorded with NH3 present. As clearly 
seen in panel (b), a strong beam of SE is generated between the two primary laser 
beams.

Brown and Jeffries have demonstrated a similar approach in which quantitative 
oxygen concentrations have been determined by monitoring gain for an additional 
probe beam, whose wavelength was tuned to the transition corresponding to the SE, 
crossing the two-photon excitation beam at an angle [27].

1.6  �Concluding Remarks

Although stimulated emission possesses several attractive features, it has not 
evolved into a major diagnostic tool. This is mainly due to several difficulties inher-
ent of the SE process, namely, the integrative-growth nature of the signal and poor 
and sometimes ambiguous spatial resolution. These characteristics render 

Fig. 1.16  Crossed-beam arrangement for spatially resolved diagnostics with SE. SE designates 
the stimulated emission signal, GP is a glass plate in which the primary laser beam radiation is 
absorbed, while the SE signal is transmitted, and F indicates neutral-density filters

Fig. 1.17  Images of SE 
recorded with a CCD 
camera without (a) and 
with (b) NH3 present in the 
probe volume. As can be 
clearly seen in (b), a strong 
beam of SE is present 
between the two primary 
laser beams (Reproduced 
from Giorgiev et al. [27])
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quantitative diagnostics very difficult. These difficulties can be overcome by using 
the crossed-beam approach. Despite its limitations as a quantitative diagnostic 
itself, the creation of population inversion and accompanying SE has recently 
become actively investigated in the context of active remote sensing as a mean for 
producing backward lasing in air. Quoting Dogariu and Miles [28]: “The air laser 
opens the way for remote optical detection of molecular species by means of direc-
tional coherent backwards emission coming from the target.”

Acknowledgments  We gratefully acknowledge the contributions of the present and former mem-
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Chapter 2
High-Gain Air Lasing by Multiphoton 
Pumping of Atomic Species

Arthur Dogariu and Richard Miles

2.1  �Introduction

The possibility of achieving high-gain lasing from a remote location in air opens up 
numerous opportunities for the development of new concepts. Backward lasing has 
generated the most interest, since it may provide a high-sensitivity method for the 
detection of greenhouse gases, gas leakage from pipelines and refineries, pollution, 
illicit chemical and nuclear processing activities, chemical gas attacks, and the pres-
ence of explosives and hazardous materials [1, 2]. Other applications of high-gain 
air lasing are of significant interest and include “around-the-corner” illumination, 
clandestine communication, and a local “guide star” for the correction of aero-
optical distortion.

The approach we have taken is to utilize the very high gain available from mul-
tiphoton pumping of atomic species. To date the atomic species have been created 
by the dissociation of major constituents of air, including oxygen [3–6], nitrogen 
[7–11], and water vapor [12, 13]. In each of these cases, the molecular species are 
dissociated, and the lasing is achieved by two-photon pumping of the atomic frag-
ments. In some cases, the dissociation and two-photon pumping steps can be 
achieved by the same laser pulse; however, higher conversion efficiency is attained 
with a leading pulse providing dissociation followed by the two-photon pumping.

It is anticipated that high-gain lasing may also be possible using inert atomic gas 
species naturally present in air including argon, krypton, neon, and even xenon. In 
these cases, no dissociation step is necessary, so pulse-to-pulse fluctuations associ-
ated with the variations in the breakdown process are eliminated, and the stand-off 
detection through the use of modulation methods becomes more tractable. Argon is 
of particular interest since it is present in air at concentrations approaching 1%. 
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However, it requires three-photon pumping due to the transparency limitations of 
air. Thus, even though the argon concentration in air is similar to the normal water 
vapor concentration in humid air, which has been successfully demonstrated to lase, 
lasing from argon will require significantly higher intensity pumping and/or longer-
gain path length. This may be achievable with femtosecond pulses, which have been 
recently demonstrated to pump backward lasing from argon in a mixture of 10% 
argon in air [14, 15].

In all these cases, lasing occurs from a population inversion that is created in the 
focal volume of the pump laser, and the lasing direction is determined by the geom-
etry of that volume, reflecting the exponential amplification of stimulated emission 
with path length. Due to the multiphoton nature of the pumping, the gain volume is 
well localized to the high-intensity region of the pump. In the normal case with 
standard lenses, that gain volume is elongated in the propagation direction of the 
pump laser and localized to the Rayleigh range of the laser focal volume. This leads 
to lasing in the forward and backward directions, with the backward-propagating 
lasing beam retracing the pump path backwards and the forward-propagating lasing 
overlapping with the continued propagation of the pump beam in the forward direc-
tion. Through the use of cylindrical focusing, the focal volume geometry can be 
changed such that the maximum gain path is in directions other than forward and 
backward, leading to “around-the-corner” lasing possibilities. Further localization 
and amplification of the air laser can be achieved with secondary gain regions that 
are timed and positioned to overlap the propagating air laser pulse [16].

These laser configurations are “mirrorless” or “cavityless” [17], similar to other 
high-gain lasers such as soft x-ray lasers [18], free electron lasers, and high-gain 
excimer and nitrogen lasers. For typical lasers, the spatial and temporal coherence 
of the laser beam owes much to the resonator cavity. The reflecting mirrors localize 
stimulated emission to a single- or low-order transverse mode of the resonator cav-
ity, and the resonant standing wave modes of the cavity determine the linewidth and 
temporal structure of the output laser pulse(s). In the case of the cavityless laser, the 
transverse spatial mode of the laser beam echoes the pump volume and cross sec-
tion, and temporally the emission is a single pulse or burst of pulses, each of which 
corresponds to a single gain pass through the medium. If the pump laser persists for 
times longer than a hundred picoseconds or so, then multiple lasing pulses can be 
created through the repeated depletion and re-pumping of the gain region. For both 
the normal laser and the cavityless laser, the spatial and temporal coherences can be 
well characterized. For cavityless lasers with high-gain media, low-order highly 
coherent modes dominate the amplified spontaneous emission background. In this 
case, there is no measurable difference between the pulse generated from a cavity-
less laser and a single pulse selected from the pulse train exiting from a mode-
locked laser or a regenerative laser cavity. To verify that similarity, experiments 
were conducted to determine the spatial and temporal coherence and pulse charac-
teristics of the air lasers.
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2.2  �Properties of Atomic Air Lasing

Figure 2.1 shows the atomic energy levels associated with atomic hydrogen, nitro-
gen, and oxygen lasers. Hydrogen is two-photon pumped with 205 nm light, nitro-
gen with 207 or 211 nm light, and oxygen with 226 nm light. Lasing can be achieved 
with picosecond and nanosecond pumping and, as will be discussed later, with 
femtosecond pumping. The general configuration for the experiments is shown in 
Fig. 2.2, indicating that both backward- and forward-propagating lasing emissions 
are monitored, as well as the emission to the side. Figure 2.3 shows the approximate 
geometry of the gain region, which is formed by the focal zone of the pump laser. 
A large L/d ratio ensures that the stimulated emission grows exponentially in the 
forward and backward directions, in the detriment of the side emission. Furthermore, 

Fig. 2.1  Energy levels for two-photon pumping of hydrogen, oxygen, and nitrogen atoms
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Fig. 2.2  Experimental setup for the detection of forward- and backward-propagating air lasing
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Fig. 2.3  Mechanism for air lasing: The geometry of the gain region allows for high gain along the 
propagation direction of the pump beam
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the fast stimulated emission process depletes the excited states before much of the 
spontaneous emission can take place. Since the pump in all cases is in the ultravio-
let and the lasing is in the red or infrared, the separation on the pump from the las-
ing is easily accomplished with dichroic mirrors or prisms.

The spatial coherence is determined by imaging the air laser beam profile, fol-
lowing the evolution of that profile with the distance from the air laser generating 
volume, and comparing that evolution of beam profile with that of an ideal Gaussian 
beam. Figure  2.4 shows the beam profile of the backward-propagating nitrogen 
laser measured at 0.5 and 6.5 m from the gain region. The measured divergence of 
2 mrad corresponds to the divergence of a spatially coherent Gaussian beam. Similar 
results were obtained while monitoring the propagation of atomic oxygen and 
hydrogen laser beams. Comparing the divergence of the backwards air laser in oxy-
gen with the focusing angle of the UV pump beam yields θoxygen/θUV = 3.3, very close 
to the 3.7 ratio between the 845 and 226 nm wavelengths for the air laser and pump 
beams, respectively. The divergence ratio indicates that the lasing region closely 
overlaps the pump volume.

The temporal coherence of atomic air lasing can be measured using a Michelson-
Morley interferometer. The incoming laser beam is spilt into two beams that are 
recombined at the imaging plane, producing interference fringes. The coherence 
length is measured by displacing one mirror relative to the other, to generate a time 
delay between the two pulses while monitoring the interference fringes. Figure 2.5a 
shows the interferometer configuration, and Fig. 2.5b shows the interference fringes 
measured for the cases of tightly and loosely focused pump pulses. The tightly 
focused pump has a gain region of ~3 mm, and the loosely focused pump has a gain 
region of ~1 cm. Converting the propagation distances of the two interfering pulse 
to the time delay and plotting the fringe visibility as a function of this time delay 
provides a measure of the temporal coherence for these two configurations. 
Figure 2.5b shows 10 ps and 35 ps FWHM coherence times, corresponding to 3 mm 
and 1 cm coherence lengths measured for the nitrogen backward-propagating lasing 
under the two focusing configurations.

The measured coherence times follow the confocal parameter of the pump and 
indicate that the coherence is determined by the propagation time of the lasing pulse 
passing through the gain region. This coherence time of the air laser is matched very 
closely by the pulse length of the emitted pulses, indicating that the pulse duration 

Fig. 2.4  Divergence of the 
air laser beam 
measurement for 
backward-propagating 
atomic nitrogen laser
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of the air laser is close to the transform limit. Figure 2.6 shows results of direct 
measurements of the temporal profile of the air laser pulses for both oxygen and 
nitrogen lasers in the atmospheric air using a fast photodetector (20 ps response 
time) and a high-bandwidth oscilloscope (Tektronix DPO73304D 33 GHz Digital 
Oscilloscope).

Assuming Gaussian temporal pulse shape, the pulse length can be determined by 
the deconvolution of the detector response from the measured pulse waveform. 
Figure 2.6a shows the measurement of a sub-30 ps pulse for the oxygen laser emis-
sion. The measured pulse waveform of the nitrogen air laser, together with the 
~20 ps response time of the measuring system, obtained using a 100 fs laser pulse 
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at 800 nm, is shown in Fig. 2.6b. The inset in Fig. 2.6b shows a pulse width of 
18.3 ps obtained for the atomic nitrogen laser, which is obtained by deconvoluting 
the measured signal from the detector response. Note that the measured pulse widths 
are three orders of magnitude shorter than the 34 and 43 ns natural spontaneous 
emission lifetimes for atomic oxygen and nitrogen, respectively, and they scale with 
the gain path length. For all the air lasers we have studied, either from molecular 
dissociation (oxygen, nitrogen, hydrogen) or using preexisting atomic species 
(argon, xenon), the measured coherence times match very well with the measured 
pulse widths, indicating the transform limited nature of the backward and forward 
emitted air-lasing pulses.

The spectra shown in Fig. 2.7 correspond to lasing from the transitions depicted 
in Fig. 2.1. Hydrogen and oxygen atoms emit single spectral peaks 656 nm and at 
845, respectively. The two emission lines in atomic nitrogen, at 744.23 and 
746.83 nm, correspond to the transitions from (3p)4S0

3/2 state to the states (3 s)4P1/2 
and (3 s)4P3/2, respectively. The spectra shown in Fig. 2.7 appear broader than the 
spectra of the actual emissions because of the limited resolution of the spectrome-
ters used to record them.

2.3  �Generation Mechanisms

Coherent light pulses can be generated by stimulated emission, super-fluorescence, 
or super-radiance. In all three cases, the emitted pulse can be spatially and tempo-
rally coherent, and the pulse length can be significantly shorter than the incoherent 
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fluorescence emission lifetime. The difference is that the stimulated emission pro-
cess has exponential gain and is unaffected by dephasing collisions, whereas super-
radiance and super-fluorescence are associated with coherent emissions from 
multiple dipoles oscillating in phase. Thus, super-radiance and super-fluorescence 
scale quadratically with the number of dipoles involved in the emission and require 
the dipoles to be synchronously phased. The emission lifetimes of super-fluorescence 
and super-radiance are shorter than the fluorescence lifetime of a single dipole and 
are related to the number of coherently coupled dipoles radiating together [19]. The 
more dipoles are coupled, the faster the radiation process. Several experiments were 
conducted to establish the generation mechanism in atomic air lasers, including the 
measurements of the backward-propagating pulse energy as a function of the gain 
path length, pump energy, atom density, and dephasing time.

The gain profile was measured by monitoring the backward-propagating pulse 
energy as a function of the gain path length, by moving a beam blocking glass slide 
through the gain region. Figure  2.8 shows the results of that experiment for the 

20000

H
-la

sl
ng

 s
pe

ct
ru

m

In
te

ns
ity

 (
a.

u.
)

150

100

50

0

843 844

Wavelength (nm)

si
gn

al
 (

co
un

ts
)

a

c

b

845 846 847

λ (nm)

10000

0
656.1 656.2

30000

20000

10000

0
740 741 742 743 744 745 746 747 748 749 750

656.3 656.4 656.5 656.6

Fig. 2.7  Spectra of lasing in dissociated (atomic) hydrogen (a), oxygen (b), and nitrogen (c)

2  High-Gain Air Lasing by Multiphoton Pumping of Atomic Species



26

backward-propagating oxygen laser. The beam blocking glass slide is translated a 
total of 10 mm, and the gain region is measured to be approximately 1 mm, corre-
sponding to the confocal beam parameter of the pump laser (twice the Rayleigh 
range). A fit to the gain profile over this 1  mm region assuming constant pump 
intensity gives an exponential gain of between 40 and 80 cm−1. The line in the dia-
gram has a slope corresponding to a gain of 60 cm−1, an increase by a factor of e6 
over 1 mm.

Another measurement of gain can be extracted from the ratio of the emission 
from the side of the lasing volume (i.e., fluorescence) to the backward lasing emis-
sion. In that case, the side detector shown in Fig. 2.2 is used. Figure 2.9 shows the 
relative signals from oxygen measured in the backward and side directions. To 
determine the total fluorescence emission, the detected fluorescence signal was 
multiplied by the ratio of the solid angle covered by the detector area to 4π steradi-
ans. Figure 2.10 is a scatter plot of that measurement, with each point representing 
a simultaneously recorded separate pump and the associated fluorescence and lasing 
events. The scatter arises from the pump laser fluctuations.

The above measurement yields backward coherent emission 500 times stronger 
than the volume-integrated incoherent emission. Assuming exponential gain, egL, 
where L = 1 mm, the measurement yields a gain coefficient of 62 cm−1, in good 
agreement with the measurement shown in Fig. 2.8. The very high optical gain and 
the high directionality (low divergence) lead to six orders of magnitude enhance-
ment in energy per unit solid angle for backward-propagating coherent emission 
relative to the incoherent emission. Both this and the moving glass slide 
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measurement indicate an exponential process producing the coherent forward- and 
backward-propagating beams.

Another indication of stimulated emission is the variation of pulse energy of the 
backward-propagating coherent beam with the pump energy. Figure 2.11 shows a 
scatter plot of the backward lasing pulse energy vs. pump pulse energy. Note that 
there is a clear threshold point where gain for the backward signal overcomes losses 
and backward lasing begins to dominate fluorescence. From that point, the back-
ward lasing increases in a highly nonlinear fashion.
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To better quantify the nonlinear increase of the lasing signal with the pump pulse 
energy, a direct measurement of the number of pumped oxygen atoms, taken simul-
taneously with backward lasing, was undertaken using the Radar REMPI technique 
[20]. Figure 2.12 shows the experimental arrangement. A continuous low-power 
microwave beam illuminates the lasing region, and the microwave backscattering 
from that region is collected, separated from the outgoing microwave, amplified, 
and detected using a homodyne mixing. Radar REMPI has been previously used to 
measure trace atomic and molecule species in air. It takes advantage of resonance-
enhanced multiphoton ionization [21] (hence the abbreviation REMPI), a well-
developed spectroscopic method that relies on the selective ionization of particular 
species of interest. The ionization is monitored by coherent microwave scattering, 
which, for volumes smaller that the microwave wavelength (3 mm in this case), 
produces a signal directly proportional to the number of free electrons in the vol-
ume and thus proportional to the number of ions created by the multiphoton pro-
cess. The microwave scattering occurs at the time of ionization and has 
sub-nanosecond response time, so it is not strongly affected by quenching and is 
immune to the background light from the laser scattering or fluorescence. Previous 
measurements with trace nitric oxide in air have shown excellent linearity of the 
Radar REMPI signal with the nitric oxide mole fraction [22]. For oxygen and other 
atomic species that lead to air lasing, the same two-photon resonance that pumps 
the lasing transition can be used as the resonant intermediate state for the REMPI 
diagnostic. This corresponds to 2 + 1 REMPI – two photons to couple the resonance 
and one more for ionization. Assuming only a small fraction of excited atoms are 
ionized, the Radar REMPI signal is directly proportional to the number of oxygen 
atoms reaching the excited two-photon resonant state. The REMPI provides a 
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means for measuring the scaling of the backward lasing pulse energy with respect 
to the population of excited atoms.

Figure 2.13a shows a scatter plot of the Radar REMPI signal and the backward 
lasing pulse energy as a function of the pump laser pulse energy. Data for the Radar 
REMPI and for the backward lasing are shown with red and blue colors, respec-
tively. Note that the Radar REMPI signal is sublinear in the high pump pulse energy 
regime, indicating that the number of atoms excited in this regime is limited by 

Fig. 2.12  The Radar REMPI setup (bottom) monitors the excited-state population by measuring 
the amount of ionization induced by the same multiphoton excitation responsible for air lasing 
(top)
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something other than the laser intensity. In this experiment, the same laser pulse was 
used to dissociate the oxygen molecules, and only following the dissociation step, 
there are oxygen atoms available for the two-photon pumping. Both the dissociation 
and the pumping processes require two pump photons, so the number of excited 
atoms should scale as the pump energy to the fourth power. The slowly varying 
increase indicates that one or both of these processes are saturated. Stimulated emis-
sion clearly scales much more rapidly with the laser pulse energy. Figure 2.13b 
shows the ratio of stimulated emission to the Radar REMPI, with the data occupy-
ing the blue shaded region in the figure. The fit shows that the scaling of stimulated 
emission is approximately in proportion to the seventh power of the Radar REMPI 
and, by assumption, the excited atom density. This is a much faster scaling than the 
quadratic relationship that would be expected in the cases of super-radiance and 
super-fluorescence.

Air lasing can be easily obtained with long pump pulses, albeit using higher 
pulse energy in order to maintain high enough intensity for multiphoton excitation. 
Using nanosecond pulses for pumping oxygen or nitrogen backward lasing pro-
vides sufficient molecular dissociation within the pumping pulse, such that a 
pre-dissociating pulse is not required. Since stimulated emission depletes the 
excited state in a matter of 10–20 ps, continuous pumping for several nanoseconds 
provides the opportunity to generate multiple pulses via the succession of multi-
photon excitation and rapid stimulated emission. Figure  2.14a shows bursts of 
picosecond pulses obtained through air lasing in oxygen in forward and backward 
directions under nanosecond optical pumping. The 10 ns UV pump pulse continu-
ously excites the atoms via multiphoton excitation, and successive picosecond 
pulses are observed in both forward and backward directions. These pulses are 
detected simultaneously with fast detectors and constitute highly correlated trains 
of separate 10–20 picosecond pulses. The number of these pulses and the time 
between them, which is required to build up the gain again after each lasing pulse, 
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are both strong indicators of the mechanism leading to the observed coherent 
emission. Examples of individual forward- and backward-propagating pulses are 
shown in Fig. 2.14b, where both the forward and backward pulses have identical 
temporal durations of less than 20 ps.

An intrinsic feature of stimulated emission is that the gain is related to the popu-
lation inversion and is only weakly affected by dephasing collisions. On the con-
trary, super-radiance and super-fluorescence are directly affected by the dephasing 
collisions since both of those coherent gain mechanisms rely on the radiating dipoles 
being prepared in phase for the coherent radiation to be emitted. Thus, another 
approach to determine the physics underlying the emission is to vary the dephasing 
collision frequency by changing the pressure of the gas.

In order to test collision effects, a simple experiment with a 10 ns pump pulse 
was performed to study air lasing while varying the de-coherence time. The pres-
sure of the air was varied over more than an order of magnitude, allowing the 
dephasing time (through collisions) to vary from more than 100  ps to less than 
10 ps. As seen in Fig. 2.15, the lasing is robust with respect to pressure variations, 
and the emission is retained even when the dephasing time is shorter than the pulse 
width of each lasing spike.
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Taken together, the exponential gain, the much faster than quadratic scaling of 
the emission with the atom density, the insensitivity to dephasing, and the scaling of 
the pulse durations with the duration of the single passage through the gain region 
unambiguously indicate that the backward lasing process is associated with stimu-
lated emission rather than super-fluorescence or super-radiance. Simultaneous 
emission in the forward and backward directions from gain volumes with lengths 
corresponding to thousands of optical wavelengths is another indication of the dom-
inance of the stimulated emission process. We point out that our conclusion that 
stimulated emission is responsible for the generation of the lasing in air is at odds 
with the conclusion reached by some other authors [23, 24] and the experiments 
presented here were conducted to settle that argument.  

2.4  �Lasing Through Multiphoton Pumping of Molecular 
Species

Lasing processes in atomic oxygen, nitrogen, and hydrogen, discussed above, have 
many similarities as well as some important differences. All three gain media require 
dissociation of the corresponding molecular species followed by resonant two-
photon pumping to the upper emission state. All three require ultraviolet laser pump 
at specific wavelengths and lase in the red or near infrared. For all three, the gener-
ated laser pulse is highly coherent and close to transform limited. Lasing occurs as 
soon as the gain overcomes losses, which can be within picoseconds of the pumping 
process. Pulse durations are in the 10–20 picosecond range and reflect the transit 
time through the gain region – longer pulses are measured with looser focusing of 
the pump laser.

Oxygen was the first high-gain air laser demonstrated. In that case, the dissocia-
tion step could be accomplished with the same 100 picosecond laser pulse that 
provided the two-photon excitation of the atomic fragment, since there is a good 
overlap of the 226 nm energy with the two-photon transition to the dissociative state 
of the oxygen molecule. With a single 100 ps pump pulse, the backward-propagating 
laser mode had a donut shape, as shown in Fig. 2.16a. A factor of 50 higher energy 
of oxygen lasing, as well as a Gaussian lasing mode, was observed when a pre-
dissociating nanosecond pulse from a frequency-doubled Nd:YAG laser was 
applied, few microseconds ahead of the 100 ps UV pump pulse. The corresponding 
mode profile is shown in Fig. 2.16c. For comparison, a lasing mode generated in 
atomic oxygen in methane/air flame under atmospheric pressure is shown in 
Fig. 2.16b.

Nitrogen pumped with a 100 picosecond UV laser required a pre-pulse for the 
lasing to occur, due to a stronger molecular bond (9.78 eV bonding energy com-
pared to 5.16 eV in the case of oxygen molecule) and the lack of a two-photon 
overlap with a dissociative state accessed by either 205 or 211 nm pump light. In 
Fig. 2.17a, b, we show how a pre-pulse, few nanoseconds earlier than the pulse that 
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pumps the atomic fragments, can lead to lasing from atomic nitrogen in air. The first 
pulse, which is produced by the same UV pump laser, dissociates the nitrogen mol-
ecule through a multiphoton process, while the second pulse drives the two-photon 
excitation of the atomic fragments. No lasing is observed from the first pulse alone 
even though it is at the two-photon excitation wavelength. When both pulses in the 
sequence are present, the appearance of the lasing emission temporally coincides 
with the timing of the second pump pulse, indicating that the separate dissociation 
step was necessary, in contrast to the case of oxygen.

Fig. 2.16  Spatial mode profiles emitted by the atomic oxygen laser in the backward direction, in 
the cases when (a) molecular oxygen in the air is dissociated with the same single 100 ps pulse that 
pumps the atomic fragments, (b) atomic oxygen is dissociated in a methane/air flame, and (c) 
atomic oxygen is produced through optical breakdown of air
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Much stronger output from atomic nitrogen lasing can be achieved using a 
higher-energy pre-pulse, optimally timed before the two-photon UV pump. In 
Fig. 2.17c, d, we demonstrate that the lasing threshold can be reduced significantly, 
and, hence, the lasing emission increased by more than two orders of magnitude, if 
a strong nanosecond pre-pulse from a Nd:YAG laser (at either 1064 or 532 nm) is 
used to dissociate the molecules in advance of the resonant UV pulse. The pre-
pulse, which is not shown in Fig. 2.17d, was sent 100 ns in advance of the 100 ps 
UV pulse, to dissociate the nitrogen molecule. Nitrogen emission obtained in this 
case was 250 times stronger than in the case of UV double-pulse pumping [7–9]. A 
similar excitation approach with a nanosecond pre-pulse has been investigated for 
both oxygen and nitrogen and nanosecond DUV pumping [10] and for oxygen with 
femtosecond DUV pumping [25].

By optimizing the delay between the pre-pulse and the DUV pumping pulse, 
almost three orders of magnitude enhancement was obtained in the case of atomic 
nitrogen. The lasing is the strongest when the highest density of atomic nitrogen is 
present and available to be excited by the two-photon resonant UV pump pulse. In 
order to monitor the atomic density, we utilize the fact that the same photons used 
for the two-photon nitrogen atomic lasing excitation also produce two-photon reso-
nant three-photon ionization of a small fraction of the nitrogen atoms. In this case, 
time-delayed Radar REMPI provides the capability for monitoring the evolution of 
the density of nitrogen atoms following dissociation.

In Fig. 2.18, we show the dependence of the atomic nitrogen density on the delay 
between the femtosecond pre-dissociating pulse and the signal amplitude of the 
resonant UV-pumped Radar REMPI. As shown with red squares in Fig. 2.18, the 
nitrogen atomic density reaches a maximum within the first microsecond after dis-
sociation in the atmospheric pressure air, indicating that is the best timing for 
achieving the most efficient air lasing. In pure nitrogen at the atmospheric pressure, 
the concentration of atomic nitrogen resulting from photodissociation is greater and 
peaks later.

The time evolution of the atomic density measured via Radar REMPI can be 
directly compared with the dynamics of air lasing, since both processes utilize the 
same two-photon resonance. Figure 2.19 shows that the temporal evolution of the 
gain coefficient (given by the natural logarithm of the backward lasing signal) 
closely follows the atomic density measured with Radar REMPI and plotted on a 
linear scale. The fact that the exponential gain coefficient is proportional to the 
atomic density is another strong indication of stimulated emission.

Both oxygen and nitrogen lasing arise from the two major species in the air, 
while hydrogen lasing occurs from the water vapor in the air at as low as 40% rela-
tive humidity, corresponding to the mole fraction below 1%. Figure 2.20a shows 
the relative backward hydrogen lasing pulse energy as a function of humidity in 
the room air at 25 °C temperature. When pumped by a 100 ps UV laser pulse, a 
preliminary dissociation step is required. In these experiments, the water molecule 
was dissociated using either a 10 nanosecond Nd:YAG laser producing 200 mJ 
pulses at 1064 nm or a 50 fs Ti:Sapphire laser generating 1 mJ pulses at 800 nm. 
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Fig. 2.19  Temporal evolution of the gain coefficient, measured as the natural logarithm of the 
backward emission and shown with inverted triangles, closely follows the dynamics of the excited 
state of atomic nitrogen, measured by Radar REMPI and shown with squares
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It is interesting to note that the hydrogen laser pulse arises from the hydrogen 
Balmer alpha line (see Fig. 2.1, left), which is at 656.3 nm, essentially the same 
color as that of a red laser pointer.

2.5  �Lasing from Atomic Inert Gases in Air

The potential for achieving lasing from minor species may lead to backward las-
ing from naturally occurring atmospheric inert gases including argon, neon, kryp-
ton, and xenon. In particular, the concentration of argon in the air is 0.8%, close to 
that of water vapor in room air. The use of inert gases, which are atomic, for 
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Fig. 2.21  Femtosecond 
(broadband) radiation can 
be used for efficient 
two-photon coupling of 
narrow atomic transitions 
[25, 27]
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multiphoton-pumped lasing, circumvents the need for the dissociation step in the 
lasing schemes that we discuss next.

Since in the case of naturally occurring atomic species the dissociation step 
toward atomic lasing is not necessary, it is feasible to think about optical pumping 
using single ultrashort (femtosecond) pulses. These pulses allow ultrahigh intensities 
that are required for multiphoton transitions, without the need for very high pulse 
energies. A good example of a noble gas with two-photon transitions, similar to the 
ones discussed above in oxygen, nitrogen, and hydrogen, is xenon. Here pumping 
with 224.29 nm leads to lasing at 834.7 nm, close to the 845 nm lasing in oxygen 
[26]. To investigate lasing in xenon, we pump it with femtosecond laser pulses at 
225 nm that are derived from 50 fs Spectra-Physics Solstice Ti:Sapphire laser at 
800 nm, that is, frequency up-converted through optical parametric amplification 
and nonlinear frequency mixing. Due to the complementarity of the two-photon 
energy addition of low- and high-frequency spectral components of the femtosec-
ond pump pulse, as illustrated in Fig. 2.21, femtosecond excitation can efficiently 
couple the two-photon atomic resonance, even though the resonance is much nar-
rower than the bandwidth of the pump radiation [25, 27].

Figure 2.22a illustrates two-photon pumping at 224.29 nm followed by the emis-
sion at 834.7 nm in xenon. As shown in Fig. 2.22b, forward- and backward-propagating 
stimulated emissions are generated simultaneously, within the accuracy of the 
detection system, which is on the order of 20 ps. Since xenon concentrations in the 
natural air are less than 100 parts per billion, it is not a strong candidate for an air 
laser. Nonetheless, lasing from 10 parts per million concentrations in air has been 
achieved (Fig. 2.23).

The best atomic candidate for generating remote lasing in the atmosphere is 
argon, because with about 1% concentration, it is the next most abundant air specie 
after nitrogen and oxygen. However, in order to excite argon atoms in air, three-
photon excitation is required due to the ultraviolet absorption edge near 200 nm.
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As shown in Fig.  2.24, three-photon pumping at 261 nm brings argon atoms 
from the ground state 3s23p6 to the upper lasing state 3s23p5(2P°1/2)3d. This three-
photon excitation is followed by lasing emission from the 3d state to the lower laser 
state 3s23p5(2P°1/2)4p. Backward lasing emission in argon using three-photon exci-
tation has been demonstrated with both 100 ps and 100 fs DUV pump pulses, show-
ing that the bandwidth argument from Fig.  2.21 extends beyond two-photon 
transitions [14, 15].

Figure 2.25a shows that the pulses emitted in both directions are simultaneous 
and have a pulse width of 50 ps (FWHM). Although the spectra shown in Fig. 2.25b 
are limited by the resolution of our spectrometer, they show a 1327 nm emission 
line much narrower than the femtosecond pump at 261nm. 

While three-photon excitation of argon leads to efficient backwards lasing, 
adding atmospheric air affects the efficiency. As shown in Fig. 2.26, while lasing 

Fig. 2.23  (a) Backward-propagating and (b) forward-propagating lasing from 10 parts per million 
of Xe in air

3s23p5(2P˚ 1/2)3d
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3s23p6

1327nm

261nm

261nm

261nm

Fig. 2.24  Energy-level 
diagram of argon showing 
three-photon excitation by 
the pump light at 261 nm 
followed by the emission 
at 1327 nm
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in pure Ar is still strong even at low densities, the air-Ar mixture shows less stimu-
lated emission for the same Ar density. Fig.  2.26 shows detectable backwards 
emission in atmospheric air containing as low as 10% Ar. The higher lasing 
threshold in atmospheric air can be attributed to the rapid collisional transfer of 
energy from the excited Ar states to the electronic excited energy levels of nitro-
gen and oxygen. The goal of obtaining backwards lasing from Ar in atmospheric 
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air can be reached by further improvements on detection and by increasing the 
pump energy to allow for longer gain paths and thus lasing at lower Ar partial 
pressure. For this purpose using femtosecond pulses is beneficial, because it 
avoids the potential problem of avalanche ionization. Additionally, femtosecond 
pumping occurs faster than the collision time, so collisional deactivation of argon 
during pumping does not occur.

2.6  �“Around-the-Corner” Lasing

Since the outcome of an optical gain is exponential in the length of the active 
medium, the direction of lasing is highly dependent on the geometry of the gain 
volume. In the cases of backward and forward lasing, discussed above, the gain 
volume was elongated along the propagation direction of the pump beam. However, 
through the modification of the geometry of the gain volume, the direction of the 
lasing emission can be changed from being either forward or backward propagating. 
That opens up the possibility of an “around-the-corner” air laser.

In the “around-the-corner” laser, a cylindrical, instead of a spherical, lens focuses 
the UV pump beam, creating a gain volume elongated in the direction perpendicular 
to the direction of propagation of the pump beam. Such an arrangement is shown in 
Fig. 2.27. In the experimental demonstration of this approach, the dissociation of 
nitrogen is driven by a Nd:YAG laser. The dissociating pre-pulse is followed, with a 
100 ns delay, by a 100 ps UV pump pulse, which is focused with a cylindrical lens. 
The dissociating nanosecond laser is focused into the same region as the 100 ps UV 
pulses, but with a spherical lens in order to build up sufficient intensity for efficient 
dissociation. Fast photodiodes placed on the either side of the elongated gain vol-
ume detect the 745 nm emission from atomic nitrogen through bandpass filters. In 
addition, the emission pattern of the sideways lasing is visualized by photographing 
its projection on a screen with a CCD camera. As shown in Fig. 2.28, a wide band 
of light at 745 nm is emitted from the focal region sideways.

The 1.5 by 10 cm image of the emission pattern shown in Fig. 2.28a is obtained 
by averaging, over 100 laser shots, the image on a screen placed 10 cm away from 
the gain region. The image clearly shows a wide horizontal emission band. This is 
to be expected because the focal region is close to be rectangular. On the contrary, 

Fig. 2.27  Experimental 
setup for air lasing at 90° 
angle with respect to the 
propagation direction of 
the pump beam. An 
elongated gain region is 
produced through the 
focusing of the pump beam 
with a cylindrical lens
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single-shot images, such as the one shown in Fig. 2.28b, show that the emission 
pattern consists of a series of narrow vertical lines, the positions of which randomly 
change from one laser shot to another. These lines appear according to the fluctuat-
ing distribution of excited nitrogen atoms. The emission is strongest along the direc-
tions along which higher numbers of emitters are aligned. Although the longest 
dimension of the gain volume is along the direction perpendicular to the direction 
of propagation of the laser beam, the gain region is also extended over the Rayleigh 
range of the cylindrical focusing optic. There are various paths along which stimu-
lated emission can take place. Since stimulated emission is coherent, these spatial 
modes interfere with each other, creating a series of vertical lines. The emission 
patterns are similar to the either sides of the gain volume.

Successive blowups of the emission pattern shown in Fig. 2.28c, d demonstrate 
high contrast of the interference, indicating a high degree of coherence of the lasing. 
Since the emission mechanism is the same as that in the backward air laser, the 
coherence time of the emission is on the order of several tens of picoseconds, which 
matches the optical path length along the gain region. In principle, higher spatial 
coherence can be achieved by arranging a spatially localized series of gain regions 
that would sequentially amplify stimulated emission in a particular direction.

2.7  �Conclusions

Backward-propagating laser radiations from two-photon pumped atomic oxygen, 
nitrogen, and hydrogen, which are produced by dissociation of molecules in room 
air, possess similar characteristics: high spatial and temporal coherence and close 
to transform limited properties with pulse durations between 10 and 30 ps, inde-
pendent of the pulse length of the pumping laser. These laser beams are generated 

Fig. 2.28  (a) Multi-pulse averaged and (b) single-shot radiation patterns emitted by the atomic 
nitrogen laser at the 90° angle with respect to the direction of the pump beam. The pump is focused 
with a cylindrical lens, as illustrated in Fig. 2.27c, d. Blow-ups of the emission pattern showing 
vertical lines with various perioducity, which indicates a high degree of coherence of the sideways 
lasing
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over millimeter scale paths that exhibit optical gain values as high as ~60/cm. The 
exponential dependence of laser emission on the path length and the atom number 
density, as well as the lack of sensitivity to the dephasing collision rates, are indica-
tive of stimulated emission being the dominant emission mechanism. The potential 
for developing a backward laser based on the naturally occurring inert gases such 
as argon is very attractive as it eliminates the need for the dissociation step of the 
excitation, reducing pulse-to-pulse fluctuations and enhancing the potential for the 
use of various modulation methods for trace detection. Changing the geometry of 
the gain volume through different focusing of the pump beam provides the oppor-
tunity for steering air lasing in the directions other than forward and backward.
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Chapter 3
The Role of Electron Collisions in Lasing 
in Neutral and Singly Ionized Molecular 
Nitrogen

Yi Liu, Pengji Ding, Aurélien Houard, and André Mysyrowicz

3.1  �Introduction

In this chapter, we will discuss lasing actions in the air that follow the excitation 
with a short intense laser pulse at 800 nm. We will successively analyze two types 
of laser actions. The first type is based on the optical transition between the excited 
triplet states of the neutral nitrogen molecule. Based on the study of the dependence 
of the lasing signal on the polarization ellipticity of the pump pulse, we unambigu-
ously attribute gain mechanism in this scheme to the electron collisions with neutral 
nitrogen molecules that result in population inversion. Experimental results on the 
dynamics of emissions in the forward and backward directions with respect to the 
direction of the pump pulse are confirmed by numerical simulations based on the 
Maxwell-Bloch equations. The second type of lasing stems from the transition 
between the second electronically excited state and the ground state of a singly ion-
ized nitrogen molecule. After reviewing current interpretations of this emission pro-
cess, which remains to be a controversial issue, we will focus on our interpretation 
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that links stimulated emission in this scheme to superradiance. We will argue that 
electron recollisions play an essential role in establishing the superradiant gain.

There is currently a strong interest to develop an “air laser” in free space. Such a 
laser uses the components of air or their ions as a gain medium [1–23]. In principle, 
such a cavity-free laser could be realized at large distances by exploiting the process 
of laser filamentation [24] that can be used to pump such laser actions. Filamentation 
offers the possibility to maintain very high laser intensities over multimeter paths 
and can be initiated at kilometer-scale standoff distances. It has been shown to turn 
air into an active medium with high gain, which is a prerequisite for cavity-free las-
ing. In principle, both forward-propagating and backward-propagating lasing 
schemes are of interest. The remote generation of a coherent beam at a different 
wavelength from that of the pump beam, especially the wavelength in the UV, could 
be very useful for various atmospheric studies. In the case of forward-propagating 
air lasing, one can envision the setup where pump pulses are emitted from satellites 
or floating balloons, and the generated air lasing signals carry information about the 
atmosphere toward an Earth-based receiver. With a backward-propagating laser 
pulse emanating from a remote location in the sky, coherent optical detection meth-
ods such as stimulated Raman scattering can be used for remote sensing in the air 
using a pump pulse launched from the Earth [13]. In principle, this approach has the 
potential to increase, by orders of magnitude, the detection sensitivity compared to 
the traditional incoherent detection schemes of optical remote sensing, although 
there has been no demonstration of this potential yet. At present, the main task is to 
identify the physical mechanisms that are responsible for air lasing. This chapter is 
devoted to this aspect of the problem and is restricted to the study of air lasing 
obtained using short pump pulses at 800 nm from Ti/sapphire chirped-pulse ampli-
fied (CPA) laser systems.

The concept of air lasing has been put forth over a decade ago. The last 5 years 
have witnessed significant progress toward its realization [1–3, 9, 12]. So far, three 
different types of schemes for air lasing have been demonstrated. In the first scheme, 
picosecond or nanosecond ultraviolet (UV) pulses (226 nm) are used to dissociate 
oxygen and nitrogen molecules in the ambient air and subsequently pump the result-
ing atomic fragments through two-photon resonant processes [1]. In the case of 
oxygen, both backward- and forward-propagating stimulated emissions at 845 nm 
have been observed in the experiments, with the backward-propagating lasing 
energy as high as 1 microjoule [8]. However, the application of this scheme for 
remote sensing is limited by high absorption and scattering of the UV pump pulses 
in the atmosphere. This limitation motivates search for alternative schemes based on 
optical pumping in the visible or IR.

One such alternative is based on the creation of population inversion in neutral 
nitrogen molecules. Backward-stimulated emission from neutral nitrogen mole-
cules inside a laser plasma filament was first suggested in 2003, based on the 
observed exponential growth of the backward UV emission with the length of the 
plasma filament [12]. In 2012, D. Kartashov and coworkers focused a mid-infrared 
femtosecond laser pulses (at either 3.9 or 1.03 μm) inside a high-pressure mixture 
of argon and nitrogen gas. They observed backward-propagating stimulated 
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emissions at 337.1 and 357 nm at the optimal argon gas pressure of 5 bars and 
nitrogen pressure of 2 bars [9]. The emission at 337.1 or 357 nm has been identified 
as being due to the transition between the third and second excited triplet states of 
neutral nitrogen molecules, i.e., C3Πu → B3Πg. The relevant energy level diagram 
of neutral and ionic nitrogen molecules is presented in Fig. 3.1. The population 
inversion mechanism between the C3Πu and B3Πg states is attributed to the tradi-
tional Bennet mechanism, where collisions transfer the excitation energy of argon 
atoms to molecular nitrogen. Unfortunately, this method cannot be applied for 
remote generation of air lasing emission because of its requirement of high-pres-
sure argon gas (p > 3 bar). In another work, researchers used a 10 ps, 10 J laser to 
pump ambient air and observed forward 337 nm stimulated based on the popula-
tion inversion between the C3Πu and B3Πg. However, no evidence of backward 
lasing was observed [14].

Recently, it has been demonstrated that the filament plasma column created by 
an intense circularly polarized femtosecond laser pulse at 800 nm in pure nitrogen 
or in the nitrogen-oxygen mixture can act as an optical amplifier and give rise to 
lasing at 337.1 nm wavelength in both backward and forward directions [2, 16, 19]. 
This simple method for lasing of neutral nitrogen molecules with the widely avail-
able 800 nm femtosecond pumping holds great potential for future applications. In 
Sect. 3.2, we will present experimental and simulation results based on this scheme 
and discuss its underlying physical mechanism. The role of electron collisional 
excitation in the creation of population inversion will be discussed in detail.

A different scheme for air lasing has been reported in 2011 by a research group 
from the Shanghai Institute of Optics and Fine Mechanics (SIOM) [2]. In this 
scheme, the lasing manifests itself as a strong, forward-propagating, narrow-
bandwidth emission from the C Bu g

3 3P P+ +®  transition in singly ionized nitrogen 

Fig. 3.1  Schematic energy 
diagram of the neutral and 
singly ionized nitrogen 
molecules. Historically,  
the transition 
C Bu g

3 3P P+ +®  in 
neutral N2 is termed the 
second positive band  
of nitrogen, while the 
transition 
B Xu g

2 2S S+ +®  in N2
+  

is termed the first negative 
band of nitrogen

3  The Role of Electron Collisions in Lasing in Neutral and Singly Ionized Molecular…



48

ions N2
+ , i.e., in the second positive band of nitrogen (Fig. 3.1). These emissions 

have been observed with femtosecond pump pulses in the UV, visible and mid-IR 
[19, 22, 23]. This emission phenomenon shows several unusual features, including 
ultrafast gain buildup, possible superradiant emission, strong dependence on the 
polarization of the pump laser, etc. Up to now, its physical mechanism remains 
controversial. Population inversion, recollision excitation, superradiance, and laser 
without inversion have been proposed as potential gain mechanisms [2, 4–6, 21, 
22]. In Sect. 3.2.2, we will review the main features of this lasing effect with pump-
ing at 800 nm. We will further discuss various gain mechanisms proposed in recent 
literature. We will give our interpretation of the origin of this lasing in terms of 
superradiance, based on the time-resolved measurements of the emission. Finally, 
we will present experimental results with pump pulses of varying polarization ellip-
ticity and suggest electron recollision excitation as a potential excitation mechanism 
responsible for the stimulated emission. We will present experimental results that 
support that hypothesis.

3.2  �Lasing in Neutral Nitrogen in a Femtosecond Laser 
Filament: The Gain Mechanism and Temporal Dynamics

Amplified spontaneous emission (ASE) at 337.1 nm in both backward and forward 
directions can be obtained from laser filaments in the nitrogen gas or in the nitrogen-
oxygen mixture under pumping with circularly polarized 800 nm femtosecond laser 
pulses [3]. In Sect. 3.2.1, we will present the main features of this lasing scheme. In 
Sect. 3.2.2, the underlying mechanism will be discussed in detail, and the electron 
collisional excitation for population inversion will be confirmed both experimen-
tally and through calculations. In Sect. 3.2.3, time-resolved measurements of the 
emission in the ASE and seeded regime will be presented. Finally, a theoretical 
model based on the Maxwell-Bloch equations will be presented, and the resulting 
simulations will be compared with experiments.

3.2.1  �Main Features of N2 Lasing with Circularly Polarized 
Femtosecond Pumping

The experimental setup for the studies of lasing in N2 is shown in Fig.  3.2. 
Femtosecond laser pulses with duration of 45 fs are focused by a convex lens of 
1000 or 500 mm in a gas cell filled with 1 bar of pure nitrogen gas or a mixture of 
nitrogen and oxygen. A broadband dielectric beam splitter is used to direct the inci-
dent pump beam into the gas chamber while routing the backward-propagating UV 
emission from the gas plasma to the detector. A quarter-wave plate is placed in front 
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of the input window of the gas chamber, to change the laser polarization from linear 
to circular. The backward-propagating emission is focused by an f = 100 mm fused 
silica lens to the slit of a monochromator (Jobin-Yvon H-20 UV, grating: 1200 g/
mm) combined with a photomultiplier tube (PMT). The forward-propagating emis-
sion is analyzed by a spectrometer (Ocean Optics, UV 4000) or by an iCCD camera. 
The transverse fluorescence from the plasma channel is also measured with a mono-
chromator and a PMT.

We have measured the following parameters of both backward-propagating and 
forward-propagating emissions from filaments in pure nitrogen and in the ambient 
air: emission spectrum, spatial profile, and dependence on the pump pulse energy 
and polarization. Below we present our main results.

3.2.1.1  �Spectrum Analysis of the Backward Emission in Pure  
Nitrogen Gas

In Fig. 3.3, the spectra of the backward UV emission are shown for both circularly 
and linearly polarized pump pulses at 800 nm. The emission intensity at 337 nm in 
the case of circular laser polarization is about 40 times larger than that of linear laser 
polarization. For the other lines at 315, 357, 380, and 405 nm, an increase of signal 
by a factor of ~1.5 is observed when the laser pulse polarization is changed from 
linear to circular. This remarkable behavior of the 337  nm signal suggests that 
backward-stimulated emission is initiated with circularly polarized laser pulses.

Fig. 3.2  Schematic of the experimental setup for the measurement of backward-propagating and 
forward-propagating lasing and transverse fluorescence in filaments
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3.2.1.2  �Spatial Profile of the Backward Emission

We have measured the spatial profile of the backward emission at 337 nm with an 
ICCD camera (Princeton Instruments, PI-MAX). An interference filter centered at 
337 nm with a bandwidth of 10 nm was installed before the CCD camera to block 
any backward-propagating optical background at the wavelengths other than that of 
the lasing. The results are shown in Fig. 3.4, for both linearly and circularly polar-
ized pump pulses. A well-defined beam is observed when circularly polarized pump 
is used, while no lasing signal is detected with linearly polarized pump beam, as 
shown in Fig. 3.4a, b respectively. This observation unambiguously confirms the 
occurrence of backward-propagating stimulated emission at 337 nm in the filaments 
produced in nitrogen gas by circularly polarized femtosecond laser pulses.

Analysis of polarization properties of this backward emission reveals that the 
emission is not polarized [3], which indicates that it is an unseeded amplified spon-
taneous emission (ASE).

Fig. 3.3  Spectrum of the backward emission with circularly (a) and linearly (b) polarized pump 
pulses. The numbers in parenthesis in (b) designate the vibration quantum number of the initial and 
final states of the transition

Fig. 3.4  Backward 
emission at 337 nm from 
plasma filaments observed 
with linearly (a) and 
circularly (b) polarized 
pump pulses. The pump 
pulse energy is about 
10 mJ and the nitrogen 
pressure is 1 bar

Y. Liu et al.



51

3.2.1.3  �Lasing Action in Ambient Air

In the experiments in pure nitrogen gas, we have noticed that forward-propagating 
emission at 337 nm is also generated, and its strength is much higher than that of the 
backward-propagating emission. Typically, the forward-propagating 337 nm lasing 
intensity is 3 orders of magnitude more intense than the intensity of the backward-
propagating ASE. Very recently, we have demonstrated that 337 nm lasing can be 
generated in the ambient air in the forward direction [19], when it is pumped by 
circularly polarized 800 nm pulses, although the intensity of the lasing is 250 times 
smaller than that in pure nitrogen (Fig. 3.5). This observation suggests that oxygen 
acts as an efficient quenching agent for the 337 nm nitrogen lasing [3]. To achieve 
backward 337 nm emission in the ambient air, a higher optical gain or a longer 
effective gain length is necessary, which may be possible with higher energies of the 
pump pulses than what has been used previously.

3.2.1.4  �Amplification of an External Seed Pulse

In the presence of population inversion, an externally injected seed pulse at the wave-
length within the gain bandwidth is expected to be amplified. We have conducted 
experiments on the amplification of an external seed signal propagating in both the 
same and opposite directions with respect to the direction of the pump pulse. In both 
cases, the seed pulse can be amplified by two orders of magnitude. In Fig. 3.6, we 
present the results for the amplification of the backward-propagating seed pulse, 
observed in pure nitrogen. In Fig. 3.6a, we show the spatial profile of the backward 

Fig. 3.5  Forward lasing spectrum in ambient air and pure nitrogen. The signal obtained in the air 
has been multiplied by a factor of 100
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ASE. The ASE has Gaussian intensity distribution with angular divergence of 9.2 
mrad. The spatial profile of the seed pulse is shown in Fig. 3.6b. In the presence of 
both pump and seed pulses, an intense 337 nm radiation is generated, as shown in 
Fig. 3.6c. The amplified stimulated emission has a divergence angle of ~3.8 mrad, 
much smaller than that of both the ASE and of the seed pulse.

3.2.2  �Discussion of the Mechanisms for the Creation 
of Population Inversion

In the above section, we have shown that lasing action at 337 nm in filaments can only 
be achieved with circularly polarized 800 nm femtosecond pulses. Experimentally, we 
have verified that a slight deviation of the laser polarization from the circular polariza-
tion state leads to an extremely steep drop of the lasing signal [3].

How should we understand this very strong dependence of the 337 nm lasing on 
the polarization of the pump? Direct optical strong-field excitation of the triplet 
state C u

3P+  of nitrogen is a spin-forbidden process. Two indirect excitation mecha-
nisms have been proposed. The first scheme involves the dissociative recombination 
through the reactions N N N N N2 2 2 4 2

+ ++ + ® +  followed by N N4 2
3+ ++ ® ( )e C uP  

[25]. Another recently proposed scenario suggests that the collision-assisted inter-
system crossing from the excited singlet state is the dominant process that populates 
the triplet state, while the dissociative recombination is a minor contributor [26]. 
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Contrary to our experimental observations, both processes should favor linearly 
polarized pump for the following reasons. In the case of dissociative recombination, 
density of the N2 molecules in the C u

3P+  state depends on the density of N2
+ , which 

is more efficiently produced by linearly polarized radiation in the intensity range 
1013–1015 W/cm2 [27]. With the intersystem crossing mechanism, similar dependence 
on the laser polarization is expected, because the transition from the fundamental 
singlet state of N2 to an intermediate singlet state is more efficient with linearly 
polarized laser pulses. The question is why does circular but not linear polarization 
of the pump laser pulses enable the 337 nm lasing?

There is an important difference between electron dynamics in the cases of 
strong-field ionization by linearly and circularly polarized laser fields [28, 29]. With 
linearly polarized laser pulses, free electrons are left with low kinetic energies at the 
end of the pump pulse because they are alternately accelerated and decelerated by 
the laser field during every optical cycle. With a circularly polarized laser field, 
electrons are always accelerated away from their parent molecular ion. At the end of 
the laser pulse, they acquire average energy of ~2Up, where U e I c mp e= 2

0 0
22/ e w  is 

the ponderomotive potential of the electron in a linearly polarized laser field and ε0, 
me, I, and ω0 are the vacuum permittivity, electron mass, optical intensity, and fre-
quency of the laser field, respectively [16]. For laser intensity of I = 1.4 × 1014 W/
cm2, which is a representative intensity level inside air filaments under tight external 
focusing conditions [30, 31], a large number of electrons with kinetic energies 
around 2Up ≥ 16 eV can be produced. Such an energy is sufficient for the excitation 
of nitrogen molecules from their ground state to the excited triplet state through the 
following inelastic collision reaction:

	
N Ng2

1
2

3X e C euS P+ +( ) + = ( ) +
	

(3.1)

This reaction is the dominant mechanism responsible for the establishment of 
population inversion between the C u

3P+  and B g
3P+  states of nitrogen in the conven-

tional discharge-pumped nitrogen laser, where electrons are accelerated to obtain 
sufficient energy by the discharge electric field [32]. Therefore, the effectiveness of 
circular laser polarization in creating population inversion stems from the fact that 
the photoelectrons generated in a circularly polarized laser field are left with a sub-
stantial kinetic energy immediately after the passage of the pump laser pulse.

To further confirm the role of collisional excitation in the creation of population 
inversion, we have calculated the electron kinetic energy distribution for different 
polarization ellipticities of the pump field. The transverse kinetic energy distribu-
tion for the photoelectrons can be derived by using semi-analytical laws. The inte-
gration of Newton’s equations of motion for the electron leads to the transverse 
momentum 



 

p t e A t A( ) = - ( ) -( )0 , where 


A t( )  is the vector potential of the optical 
field at the time t and 



A0  is the vector potential at the instant when the electron is 
liberated, when it is assumed to have zero kinetic energy. After the passage of the 
pulse, 



A t( )  vanishes. The transverse momentum becomes p(∞) = − eA0, and the 
transverse kinetic energy reads E t e A mkin 0

2
0
2 2( ) = / ,  where t0 is the time instant, 

within the pulse, when the electron was liberated. We can infer the vector potential 
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by integrating the equation 
 

E A t= -¶ ¶/ ,  using the analytical form for the electric 
field with a cosine envelope

	

E
E t T

t

t
T tx

y=
( ) +( )

+ +( )
é

ë
ê

ù

û
ú - <0 /cos

cos

sin
, /p

w
e w q

<0

0

2
q 



u

u
for TT

t T t T

/

, / / ,

2

0 2 2for and - >

ì

í
ï

î
ï

	

(3.2)

where θ is an arbitrary carrier-envelope phase. The kinetic energy of the electron, 
born at the time t0, after the acceleration by the pulse reads:

	
E U t T tpkin = ( ) - -( ) +( )é

ë
ù
û2 1 1 2 2

0 0p e w q0 / cos
	

(3.3)

Therefore, all electrons generated between t0 and t0 + Δt, with probability 
¶ ¶( ) ´( )¥n t t ne t e/ / ,,

0
D  where ne(t) is the electron density calculated from the rate 

equations and ne , ∞ is the total electron density produced by the pulse, will have 
kinetic energies between Ekin(t0) and Ekin(t0 + Δt). From the above calculation, the 
maximum kinetic energy of the electron is 2Up for a circularly polarized pulse (ϵ = 1), 
when the electron is born at the peak of the field envelope (at t = 0).

A parametric representation of the kinetic energy distribution is shown with a 
continuous curve in Fig. 3.7. In the case of linear laser polarization, the majority 
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of electrons are left with energy below 1 eV, as shown in Fig. 3.7a. By contrast, 
an almost monoenergetic distribution with the peak around 14.6 eV is produced 
by circular laser polarization, as shown in Fig. 3.7c. An intermediate distribution 
is obtained with an elliptically polarized pulse, as shown, for the case of ellipticity 
ϵ = 1/2, in Fig. 3.7b. Note that the collision process N Ng2

1
2

3X e C euS P+ +( ) + = ( ) +  
requires a minimum electron kinetic energy of 14 eV to be effective [32]. This 
explains the high experimentally observed sensitivity of the nitrogen gain to the 
ellipticity of the pump.

3.2.3  �Time-Resolved Measurements of N2 Lasing

For time-resolved measurements of gain dynamics in the N2 lasing, femtosecond 
laser pulses (800 nm, 45 fs, 100 Hz, 16 mJ) were split into 3 beams (beams a, b, c). 
Time delays between these pulses were controlled by optical delay lines. For the 
creation of the nitrogen filament amplifier, a circularly polarized femtosecond pulse 
of 9 mJ energy (beam a) was focused by a convex lens with f = 1 m into a chamber 
filled with nitrogen gas. Both backward and forward ASE at 337.1 nm from the fila-
mentary plasma with a length l ~ 30 mm were recorded. To obtain the seeding pulse 
at 337.1 nm, the second harmonic of the beam b was generated in a 1-mm-thick 
BBO crystal and then focused into a 20-mm-thick fused silica sample. A narrow 
spectral bandwidth (~10 nm bandwidth) of the emerged broadband supercontinuum 
was selected with an interference filter centered at 337 nm. The seed pulse could be 
injected into the plasma in both directions [16].

To characterize the duration of the amplified pulse in the forward direction, we 
employed a cross correlation technique schematically shown in Fig.  3.8a. The 
forward-propagating 337.1 nm ASE and the amplified lasing radiation were focused 
together with the third 800 nm beam c on a 2-mm-thick type-I BBO crystal cut at 
50.7°, for efficient sum-frequency generation (SFG) of the signal at 238 nm wave-
length, as illustrated in Fig. 3.8b. By recording the SFG signal at 238 nm as a func-
tion of the delay between the 337.1 nm lasing signal and the weak 800 nm probe 
pulse c, the temporal profile of the 337.1 nm lasing pulse was obtained.

We measured the temporal structure of the forward-propagating 337 nm nitrogen 
lasing under the conditions of 1 bar pressure, f = 100 cm focusing of the pump, and 
9 mJ pump pulse energy. The results for the seed pulses centered at 340 nm, ampli-
fied pulses at the 337 nm peak lasing wavelength, and the 337 nm ASE are shown in 
Fig. 3.9a. The 337 nm ASE pulse has pulse duration of 14 ps, and its peak is delayed 
by 12.5 ps with respect to the pump pulse. By injecting a co-propagating seed pulse 
with a duration of 1.5 ps, an externally seeded 337 nm lasing pulse is generated with 
a pulse duration of 3 ps and a 7 ps temporal advancement relative to the 337 nm ASE 
pulse. Figure 3.9b shows the corresponding simulation results, to be discussed later.

We further applied the cross correlation technique to the measurement of the 
temporal profile of the backward-propagating externally seeded 337.1 nm lasing 
pulse. The result is shown in Fig. 3.10a. The radiation peak is delayed by 14 ps with 
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Fig. 3.8  (a) Schematic of the setup for the cross correlation measurement. (b) Spectrum of the 
SFG process

Fig. 3.9  Temporal profiles of the forward-propagating seed pulse (blue), externally seeded 337 nm 
lasing pulse (red) and 337 nm ASE (violet). (a) Measurements using the cross correlation method, 
(b) simulations

Y. Liu et al.



57

respect to the seed pulse, and a pronounced intensity modulation with the period of 
11 ps is evident. The strongest pulse that is following the seed pulse has a width 
(FWHM) of 4  ps. By measuring the lasing pulse energy with a photodiode, we 
found that the backward-seeded emission was about 150 times weaker than the 
forward emission under the same excitation conditions.

Since backward-propagating unseeded 337 nm ASE is much weaker than the 
ASE in the forward direction or the backward-seeded lasing, the above cross cor-
relation method cannot be employed for its characterization. Instead, we used a 
Michelson interferometer-based setup, shown in Fig. 3.11, to evaluate the degree of 
coherence of the backward-propagating ASE. The interference pattern of the 337 nm 
lasing beam was captured by an iCCD camera (Princeton Instruments, PI-MAX). 
The fringe contrast is defined as (Imax − Imin)/(Imax + Imin), where Imax and Imin are the 
maximum and minimum intensities, respectively. In the experiments, the temporal 
delay between the two replicas of the signal was changed, and the fringe contrast 
was measured, which provided a field autocorrelation measurement of the 337 nm 
radiation.

Figure 3.10c shows the interference fringe patterns of the backward 337 nm ASE 
for different interferometer delays. The fringe visibility persists for the delay of 
about 80 ps. Therefore, the pulse duration of the backward 337 nm ASE can be 
estimated as 80 ps/1.5 ≈ 50 ps. We note that in this case, a periodic oscillation of the 
fringe structure with a period of ~11 ps is visible.

Fig. 3.10  (a) Time-resolved measurement of the backward-seeded 337 nm emission. (b) Results 
of a corresponding numerical simulation. (c) Autocorrelation measurement of the backward-
propagating ASE. (d) Corresponding numerical simulation
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What is the origin of this temporal modulation of the lasing observed mainly for 
the backward-unseeded emission? The lasing line at 337.1 nm, which corresponds 
to the P branch of the C Bu g

3 3P P+ +®  transition, is composed of three fine-structure 
branches P1, P2, and P3, which are due to the interaction between the orbital angular 
momentum and spin [33, 34]. The separation between these lines is about 0.33 Å 
[33], which is beyond the resolution of our spectrometer. The fast collisional excita-
tion process brings the molecules into a coherent superposition of the three branches. 
An intensity modulation in the temporal domain is then expected due to the quan-
tum beating between them. The period T of the corresponding temporal modulation 
can be expressed as T c= ×( )l Dl0

2 / , where λ0 = 337.1 nm is the central wavelength 
of the lasing emission, c is the light speed, and Δλ = 0.033 nm is the wavelength 
separation of the three branches. Therefore, one obtains T = 11.5 ps, in good agree-
ment with the experiment result.

3.2.4  �Modeling and Numerical Simulations of N2 Lasing

To understand the temporal dynamics of the lasing discussed above, numerical sim-
ulations using non-adiabatic Maxwell-Bloch equations have been conducted, fol-
lowing earlier studies [35, 36]. The one-dimensional, time-dependent Maxwell-Bloch 
code DeepOne [37], originally developed to study the amplification of soft X-rays 
(10–40 nm) in hot, dense plasmas (ne > 1018/cm3; Te > 10–100 eV), has been adapted 
to the problem of nitrogen lasing. The code solves the paraxial wave equation for 
electric field in the slowly varying envelope approximation:
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Fig. 3.11  Left: Field autocorrelation measurement of the backward-unseeded 337 nm ASE using 
a Michelson interferometer. Right: Interference patterns recorded by an iCCD camera for different 
interferometer delays indicated in the patterns
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where E+ and E− are the electric field envelopes propagating in the forward and 
backward directions, respectively, P+ and P− are the corresponding polarization 
densities of the medium, c is the speed of light, ω0 is the frequency of electric field, 
ωp is the plasma frequency, and μ0 is the permeability of vacuum. Equations (3.4) 
are coupled to the following equations for polarizations that are derived from Bloch 
equations:

	

¶
= - - ( )±P

t
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E N Nul
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(3.5)

where Γ is a stochastic source term with vanishing correlation time that models 
spontaneous emission [38], γ is the depolarization rate due to collisions, zul is the 
corresponding dipole matrix element, and Nu and Nl are the populations of the upper 
and lower levels of the lasing transition, respectively. These populations are com-
puted by using rate equations

	

¶
¶
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(3.6)

where the index i marks the upper (u) and lower (l) states, and Cki are the collisional 
excitation and radiative de-excitation rates. These rates are computed from the cross 
sections reported in [39]. The evolution of the electron density and temperature is 
computed using the model presented in [19, 35, 36].

Figure 3.9b presents the simulated temporal profiles of the forward ASE and of 
the seeded emission. The agreement between simulation and experimental results is 
quite remarkable. The seed pulse is amplified 188 times, and the maximum of the 
amplified pulse is delayed by 5.35 ps. The FWHM duration of the amplified pulse 
is 3.6 ps. Simulation and experiments also agree on the intensity and pulse duration 
of the forward 337 nm ASE. It is found to be 45 times less intense than the seeded 
emission that has a FWHM duration of 20.79 ps.

The temporal evolution of the lasing pulse along the propagation direction was 
also computed. The results are shown in Fig. 3.12. The 337 nm ASE starts from 
noise spanning the entire gain lifetime corresponding to the lifetime of the upper 
level of the lasing transition τu ~ 600 ps. Amplification and saturation effects shorten 
the duration of the pulse. After passing through 3 cm of plasma, the ASE pulse has 
a FWHM duration of 20.8 ps. The evolution of the temporal structure of the ampli-
fied external seed pulse in the filament plasma amplifier, shown in Fig. 3.12b, is 
mainly driven by the initial spectral profile of the seed pulse and the linewidth of the 
amplifier, dominated by collisions (i.e., a Lorentzian line). When the seed pulse is 
intense enough, saturation effects reduce the duration of the pulse until it attains its 
value of 3.6 ps (FWHM) after propagating through 3 cm of plasma.

Figure 3.10b shows the simulated temporal evolution of the seeded backward 
emission. Note that the seed and the IR pump pulses enter the plasma from opposite 
sides, at t = 0 ps. Thus, the seed propagates without amplifying until it meets the IR 
pump in the middle of the filament (t = 50 ps). From this point on, the seed is amplified. 
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At the exit from the filament amplifier, the simulation predicts a moderately amplified 
seed pulse, followed by a wake radiation extending over more than 60 ps, in good 
agreement with our experiment observations. We point out that this kind of wake 
emission has been widely observed in the simulation of X-ray amplification in gas 
plasma [40].

Backward 337.1 nm ASE is much weaker than the forward one. This is due to the 
particular geometry of the longitudinal pumping. When spontaneously emitted pho-
tons co-propagate with the IR pump beam, they interact continuously with newly 
created population inversion. On the contrary, in the case of backward ASE, where 
the signal counter-propagates with respect to the IR pump, population inversion 
experienced by the spontaneously emitted photons is gradually depleted by the for-
ward ASE that follows the IR pump pulse. In fact, due to the short lifetime of the 
gain τg = 13 ps, the effective amplification length for the spontaneously emitted 
photon propagating in the backward direction is l = cτg = 4.2 mm, which is much 
less than the 30 mm geometrical length of the plasma filament [15]. After propagat-
ing through 30 mm of the N2 plasma, the pulse duration (FWHM) of the backward 
ASE is found to be 77 ps, in good agreement with the autocorrelation measurements 
shown in Fig. 3.10c.

3.2.5  �Conclusions

To conclude this part of the chapter that discussed air lasing in neutral nitrogen 
molecules, we have demonstrated that stimulated emissions at 337 nm in both back-
ward and forward directions can be obtained from plasma filaments pumped by 
circularly polarized 800 nm femtosecond pulses. An external seed pulse injected 
into the gain channel in either forward or backward direction can be amplified by 
two orders of magnitude. Using cross correlation and autocorrelation techniques, 

Fig. 3.12  Evolutions of temporal profiles of the ASE lasing pulse (a) and external seed pulse (b) 
during amplification along the filament plasma in the forward direction. For better comparison, 
some curves are scaled by different factors, which are specified next to the curves
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we have characterized these emissions in time domain. Important differences 
between intensity and duration of backward and forward emissions are observed, 
for both amplified spontaneous emission (ASE) and seeded amplification. Numerical 
simulations based on the non-adiabatic Maxwell-Bloch equations reproduce our 
observations and explain these differences by the finite gain lifetime and by the 
traveling mode of excitation in this gas laser.

3.3  �Lasing in Singly Ionized Nitrogen Molecules: 
Superradiance and the Role of Electron Recollisions

In 2011, an intense forward-propagating radiation at 391 nm and other transitions in 
singly ionized nitrogen molecular ion produced through photoionization by intense 
mid-infrared laser pulses have been reported by the group at the Shanghai Institute 
of Optics and Fine Mechanics [2]. The effect corresponded to the B Xu g

2 2S S+ +®  
transition between the excited and ground states of the nitrogen cation. The pump 
source was a femtosecond tunable optical parametric amplifier (OPA) operating in 
the mid-infrared (1.2 – 2.9 μm). Whenever third or fifth harmonic of the driver pulse 
overlapped with a particular transition in N2

+ , strong narrow-linewidth radiation, 
superimposed on the relatively broad spectrum of the harmonic, was observed, as 
shown in Fig. 3.13.

Soon after, it has been reported that such a narrow-linewidth emission, which cor-
responded to the B Xu g

2 2S S+ +®  transition in N2
+ , can also be observed with pump 

pulses at various wavelengths including 800 nm [15, 41], 400 nm [20], 1.03 and 3.9 
μm [22], and 1500 nm [23]. The experimental configuration has been extended from 
the one involving a single pump pulse to the seeded configuration [15] and to pumping 
by an adaptively controlled sequence of pulses [22].

Lasing in N2
+  has several unusual features such as an ultrafast gain buildup, 

strong dependence on the polarization of the pump light, and superradiance. Some 

Fig. 3.13  Spectra of laser-like emissions at 391 and 357 nm generated in air plasma when pumped 
at 1920 and 1760 nm, respectively (Reproduced from [2] with permission from authors)
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of those features will be discussed in more detail below. Until now, the physical 
mechanism responsible for the generation of optical gain in this system remains to 
be controversial and is actively discussed in the filamentation and strong-field com-
munities. In the original report [2], the effect was explained by amplification of the 
weak harmonic seed pulse in the gain medium with population inversion. It was 
later found that the effect depends on the intensity of the pump pulse and on the 
pressure of the gas. Under some conditions, gain for an external seed pulse is only 
observed with pumping at 800 nm, but not with mid-IR pumping [6].

In what follows, we will briefly introduce the main features of the N2
+  lasing 

when it is pumped by 800 nm pulses. We will then discuss various proposed physi-
cal mechanisms that have been suggested to explain the presence of gain. Time-
resolved measurements of the emission as a function of the gas pressure will be 
discussed next. We will argue that our results point to the superradiant emission. We 
will further present experimental results on the N2

+  lasing pumped by an 800 nm 
laser pulses with different polarization ellipticity and discuss the possible role of 
electron recollisions in this lasing effect. Experimental results on the fine depen-
dence of the lasing on the center wavelength of the pump source support the essen-
tial role of electron recollisions as the dominant mechanism responsible for the 
creation of population inversion in N2

+ .

3.3.1  �Main Features of the Nitrogen Ion Lasing

3.3.1.1  �Self-Seeded Lasing in the Case of 800 nm Femtosecond Laser 
Pumping

In the first report on the use of 800 nm pumping for the initiation of lasing in N2
+  

[41], an external seed pulse at either 391 or 428 nm was required for the lasing to be 
observed. It has been later found that under certain conditions the seed pulse was 
not necessary. In Fig. 3.14, we show spectra of the lasing in pure nitrogen, when 
pumped by focused laser pulses at 800 nm, as a function of nitrogen pressure. At the 
lowest pressure p = 4 mbar, a weak and spectrally broad emission peaking at 400 nm 
is observed, as shown in the inset. As the pressure is increased, lasing radiation 
around 391 nm appears and grows with pressure to a maximum at around 100 mbar. 
For pressure values above 200 mbar, the 391 nm lasing disappears. 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 [15].

We interpret the weak and spectrally broad radiation around 400 nm, shown in 
the inset in Fig. 3.14, as being due to the generation of second harmonic of the 
pump. Second harmonic generation in laser filaments has been reported in the past 
[42] and attributed to the nonlinear χ(3) process in the presence of the static electric 
field due to ionization. We suggest that this second harmonic serves as the seeding 
pulse to start the lasing around 391 nm in the low-pressure regime between 8 and 
200  mbar. White-light continuum becomes visible to the human eye at pressure 
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exceeding 100  mbar. The continuum does not appear in Fig.  3.14 because it is 
strongly attenuated by color glass filters in the detection system. We therefore 
believe that the supercontinuum generated in the relatively high-pressure regime 
provides the seeding pulse for the 428  nm emission. Similar results have been 
reported in [20, 43]. The discovery of the self-seeded regime of lasing in N2

+  under 
800 nm pumping made the studies of this effect easily accessible to the ultrafast 
optics community. However, as we will discuss below in Sect. 3.3.4, the exact value 
of the center wavelength of the pump, around 800 nm, is an important parameter 
that may affect the lasing significantly.

3.3.1.2  �Amplification of a Seed Pulse in the N2
+ Plasma

A seed pulse at the appropriate wavelength, when injected into the plasma, can be 
significantly amplified, as shown in Fig. 3.15. Here, the femtosecond pump pulse is 
focused by a convex lens with the focal length f = 400 mm in pure nitrogen at the 
pressure of 30 mbar. The seed pulse around 391 nm is generated by second har-
monic generation in a thin BBO crystal. The weak seed pulse is combined with the 
800 nm pump pulse via a dichromatic mirror. The seed pulse is also focused by an 
f = 400 mm lens installed before the dichroic mirror. The pump pulse energy is 
3  mJ.  The self-seeded stimulated emission is responsible for the weaker signal 
observed when no seed pulse is applied.

Fig. 3.14  Spectra of the forward-propagating radiation generated in pure nitrogen, as a function 
of nitrogen pressure. The inset shows a zoomed spectrum around 400 nm at 4 mbar of pressure
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3.3.1.3  �Ultrafast Gain Buildup

One of the puzzling aspects of the lasing action in N2
+  is the ultrafast gain buildup 

time. In [5], the dynamics of the optical gain is measured by recording the amplified 
391 and 428 nm signals as a function of the time delay between the pump and seed 
pulses. The result obtained in 10 mbar of pressure of pure nitrogen gas is shown in 
Fig. 3.16. A very rapid (<100 fs) raising edge of the gain buildup is evident. This 
ultrafast gain buildup excludes the electron impact excitation as a possible gain 
mechanism, because electron-molecule collision time is on the order of ~10 ps at 

Fig. 3.15  Amplification of the seed pulse inside the plasma filament

Fig. 3.16  Temporal evolution of the optical gain at 391 nm measured in 10 mbar pure nitrogen gas 
as a function of the delay between pump and seed pulses
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this gas pressure. This result further indicates that the optical gain is produced 
within the duration of the laser pulse (45 fs). Therefore, either a direct strong-field 
process or a photon-assisted electron process, such as electron recollision, must be 
responsible for the formation of the optical gain.

3.3.2  �Controversy About the Mechanism of the N2
+  Lasing

The physical mechanism underlying the lasing effect in N2
+  is currently the subject 

of a controversy. In the first report of this effect [2], where mid-IR laser was 
employed to pump lasing in ambient air, the authors suggested that the emissions 
were due to the amplification of the third or fifth harmonic of the pump beam in the 
medium with population inversion. It was argued that the pump harmonics, in addi-
tion to supplying the seed pulse, were instrumental in emptying the lower emission 
state. Soon after, forward-propagating emissions at 391 and 428 nm were observed 
with pumping at 800 nm [15, 20, 41]. Very recently it was argued that 800 nm and 
mid-IR pumping regimes are fundamentally different. While significant amplifica-
tion of an external seed pulse under 800 nm pumping has been reported by several 
groups, no amplification of an external seed was so far observed with a mid-IR 
pumping [6]. (With mid-IR pumping, so far the emissions were only observed in the 
self-seeded regime [2, 23].) Based on these observations, very recently it was argued 
that the lasing in N2

+  is due to the resonantly enhanced Raman amplification [44]. 
In what follows, we will briefly discuss various alternative suggestions for the gain 
mechanism responsible for lasing in N2

+ .

3.3.2.1  �“Natural” Population Inversion

It has been suggested that, in the presence of the fundamental and the self-generated 
harmonic photons, population inversion can be established in any small molecular 
ion possessing ionic states that are energetically close to the ionic ground state [21]. 
In the case of N2

+ , it was proposed that a three-photon absorption from the ground 
state X g

2S+  to the excited state B u
2S+ , or a four-photon process involving higher 

vibrational levels of the excited state, may give rise to gain. It was suggested that 
this mechanism of population inversion is universal and the population inversion 
thus created was termed “natural population inversion.” The experimental confirma-
tion of this proposal is presently lacking.

3.3.2.2  �Population Inversion Enabled by the Post-ionization State 
Coupling

Very recently, two groups have performed numerical simulations of the quantum 
dynamics of the N2

+  ion in the strong laser field [4, 7]. Both groups argued that the 
intermediate state A2Πu plays the key role in establishing population inversion 
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between the B u
2S+  and X g

2S+  states. Immediately following ionization, the N2
+  ion 

is predominantly initiated in the ground ionic state X g
2S+ . As the simulations based 

on the time-dependent Schrödinger equation, reported in [4, 7], show, the subse-
quent population dynamics, which is due to the state coupling by the strong laser 
field, redistributes the ionic population via Rabi oscillations. For sufficiently high 
laser intensity, the calculations show that by the end of the pump pulse, most of the 
population ends up in the intermediate state A2Πu, resulting in the net population 
inversion between the B u

2S+  and X g
2S+  states. The intermediate state A2Πu acts as a 

population reservoir. However, the simulations also show the net population inver-
sion between the A2Πu and X g

2S+  states, but no stimulated emission on the 
A Xu g

2 2P S® +  transition has been so far observed. (The corresponding emission 
wavelength would be 1.1 μm.)

3.3.2.3  �Inversion-Free Amplification due to the Transient Molecule 
Alignment

It was suggested that the impulsive alignment of the nitrogen molecular ions plays 
an important role in the N2

+  lasing [23, 45, 46]. Specifically, pump-probe measure-
ments of the gain dynamics revealed strong variations of gain for the pump-probe 
delays near the instances of impulsive rotational revivals [45]. In the experiments on 
nitrogen lasing pumped by adaptively controlled pulse sequences at 1030 nm wave-
length, a significant enhancement of the N2

+  emissions at 391, 258, and 428 nm was 
observed when the delay between the individual pulses in the sequence matched the 
rotational revival time [46].

Based on these observations, it was suggested that a transient gain may occur 
without actual population inversion between the upper and lower energy levels of the 
lasing transition in N2

+ . The probability of emission is proportional to the population 
of the upper state times the alignment factor for the molecular ions in the upper state 
cos2(θ)B, while the probability of absorption is proportional to the population in the 
lower state times the alignment factor for the ions in the lower state cos2(θ)X. Gain 
results when the probability of emission is higher than the probability of absorption. 
Due to the slight difference in the fundamental rotational periods of the N2

+  molecu-
lar ions in the lower energy state X g

2S+  and the higher energy state B u
2S+ , the align-

ment factor for the ions in the upper state can be momentarily large at the same time 
when the alignment factor for the ions in the lower state is small. Then, even though 
the population inversion between the upper and lower levels is negative (no inver-
sion), gain may exist during those transient gain windows.

The above mechanism predicts gain during a series of short temporal windows 
around the instances of molecular alignment revivals [46]. It explains the strong 
variation of gain in pump-probe experiments, when the pump-probe delay is close 
to the instances of rotational revivals, which has been observed by several groups. 
However, this mechanism cannot explain the sustained gain that persists, on top of 
the transient gain windows, for up to ten picoseconds, which also has been widely 
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observed. We believe that the transient molecular alignment certainly plays an 
important role in the N2

+  lasing, but it is not the essential effect responsible for gain 
in this system.

3.3.2.4  �Rotational Population Inversion Mechanism

Very recently, another gain mechanism has been proposed that is also based on rota-
tions of nitrogen molecular ions [23]. Unlike the coherent mechanism discussed 
above, which is active only within a sequence of short temporal windows, this gain 
mechanism is incoherent and can explain the sustained gain that persists for several 
picoseconds. This gain mechanism relies on different polarizabilities of the nitrogen 
molecular ions in their upper energy state B u

2S+  and lower energy state X g
2S+ . As a 

result, the ions in the two states are rotated differently by the pump field, resulting 
in different rotational distributions in the upper and lower electronic states. Even 
though the net population inversion between the upper and lower electronic states 
can be negative (no inversion), inversion may exist between the subset of the rota-
tional transitions within the electronic transition manifold B Xu g

2 2S S+ +® . This sub-
set of rotational transitions generates gain.

The above gain mechanism has been demonstrated in low-pressure pure nitrogen 
gas pumped by mid-IR femtosecond laser pulses at 1.5 μm wavelength. By high-
resolution spectroscopy of both stimulated and spontaneous emissions, it has been 
shown that the upper and lower electronic states in N2

+  have distinctly different 
rotational population distributions. Separate measurements of stimulated and spon-
taneous emission spectra were essential in this study, as the measurement of stimu-
lated emission only, which has been routinely done previously, bears information 
about the difference in rotational population distributions between the upper and 
lower emission states. Based on the known spin statistics of nitrogen, the peak value 
of the total gain in the 1-mm-long interaction zone was estimated as 64, correspond-
ing to the lower-bound estimate for the peak gain per unit length of about 40 cm−1. 
Since the relaxation of rotational distributions to the thermal distribution involves 
collisions of N2

+  ions with electrons, this gain mechanism has picosecond-scale 
lifetime.

3.3.2.5  �Superradiant Behavior

The first report of the signatures of superradiance in the N2
+  lasing has been by the 

SIOM group in 2014, based on their time-resolved measurements of the emission as 
a function of the plasma length and gas pressure [47]. Systematic experiments that 
followed have confirmed the superradiant nature of the 391 nm emission. In those 
experiments, the temporal profile of the forward-propagating 391 nm radiation was 
measured by sum-frequency generation (SFG) of the 391 nm signal and a reference 
800 nm pulse in a BBO crystal. The SFG signal at 263 nm was recorded as a func-
tion of the relative delay between the signal and reference pulses. The results are 
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shown in Fig. 3.17a. The peak power of the radiation increases significantly with 
gas pressure, accompanied by the simultaneous reduction of both the pulse width 
and pulse delay. All of those features are characteristics of superradiance.

It is well known that the delay and duration of a superradiant pulse both scale as 
∝N−1, while the power of the pulse scales as ∝N2, where N is the number of emitters, 
which is directly proportional to the gas pressure [48]. The data for the delay, pulse 
duration, and the peak power of the emission, together with best fits, are shown in 
Fig. 3.17b. The overall agreement between the data and the theoretical expectation 
for superradiance confirms the superradiant nature of the 391 nm lasing.

3.3.3  �A Clue Supporting Electron Recollision Excitation: 
Strong Dependence on the Polarization Ellipticity 
of the Pump

Recent experiments on the dependence of the N2
+  lasing on the polarization elliptic-

ity of the pump beam provided an important clue to the physical mechanism under-
lying the emission. The experimental results for the 391 and 428 nm emissions are 
shown in Fig. 3.18a. The signal is strongest for the linearly polarized pulse, and it is 
suppressed as soon as the degree of ellipticity ε exceeds 0.3. Similar dependence 
has been previously reported by the SIOM group [49]. Here, we notice that this 
dependence bears a striking similarity to the behavior of high harmonic generation 
(HHG) [50]. Note that there is a small dip around ε = 0 for the 391 nm signal. 
A similar dip has been reported for the HHG with photon energies that are close to 
the ionization potential in oxygen, hydrogen, and noble gases [51–53]. We have also 
measured the HHG yield with photon energy close to the molecular ionization 

Fig. 3.17  (a) Temporal profile of the forward-propagating 391 nm radiation measured at different 
nitrogen pressures in the presence of a constant seed pulse. The seed pulse shows as the narrow 
peak at zero delay. (b) The pulse delay, pulse width, and the 391 nm peak intensity as a function of 
nitrogen pressure.
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potential under identical experimental conditions. The results of that measurement 
are shown in Fig. 3.18b.

The effect of the polarization ellipticity of the pump in high harmonic generation 
is well understood. A semiclassical model predicts the main features remarkably 
well [50]. The HHG process is divided into three successive steps: tunnel ionization, 
motion of the electron wave packet in the strong laser field, and the recombination 
with the parent ion. With a circularly polarized driver pulse, the returning free-
electron wave function never overlaps with the parent ion and therefore cannot emit 
its kinetic energy in the form of high harmonics.

Applying the same semiclassical model to our case, we interpret the ellipticity 
dependence of the gain as being due to the non-radiative transfer of ion population 
from X g

2S+  to B u
2S+  state via laser-field-assisted recollision. In each pumping 

event, the electron in the presence of the intense pump field is removed from the 
outer orbital of the neutral nitrogen molecule. Then it is accelerated and driven back 
to the parent molecular ion by the laser field. There it inelastically collides with an 
electron occupying an inner orbital of the N2

+  ion. In the recollision, if the impact-
ing electron has a sufficient energy, there is a certain probability to transfer the 
inner-orbital electron to the outer orbital of the molecular ion. The result of this 
reaction is an excited molecular ion and a free electron.

3.3.4  �Confirming the Essential Role of Recollisional 
Excitation

In the recollisional excitation process, the neutral nitrogen molecule has a certain 
probability to be ionized within each optical cycle. The electron is released from the 
molecule with zero initial velocity. In the presence of intense electric field of the 

Fig. 3.18  (a) 391 and 428 nm lasing emissions as a function of polarization ellipticity of the pump 
pulses at 800 nm. (b) Dependence of the high-order harmonic yield in nitrogen gas as a function 
of the polarization ellipticity of the laser. The experiments were performed in a 15-mm-long gas 
cell with two 150 μm holes in the entrance and exit cell facets. The holes were drilled in the 
100-μm-thick aluminum foil windows by the laser beam itself
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laser, the electron is alternately accelerated and decelerated around its parent ion. 
Once the electron inelastically collides with the parent ion, which is assumed to be 
in its ground state, the collision can lead to the excitation of the ion to its excited 
state (the B u

2S+  state in the case of N2
+  lasing). The probability that the ion is left in 

the B u
2S+  state can therefore be obtained by integrating those inelastic recollision 

events over the pulse duration, taking into account the evolution of the phase of the 
excitation probability. The latter reads as follows:
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(3.7)

where w(τ0) is the ionization probability at time τ0, τs(τ0)Z is the first recollision time 
for the electron born at time τ0 normalized to the optical cycle, and sign ve

s( )  is the 
sign symbol determined by the direction of motion of the electron at the time of the 
recollision, equal to +1 or −1. Note that a one-dimensional recollision model is 
assumed here for simplicity.

Expression (3.7) has been evaluated numerically assuming pump pulse with a 
constant amplitude. The velocities and trajectories of the electrons were obtained 
from Newton’s equations of motion. Only those electrons that have acquired suffi-
cient kinetic energy E > 3.17 eV in the laser field to enable a collisional transition 
X Bg u

2 2S S+ +®  were considered. The predicted dependence of the transition prob-
ability on the wavelength of the pump field is shown in Fig. 3.19 for three durations 
of the pump pulse. The calculation reveals three features of this transition probabil-
ity. First, it exhibits cyclic variations vs. wavelength. Second, the period of these 

Fig. 3.19  Calculated probability of collisional excitation of the B u
2S+  state as a function of the 

wavelength of the pump laser
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undulations depends on the duration of the pump pulse. The period is shorter if the 
pump pulse is longer. Third, the model predicts zero probability of excitation for 
any pulse duration when the laser wavelength is tuned to 782 nm, where its second 
harmonic frequency matches the frequency of the 391 nm transition. The latter is 
due to the opposite phases (0 or π) that the recolliding electrons have when they 
approach the parent ion from opposite directions. In another words, the probabilities 
of excitation by the recollisions with the electrons coming from the opposite sides 
of the parent ion interfere destructively within each optical cycle, when the reso-
nance condition ω0 = ωBX/2 is satisfied. We would like to point out that this probabil-
ity cancelation is similar to the fact that no second (or any other even-order) 
harmonic can be generated in an isotropic medium.

Fig. 3.20  Measured 
forward-propagating signal 
at 391 nm as a function of 
wavelength of the pump 
laser for three different 
pulse durations, as shown 
in the individual figures
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The predictions of the model have been verified experimentally in collaboration 
with N. Ibrakovic, S. Bengtsson, A. Cord, and A. L’ Huillier from Lund University 
in Sweden, using a femtosecond laser source whose center wavelength can be tuned 
from 780 to 820 nm. The laser beam was focused into a gas cell with pure nitrogen 
at 5 mbar pressure. The numerical aperture of the beam was 0.025. The forward-
emitted signal at 391 nm was detected by a photodiode behind a narrow-band color 
filter passing the 391 nm emission. The experimental results are shown in Fig. 3.20. 
All three main features of the excitation predicted by the model were confirmed. 
Specifically, the signal had a dip at the resonant wavelength around 782 nm, exhib-
ited cyclic variations vs. the excitation wavelength, and the period of those undula-
tions decreased with increasing duration of the pump pulse. These results together 
with the dependence of the lasing on the polarization of the pump pulse confirm that 
recollisions are essential for the N2

+  lasing. Recent additional measurements and 
calculations detailed in the October 2017 issue of Physical Review Letters show that 
it is the macroscopic dipole induced by recollisions that is responsible for the lasing, 
noyt the population transfer. Also, the 1-d recollision model used here has been 
generalized to 3 dimensions (see V. Tikhochuk et al EPJD 2017).

3.4  �Conclusions and Perspective

Stimulated emission from N2 and N2
+  in air plasma came as a surprise for the fila-

mentation and strong-field communities. For the ASE in N2, the recently demon-
strated scheme for backward lasing holds promise for future applications. Its 
underlying mechanism, which has been confirmed both experimentally and theo-
retically, is the collisional excitation of the nitrogen molecules by energetic elec-
trons, which can be obtained by either circularly polarized near-infrared laser pulses 
or by mid-infrared laser pulses of any polarization. We have performed numerical 
simulations to reveal the temporal dynamics of this lasing effect and obtained good 
agreement with experiments. The significant difference between the forward- and 
backward-propagating emissions has been shown to originate from the traveling 
excitation scheme and from the limited lifetime of optical gain. In the future, the 
quenching effect of oxygen molecules on the lasing in neutral nitrogen needs to be 
studied. This quenching is currently one of the major roadblocks toward the demon-
stration of backward nitrogen lasing in real air.

The forward-propagating lasing in N2
+  still remains mysterious 6 years after its 

discovery. This effect has several unusual features such as an ultrafast gain buildup 
on the femtosecond time scale, strong dependence on the ellipticity of the pump 
light, and superradiance. Different mechanisms to explain gain in this system have 
been proposed such as population inversion due to post-ionization state coupling, 
laser without inversion enabled by transient molecular alignment, and gain through 
rotational excitation of nitrogen molecular ions. Based on the strong dependence of 
the lasing yield on the ellipticity of the pump laser, we speculate that the electron 
recollisional excitation plays an important role in the establishment of gain. 
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Numerical simulations based on the recollisional excitation predict cyclic variations 
of the lasing signal with the wavelength of the pump light. Recent experiments with 
a wavelength-tunable femtosecond laser system confirm that prediction. This leads 
us to conclude that recollisions indeed play an essential role in the lasing. However, 
this problem is far from being conclusively resolved. In the view of the rich physics 
involved and the disparate proposals for the essential gain mechanisms, this phe-
nomenon will attract a growing attention in the coming years.
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Chapter 4
Molecular Rotational Effects in Free-Space N+

2 
Lasers Induced by Strong-Field Ionization

Jinping Yao, Bin Zeng, Wei Chu, Haisu Zhang, Jielei Ni, Hongqiang Xie, 
Ziting Li, Chenrui Jing, Guihua Li, Huailaing Xu, and Ya Cheng

4.1  �Introduction

Strong-field molecular physics is an important subject of contemporary physics that 
opens up fascinating opportunities for various applications ranging from molecular 
orbital imaging [1] and coherent X-ray sources [2] to attosecond chemistry [3], 
control of the long-range nonlinear propagation (laser filamentation) [4], and so 
forth. Interaction of molecules with intense laser fields has given rise to many 
intriguing physical effects, such as above-threshold ionization and dissociation [5], 
high-order harmonic generation [6], bond softening and hardening [7], molecular 
alignment [8], and interference of multiple orbitals [9]. Recently, it was discovered 
that the interaction of nitrogen molecules with ultrashort intense laser pulses can 
result in an instantaneous population inversion between the excited and ground 
electronic states of nitrogen molecular ions (N2

+ ) [10–14]. This allows the genera-
tion of coherent narrow-bandwidth emissions in the forward direction in the pres-
ence of self-generated or externally injected seed pulses [10–35].

Surprisingly, the abovementioned externally seeded N2
+  laser signals can be 

strongly affected by rotational wave packets of N2
+  molecular ions in either the 
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ground X vg
2 0Σ+ =( )  state or the excited B vu

2 0Σ+ ′ =( )  state [11, 26, 28]. 
Investigations on the rotational effects with a pump-probe scheme, as schematically 
illustrated in Fig. 4.1, not only provide crucial clues for understanding the mecha-
nism behind the population inversion in the N2

+  ions but also open new possibilities 
for the control of the rotational wave packets by tailoring the driver field. 
Experimentally, by measuring the evolution of the laser signal with the increasing 
time delay between the pump and probe pulses, one can probe the ultrafast dynamics 
of the coherent rotational wave packets in the N2

+  ions [11, 26, 28]. These measure-
ments can be performed with high temporal resolution, determined by the temporal 
durations of the pump and probe pulses, as well as with high spectral resolution, 
determined by the spectral width of the generated N2

+  lasers.
In this chapter, we will review the experimental observations made over the past 

few years that highlight the molecular rotational effects in the strong-field-
ionization-induced N2

+ lasers. The chapter is organized as follows: First, we will 
describe the real-time observation of the ultrafast dynamics of the coherent rotatio
nal wave packets using the N2

+  laser as a probe and show how the N2
+  lasers can be 

influenced by coherent coupling of the rotational quantum states in the strong laser 
field. Then, we will show that the polarization state of the N2

+  laser can be manipu-
lated through the rotational effects. We will also demonstrate the impulsive Raman 

Fig. 4.1  Schematic diagram of the pump-probe experimental setup for the investigation of the 
rotational effects in the free-space N2

+  laser. In the pump-probe scheme, the 800 nm pulse is used 
as a pump to generate the N2

+  ions in the population-inverted state; meanwhile, the coherent rota-
tional wave packets of both neutral N2 molecules and N2

+  ions are also created through the non-
resonant cascade Raman process by the pump pulse. After a time delay, the second harmonic of the 
pump laser is injected into the population-inverted N2

+  ions, which serves as a probe of the stimu-
lated amplification at either 391 or 428 nm wavelength. The rotational coherence created by the 
pump pulse can faithfully encode its characteristics into the amplified probe signal.
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scattering in neutral nitrogen molecules using the N2
+  laser as a probe source. We 

will conclude with a summary of the results discussed in the chapter and a perspec-
tive on future applications.

4.2  �Real-Time Observation of the Ultrafast Dynamics 
of the Coherent Rotational Wave Packets

A typical N2
+  laser spectrum generated in a pure nitrogen gas at 20 mbar pressure is 

shown in Fig. 4.2a [11]. It can be clearly seen that a strong, narrow-linewidth emis-
sion appears at 391.4  nm, which corresponds to the P branch of the 
B v X vu g

2 20 0Σ Σ+ +′ =( ) → =( ) transition in molecular nitrogen ions. It can also be 
noted that a series of separated peaks appear on the blue side of the P-branch laser 
line, which are the transitions within the R-branch band of the same electronic state. 
Each peak corresponds to the stimulated emission from a specific rotational energy 
level J of the B vu

2 0Σ+ ′ =( )  state to the rotational energy level (J-1) of the 
X vg

2 0Σ+ =( )  state, as illustrated in Fig. 4.2b.
As mentioned in Sect. 1, the free-space N2

+  laser allows us to reveal the ultra-
fast dynamics of coherent rotational wave packets in a strong laser field through 
pump-probe measurements. Generally speaking, alignment of N2

+  ions can be 
achieved either by an impulsive Raman excitation [8] or by the preferential ioniza-
tion of the N2 molecules with the molecular axes parallel to the laser polarization 
[36] or by both of them. With the alignment, the rotational coherence of the wave 
packets would survive after the pump pulse is turned off. The free evolution of the 
coherent rotational wave packets causes the rotational eigenstates to dephase and 
rephase periodically. To verify the rotational coherence, Zhang et al. measured the 
signal intensity of the P-branch bandhead at ~391 nm as a function of the time 
delay between the pump and probe pulses for the polarization directions of the two 
pulses either parallel or perpendicular to each other [11]. As shown in Fig. 4.3a, 
both curves show a rapid increase followed by a slow exponential decay with the 
decay time of 3–4 ps. The measurement reveals the gain dynamics of N2

+  lasers 
induced by strong-field ionization, i.e., a fast growth in the beginning followed by 
a slow decay. Moreover, periodic modulations appear on the measured gain curves. 
The periodic modulations of the signal at approximately 2.0  ps, 4.0  ps, 6.0  ps, 
8.0 ps, and 10.0 ps can be reasonably assigned to Trot/4, Trot/2, 3Trot/4, Trot, and 
5Trot/4 revivals of the rotational wave packet of the B vu

2 0Σ+ ′ =( ) state of N2
+ , 

which has a rotational period Trot = 8.0 ps. A similar result can be obtained if we 
plot the overall signal in the R-branch band as a function of the time delay, as 
shown in Fig. 4.3b.

To better understand the correlation between the measured results in the time and 
frequency domains, we perform a Fourier transform for the two curves in Fig. 4.3a 
after removing the exponentially decaying baselines. The corresponding Fourier 
spectra for the cases of parallel and perpendicular polarization are presented in 
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Fig. 4.3c, d, respectively. Clearly, the two spectra show similar frequency distributions 
with several peaks corresponding to the beat frequencies between the odd J and 
J + 2 states. The frequency peak with the largest amplitude belongs to the beat fre-
quency between the J = 13 and J = 15 rotational states. The Fourier spectrum is in 
good agreement with the measured rotational-state distribution in the R-branch 
spectrum shown in Fig. 4.2a. It is noteworthy that weak even-order J peaks can only 
be observed in Figs. 4.3c, d, whereas they could not be observed in Fig. 4.2a, owing 
to the fact that the spectral resolution in the time-domain measurement is higher 
than the spectral resolution in the frequency-domain measurement.

The experimental results shown in Fig. 4.3a can be theoretically reproduced as 
follows: The rotational wave packet of the N2

+ ions left behind the pump laser 
pulses can be written as ψ 0 = 〉∑

J
Ja J M| , . Since the transition from the B u

2Σ+  state 
to the X g

2Σ+  state is a parallel transition, the strength of the stimulated emission 
from the N2

+ ions aligned parallel to the polarization direction of the probe pulse is 
stronger than that from those aligned perpendicularly to it. Consequently, the probe 
pulses injected into the plasma spark with different delay times see different align-
ment angles of N2

+ ions and thus experience different amplification efficiencies. 
Thus, for the parallel polarization of the pump and probe pulses, the time-dependent 

Fig. 4.2  (a) A typical spectrum of a forward-propagating amplified seed at low pressure. The inset 
shows the spectrum in the range 387–391 nm, with numbered rotational levels of the upper emis-
sion state of N2

+ . For comparison, the original seed spectrum is shown with the green dotted line. 
(b) Schematic diagram of the rotational transitions between B vu

2 0Σ+ ′ =( ) and X vg
2 0Σ+ =( )  

states [11]
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probability of stimulated emission in the ensemble of aligned N2
+ ions can be 

written as

〈 〉 = + +( )∑ = + + +cos2
2

0 2 2 2θ ω φ( ) cos, , , ,t a C a a t C
J

J J J M J J J J J J J| | | | ∆ ,, ,J M+ =2 0

	
(4.1)

where θ is the angle between the molecular axis and the polarization of the probe pulse 
and |aJ| and |aJ + 2| the probability amplitudes of |J, M⟩ and |J + 2, M⟩ states, respec-
tively; ∆ωJ , J + 2 the beat frequency between |J, M⟩ and |J + 2, M⟩ states, ϕJ , J + 2 the rela-
tive phase of the two states at the beginning of free evolution, and CJ , J , M = 0 = ⟨J , M| 
cos2θ| J , M⟩ and CJ , J + 2 , M = 0 = ⟨J , M| cos2θ| J + 2 , M⟩ are constants. Here, |aJ| was 
approximately evaluated by the signal intensities of the R-branch band of the laser 
spectrum in Fig. 4.2a, and the evolution of the rotational wave packet was calculated 
from the moment when the initial highest alignment degree was achieved after the 
pump pulse. At the moment, each rotational eigenstate had approximately the same 
initial phase, namely, ϕJ , J + 2 = 0. Therefore, the variation of the signal intensities at 
different time delay, τ, can be expressed by the function of exp(−τ/Γ) × 〈cos2θ〉(τ). 
The exponential term describes the decay of population inversion between B u

2Σ+  and 

Fig. 4.3  Signal intensities of (a) P-branch bandhead at around 391 nm and (b) R-branch band 
recorded over the wavelength range 387–390.7 nm as functions of the time delay between the 
pump and probe pulses. The dotted lines are exponential fits to the experimental curves. The verti-
cal lines indicate the rotational revival times of the B u

2Σ+ state. The Fourier transforms of the 
oscillation curves shown in the panel (a) for the cases of (c) parallel and (d) perpendicular polar-
ization directions of the pump and probe pulses. The numbers indicate the rotational quantum 
numbers J in the upper energy state [11]
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X g
2Σ+  states. The simulated results for the pump and probe pulses in the parallel and 

orthogonal polarization cases are plotted in Figs. 4.4a, b, respectively. It can be seen 
that the major features of the experimental curves (blue dotted curves) are qualita-
tively reproduced by the simulation (red solid curves), which confirms the buildup of 
the coherent rotational wave packet of the N2

+ ions in the plasma spark produced by 
the intense femtosecond pump pulse.

4.3  �Coherent Coupling of the Rotational Quantum States 
in the Strong Laser Field

Time-resolved spectrosopic measurements with high resolution allow us to investi-
gate coherent coupling of rotational quantum states in a strong laser field [26, 28]. 
As an example, Fig. 4.5a shows the intensities of several R-branch lasing lines from 
the individual rotational states with different quantum numbers J as a function of the 
time delay between the pump and probe pulses [28]. In this experiment, the lasing 
signal is generated by collinearly focusing a 2 mJ, 800 nm pump pulse and a time-
delayed 400 nm probe pulse into the pure nitrogen gas at 3 mbar pressure. Unlike 
the P-branch transition shown in Fig. 4.3a, the temporal evolution of the R-branch 
transition from a specific rotational state shows fast oscillations with a 

Fig. 4.4  The experimental 
(blue dotted lines) and 
simulated (red solid lines) 
curves for the intensity of 
the N2

+  laser as a function 
of the pump-probe delay 
for the (a) parallel and (b) 
perpendicular polarizations 
of the pump and probe 
pulses [11]
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sub-picosecond period, together with a slow oscillation with multi-picosecond 
period. For the fast oscillation, its period becomes shorter with the increase of the 
rotational quantum number J. For the slow oscillation, its period first increases with 
the rotational quantum number J until the quantum number reaches J = 13; then it 
decreases as the rotational quantum number further increases. Interestingly, for the 
rotational number J = 13, the slow oscillation disappears.

To understand the origin of intensity oscillations of different emission lines, 
Fourier transforms were applied to these time-dependent curves. As shown in 
Fig.  4.5b, the Fourier transformed spectrum of the fast oscillations contains one 
strong frequency component along with one weak frequency component. As indi-
cated by the red dashed line in Fig. 4.5b, the strong frequency component can be 
fitted with the beat frequency between the |J⟩ and |J − 2⟩ states of N B u2

2+ +( ),Σ which 
is written as ∆ωJ J

B
BJ B c, − = −( )2 4 2 . Here, the value of the rotational constant is BB 

= 2.073cm−1, and c is the speed of light. The weak frequency component can be well 
fitted by the beat frequency of the |J − 1⟩ and |J + 1⟩ states of N X g2

2+ +( ),Σ which is 
written as ∆ωJ J

X
XJ B c− + = +( )1 1 4 2, , as indicated by the black dash-dotted line. 

Here, the rotational constant is BX = 1.92cm−1.
Furthermore, when pump energy is increased from 2 to 2.4 mJ, the R-branch 

components of the N2
+  laser show a broad distribution of rotational states with the 

highest rotational quantum number J = 29, as shown in Fig. 4.6a. As revealed by the 
Fourier transform spectra shown in Fig. 4.6b, in addition to the previously observed 
frequency component at (4J − 2)BBc, more beat frequencies appear in the case of 
high-intensity pump laser, such as frequencies (4J − 10)BBc and (4J + 6)BBc. 
Surprisingly, as indicated by the black dash-dotted line, an unexpected frequency 
component appears in the Fourier transform spectra shown in Fig. 4.6b, of which 
the Fourier frequency decreases linearly with the increasing value of J. The red 

Fig. 4.5  (a) Intensities of the R-branch lasing lines corresponding to the transitions 

B v J X v Ju g
2 20 0 1Σ Σ+ +′ =( ) → = −( ), ,  of the N2

+  ions, as functions of the time delay between the 

pump and probe pulses at the pump energy of 2 mJ. (b) The Fourier transforms of the corresponding 
curves in (a) [28]
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dashed and black dash-dotted lines form an “X” structure in the Fourier transform 
spectra. The physical origin of all of these frequency components in the Fourier 
spectra of the lasing lines can be attributed to the coupling between different rota-
tional energy levels of the N B u2

2+ +( )Σ  and N X g2
2+ +( )Σ states mediated by the 

exchange of the R-branch and P-branch photons in the laser spectrum, as revealed 
by the theoretical analyses of Ref. [28]. Thus, the dependence of the frequency 
components on the rotational quantum number J reflects the redistribution of popu-
lations in different rotational energy levels due to the interaction of multiple rota-
tional wave packets with the ultrafast laser pulse.

4.4  �Modulation of Polarization of the N2
+  Laser 

Due to Molecular Rotations

Strong birefringence was observed in the population-inverted N2
+  medium, which 

enabled the manipulation of polarization of stimulated emission from the coherent 
rotational wave packets [34]. When the angle θ between the polarization directions of 
the pump and seed pulses varies in the range of 0–90°, the N2

+  laser becomes ellipti-
cally polarized with variable ellipticity. Moreover, the polarizations of the P-branch 
and R-branch lines in the N2

+  laser emission show significantly different behaviors.
Figure 4.7 shows intensities of the P-branch (red diamonds) and R-branch (blue 

circles) components of the N2
+  lasing, as well as the intensity of the seed (black 

stars), as functions of the angle of the polarizer placed before the spectrometer. Here, 
the angle θ indicated in each panel is changed by varying the polarization direction 

Fig. 4.6  (a) Spectrum of the forward-propagating lasing on the R-branch transitions at the pump 
energy of 2.4 mJ. (b) The Fourier transform spectra of the time-dependent lasing intensities of the 
R-branch transitions [28]
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of the seed pulse, while the polarization direction of the pump is fixed. Pressure of 
the nitrogen gas is 13.5 mbar, and the time delay between the pump and seed pulses 
is set to 1.5 ps, which is significantly different from the time of molecular alignment 
revival for nitrogen. It is observed that when the angle θ is less than 70°, the N2

+  laser 
is nearly linearly polarized, and its polarization direction is almost parallel to that of 
the pump pulse but not to that of the seed pulse. As the angle θ increased to 80°, the 
N2

+  laser emission becomes significantly elliptically polarized, with the ellipticity of 
0.28. The P-branch and R-branch emissions have different polarization directions in 
spite of the fact that their wavelengths are very close to each other. When the angle θ 
is tuned to 90°, the N2

+  laser becomes linearly polarized, with its polarization direc-
tion parallel to that of the seed pulse, which is consistent with the previous observa-
tions. This variation of the polarization state of N2

+  lasers could be qualitatively 
explained by the strong birefringence of the gain medium near the wavelengths of the 
N2

+  laser. The similar results were obtained at different gas pressures, pump energies, 
and pump-probe delays, indicating that the observed phenomenon is universal.

Fig. 4.7  Measured intensities of the P-branch and R-branch lines of the N2
+  laser, as well as that 

of the seed pulse, as a function of the angle of the polarizer placed before the spectrometer. The 
angle θ between the polarization directions of the pump and seed pulses is indicated in each 
panel [34]

4  Molecular Rotational Effects in Free-Space…
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4.5  �Impulsive Rotational Raman Scattering from N2 
Molecules Enabled by the Free-Space N2

+  Laser

Being a source of coherent, narrow-bandwidth laser pulses, the free-space N2
+  laser 

can be used as a probe light of impulsive Raman scattering. The latter may find 
potential applications in the fingerprint identification of chemical species and in the 
standoff diagnostics of atmospheric pollutants.

Conventional impulsive Raman scattering usually employs two laser beams, a 
femtosecond pump and a picosecond probe [37]. The femtosecond pump pulse 
impulsively excites the vibrational or rotational degree of freedom of the molecules, 
while the picosecond probe pulse produces Raman signal from the excited molecules. 
In this approach, it is usually difficult to achieve a perfect spatial and temporal over-
lap between the two beams over a long distance, which becomes a major obstacle for 
applications in remote sensing. As shown in Sect. 2, the free-space N2

+  laser can 
generate intense, narrow-linewidth, sub-10-ps laser pulses, which are co-propagating 
with the pump laser beam in the filament. Therefore, the impulsive rotational Raman 
scattering can be remotely initiated inside the femtosecond filament using the self-
induced lasing signal, enabling nonlinear spectroscopy with a single femtosecond 
laser beam. Figure 4.8 illustrates the concept of impulsive rotational Raman scatter-
ing using an intense femtosecond laser pulse as a pump and the stimulated emission 
from the N2

+  ions, excited by the pump laser, as a probe. Raman spectroscopy based 
on the free-space N2

+  lasing has two unique advantages. First, the pump and the 
probe pulses naturally overlap in both time and space, since the probe pulse is gener-
ated inside the filament induced by the pump laser. Second, femtosecond laser 
filamentation in air has a potential to realize Raman fingerprinting at a distance.

Ni et al. had first observed impulsive Raman scattering of N2 molecules with 
the free-space N2

+  laser driven by an 800 nm, 40 fs, 15 mJ pump laser [25]. The 
experimental setup is schematically shown in Fig.  4.9a. The high-energy laser 
beam is first focused into the nitrogen gas at 1 atmosphere pressure by the lens with 
a focal length of 40 cm, to form a filament. The forward-propagating signal is col-
limated by the lens with a focal length of 40 cm, after reflection by an uncoated 
glass plate. The lasing emission around 428 nm is isolated from the supercontin-
uum by an interference filter with the central wavelength of 428 nm and the band-
width of 10 nm. Finally, the signal is focused onto the entrance slit of an imaging 
spectrometer by a lens. The inset in Fig.  4.9a shows a strong, narrow-linewidth 
emission centered at 427.8 nm, which is attributed to the self-seeded lasing on the 
transition between the B vu

2 0Σ+ ′ =( )  and X vg
2 0Σ+ =( )  states of the N2

+  ions. The 
seed is provided by the supercontinuum white light generated in the femtosecond 
filament. Besides the strong laser line at 427.8 nm, several closely spaced peaks can 
also be observed on both sides of the line. Calculation shows that the peaks on the 
blue side of the 427.8 nm lasing line are the mixture of the R-branch rotational 
transitions in N2

+  and the O-branch Raman scattering from neutral nitrogen mole-
cules. The peaks on the red side correspond to the S-branch Raman scattering from 
neutral nitrogen molecules.

J. Yao et al.
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Next, we focus on the S-branch Raman scattering induced by the free-space N2
+

 
laser. For clarity, the spectrum shown in the inset in Fig. 4.9a is replotted in wave-
number units using the unit conversion 107/λ−107/427.8, where λ is the wavelength 
of the lasing signal. As shown in Fig. 4.9b, the peaks on the red side of the lasing 
spectrum are well separated, and the frequency difference between the two succes-
sive peaks is nearly constant, with the value of ~16 cm−1. For the S-branch rota-
tional Raman scattering shown in Fig. 4.9c, the spectral shift is Δν = B(4J + 6), 
where B = 1.998cm−1 is the rotational constant of the N X g2

1Σ+( )  state and J is the 
rotational quantum number. The calculated wavenumber shifts of the rotational 
Raman lines in the S-branch (J → J + 2), S(6), S(8), S(10), S(12), and S(14), are 
59.94 cm−1, 75.92 cm−1, 91.91 cm−1, 107.89 cm−1, and 123.88 cm−1, respectively, 
as shown by the red circles. These values are in good agreement with the mea-
sured spectral shifts of 59.8 cm−1, 76.6 cm−1, 91.0 cm−1, 107.5 cm−1, and 124.4 cm−1. 
These calculations unambiguously assign the measured spectral peaks to the 
S-branch transitions of the impulsive rotational Raman scattering from neutral nitro-
gen molecules. For the strongest line S(6), the conversion efficiency of Raman scat-
tering is estimated to be about 0.8%, by dividing the intensity of the Raman signal by 
the intensity of the lasing line at 427.8 nm. Thus, impulsive Raman scattering enabled 
by air lasing provides a promising way for remote identification of chemical species 
in the atmosphere.

4.6  �Summary and Future Perspective

In summary, we have reviewed the experimental observations of rotational effects in 
the strong-field-induced N2

+  lasing. By pump-probe measurements, the rotational 
spectrum of the N2

+  laser can be examined, with high spectral and temporal resolu-
tions. In the frequency domain, the linewidth of the strong-field-ionization-induced 
N2

+  laser is typically on the order of 0.1 nm, which allows for the retrieval of the 
rotational state distribution of the N2

+  ions from the R-branch spectra. Pulse durations 

Fig. 4.8  Schematic diagram of impulsive Raman scattering induced by the free-space N2
+

 laser.
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of the pump and probe lasers are both on the order of 100 fs or less, enabling 
high-resolution measurements of the ultrafast dynamics of coherent rotational wave 
packets in time domain. When operating in the mode of self-generated seed amplifica-
tion, the high-intensity, narrow-linewidth N2

+  laser can be an ideal source for generat-
ing impulsive Raman scattering, which may become a useful tool for the standoff 
detection of atmospheric pollutants.

Current investigations mainly focus on the rotational effects. In principle, the 
same pump-probe approach can be extended to the investigations on vibrational 
dynamics, by using probe pulses of durations approaching the vibrational periods of 

Fig. 4.9  (a) Schematic diagram of the experimental setup for impulsive Raman scattering based 
on the free-space N2

+  laser. Inset: measured lasing spectrum in the forward direction. (b) Sbranch 
of the measured Raman spectrum (blue solid line) and the calculated Raman lines in nitrogen (red 
circles). (c) Schematic diagram of the S-branch transition of Raman scattering from nitrogen mol-
ecules [25]
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the molecular ions. This technique holds promise for both ultrafast spectroscopy 
and remote sensing, thanks to the unique characteristics of air lasers such as the 
high degree of coherence, high brightness, directionality, narrow linewidth, and 
switchable wavelength.
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Chapter 5
Filament-Initiated Lasing in Neutral 
Molecular Nitrogen

Daniil Kartashov, Mikhail N. Shneider, and Andrius Baltuska

5.1  �Introduction

Modern optical spectroscopy of the atmosphere at high altitudes relies primarily on the 
powerful and well-established LIDAR technique. A ground-based (or air−/space-
borne) laser source is used for standoff linear measurements of the scattering character-
istics of molecular, atomic, or particle species in the air in different scattering regimes 
(Rayleigh, Mie, spontaneous Raman). The incoherent nature of the scattered field mea-
sured in the backward direction sets practical limitation on the tracing distance, spatial 
resolution, and the species-dependent sensitivity threshold. The possibility of standoff 
initiation of a coherent source of backward-directed radiation in the sky would enable 
application of different methods of nonlinear optics, such as stimulated Raman scatter-
ing, CARS, etc., for the highly sensitive and highly selective spectroscopy of the atmo-
sphere at high altitudes [1, 2] with (potentially) significantly larger detection range and 
finer spatial resolution. One of the possibilities to initiate such standoff coherent source 
of radiation in the atmosphere can be provided by achieving population inversion and 
laser generation in one of the two main atmospheric constituents, nitrogen (≈78% con-
centration) and oxygen (≈21% concentration).

The phenomenon of femtosecond laser filamentation in transparent media and, 
particularly, in air [3] opens very attractive perspectives for remote plasma generation 
and standoff lasing in the atmosphere. Femtosecond filamentation intrinsically 
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involves ionization as a stopping mechanism for the beam collapse due to self-
focusing [4]. As a result, it enables standoff generation of plasma channels in air 
along the propagation path at the distances of up to 1 km [5] with plasma densities 
varying in a broad range 1014–1018 cm−3 [6]. Such plasma channels are prerequisites 
for the realization of a cavity-free, single pass molecular nitrogen laser in the sky. A 
sketch of the possible realization of the nonlinear optical spectroscopy of the atmo-
sphere using filament-initiated lasing is shown in Fig. 5.1. A high-power femtosec-
ond laser pulse generates a filament or a multifilament bundle at a controllable 
distance. The plasma channel formed by the filament (or the filament bundle) enables 
a backward-propagating pulse of coherent UV radiation generated due to the single-
pass lasing in molecular nitrogen. A portion of the high-power laser radiation can be 
used for a parametric frequency conversion, providing a synchronized tunable nar-
rowband pulse that meets the UV pulse generated by the “sky” laser at a certain 
point, enabling stimulated Raman scattering. Depending on the difference between 
the frequency of the tunable source and the fixed frequency of the “sky” laser, non-
linear spectroscopy of air at the selected point in the atmosphere can be realized 
through stimulated Raman gain or stimulated Raman loss.

Laser generation in molecular nitrogen was demonstrated at the very dawn of the 
laser era [7]. Lasing occurs between the excited C3Πu (C state) and B3Πg (B state) 
electronic states and their vibrational manifolds (second positive system), resulting in 
the UV emission in the 300–400 nm spectral range, or between the B3Πg and A3Σu (A 
state) states (first positive system), resulting in the near-IR emission band 0.75–1.23 
μm (Fig. 5.2). It is worth mentioning that the fluorescence from the latter emission 
band strongly contributes to the infrared background radiation of the night sky [8]. 

Fig. 5.1  A sketch of a setup for nonlinear spectroscopy of the atmosphere based on stimulated 
Raman gain/loss measurements
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The ground X1Σg (X state) electronic state is a singlet; therefore, there is no possibility 
of a direct optical excitation to the upper triplet C3Πu or B3Πg laser levels. Thus, 
molecular nitrogen laser is ultimately a collisionally pumped gas laser. Typically, it 
operates as a discharge-type gas laser where the excitation and population inversion 
are achieved through an electron impact mechanism, as schematically shown in 
Fig. 5.2. However, more sophisticated collisional pumping mechanisms like electron 
beam pumping [9, 10], three-body recombination, and resonant excitation transfer can 
be realized (see below). A detailed description of the discharge-type nitrogen laser and 
the theory of its operation can be found in Ref. [11].

Concluding the Introduction, it should be mentioned that femtosecond filamentation 
is not the only possibility for standoff plasma generation and initiation of lasing in 
molecular nitrogen. One of the possibilities for a remote discharge is through the use of 
high-power microwave radiation [12]. However, to achieve an air breakdown at ambi-
ent pressure and at a long distance would require a microwave source of an unreason-
ably large size and power. Another possibility is to use optical pumping of lasing in the 
atomic products of dissociation of molecular nitrogen or oxygen [13–16]. Dissociation 
of nitrogen or oxygen molecules can be initiated by resonant two-photon absorption 
from a deep-UV laser source [13–15] or in a plasma of optical breakdown [16], whereas 
optical pumping of the atomic fragments is achieved by resonant two-photon absorp-
tion from the same deep-UV laser source. In principle, the predissociation step could 
be done in the plasma of a femtosecond filament. However, high absorption and scat-
tering losses for the deep-UV pumping radiation in air set a practical limit on this oth-
erwise very attractive scheme that yields an efficient bi-directional lasing.

5.2  �Experimental Results on Lasing from Molecular 
Nitrogen in Femtosecond Filaments

The first indirect indications of lasing from molecular nitrogen initiated by femto-
second filaments in air were reported in [17]. In that experiment the filament was 
generated in air by a 42 fs laser pulses at 0.8 μm wavelength with pulse energy of 

Fig. 5.2  System of 
electronic levels in N2 
molecule enabling laser 
generation
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up to 25 mJ. The beam was focused by an f = 1 m lens, and the intensity of the 
backward-directed UV emission from the filament was measured with a photomul-
tiplier (PMT), positioned behind a dichroic mirror, which was highly reflective for 
the near-IR laser radiation and highly transmitting in the UV spectral region. To 
select a particular emission band, different interference filters with 10 nm band-
width were placed in front of the PMT. The conclusion about lasing from nitrogen 
in air was drawn from an exponential fit to the dependence of the fluorescence yield 
around 357 nm wavelength (corresponding to the C3Πu(v = 0) to B3Πg(v = 1) transi-
tion in N2, where v notes the vibrational state) on the filament length. The filament 
length, in turn, was calculated from the laser power using Marburger’s formula for 
the position of the nonlinear focus [18] zf ~ P−1/2 and the linear geometric optics 
equation for the focal length of the combined nonlinear and geometric focusing. 
The results and their interpretation raise many questions. The fact that the emission 
was so weak that it was only measurable by a photomultiplier does not speak in 
favor of it being due to laser generation. However, the publication [17] has spear-
headed a new brunch of research in the physics of filamentation.

The first and so far the only well-characterized observation of backward-
propagating stimulated emission initiated by a femtosecond filament in molecular 
nitrogen was reported in [19]. Preparing the plasma in a filament with the proper 
density and temperature and control over those parameters are the central problems 
for the realization of lasing, as it will be discussed in detail in the next section. In 
[19], the authors have circumvented these difficulties utilizing a well-known alter-
native scheme of pumping – the Bennett process of resonant excitation transfer [20].

The idea behind this approach is presented schematically in Fig. 5.3. Excited 
metastable atoms of Ar are produced as a result of a two-step kinetic process in 
the filament plasma involving three-body collisions Ar+ + 2Ar → Ar2

+ + Ar and 
dissociative recombination Ar2

+ + e → Ar*(4 3P2) + Ar. Population inversion in 
nitrogen is achieved through the reaction Ar*(4 3P2) + N2(X1Σg) → Ar + N2

*(C3Πu). 
This process transfers the excitation energy of argon atoms to molecular nitrogen. 
Thus, excited argon atoms can provide a collisional pump for laser transitions in 
N2 in a femtosecond filament, playing the same role as the role played by hot 
electrons in the discharge-pumped nitrogen laser. It is worth mentioning that the 

Fig. 5.3  The Bennett 
process of resonant 
excitation transfer in a 
collisionally pumped 
nitrogen laser
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resonant excitation transfer mechanism of pumping is a very universal method 
used to achieve population inversion in gas mixtures. In particular, this is the 
pumping principle enabling the well-known He-Ne and CO2 lasers.

Bi-directional lasing was demonstrated from filaments generated in a 4-m-long 
gas cell filled with a mixture of nitrogen under 1 bar partial pressure and argon 
under 5 bar partial pressure. Two distinctly different high-power femtosecond laser 
systems were used for filamentation, confirming the robustness of the lasing effect 
with respect to the wavelength of the filamentation source. One set of measurements 
was conducted with a near-infrared filament created by 200 fs, 6 mJ, 1.03 μm pulses 
from an Yb:CaF2 laser with 0.5 kHz repetition rate [21]. The second set of measure-
ments was performed with a unique high-power mid-infrared (mid-IR) optical para-
metric chirped pulse amplification (OPCPA) laser system delivering 80  fs, 8 mJ 
pulses at a 20 Hz repetition rate at a wavelength of 3.9 μm [22]. The main results 
obtained with the mid-IR filaments are shown in Fig. 5.4. Backward-directed lasing 
from nitrogen was achieved for two wavelengths simultaneously, as shown in 

Fig. 5.4  (a) Spectrum of the bichromatic laser generation from nitrogen in the mid-IR filament. 
(b) Temporal profiles of the generated lasing pulses at the 337 nm and 357 nm wavelengths. (c) 
Photograph of the backward-directed UV lasing beam on a paper screen. The inset shows a CCD 
image of the beam. The fringe pattern in the beam is due to the interference between the two reflec-
tions from the front and back surfaces of the CaF2 plate used to reflect the backward-propagating 
lasing emission
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Fig. 5.4a: at 337 nm corresponding to the C3Πu(v = 0) → B3Πg(v = 0) transition and 
at 357 nm corresponding to the C3Πu(v = 0) → B3Πg(v = 1) transition in N2. Time-
resolved measurements with a fast photodiode show that this emission is generated 
as a sequence of pulses with approximately 1 ns duration, where the pulse at the 
357 nm wavelength is delayed with respect to the 337 nm pulse by approximately 
1 ns, as shown in Fig. 5.4b. The delay can be explained by the lower gain and, cor-
respondingly, longer buildup time for lasing on the 357 nm transition. The gener-
ated UV emission is clearly visible on a paper screen under the regular ambient light 
in the laboratory, even after the reflection from a CaF2 plate placed into the beam at 
a 45° incidence. The plate is used to decouple the mid-IR filamentation beam from 
the backward-emitted lasing radiation. The measurements of the beam profile with 
a CCD camera show high-contrast interference fringes, as shown in Fig. 5.4c. The 
fringes originate from the interference between the front- and back-side reflections 
from the plate. These observations demonstrate high spatial coherence of the gener-
ated emission, which is one of the confirmations that what is observed is a laser 
generation and not spontaneous emission. The stimulated character of the emission 
is also confirmed by high-resolution spectral measurements showing narrowing of 
the emitted spectrum when spontaneous emission is suppressed by the stimulated 
emission process. Polarization measurements have shown that the polarization of 
the filament-initiated nitrogen laser is random, as expected for the single-pass free-
space geometry. The total efficiency of the filament-initiated lasing in the backward 
direction was determined to be 0.5%, corresponding to 3.5 μJ of the total lasing 
energy in the two emission lines.

Numerical simulations based on the plasma kinetics in the filament show that under 
the experimental conditions, the chain of Bennett reactions requires approximately 1 ns 
buildup time to achieve population inversion, with a ratio of populations in the upper 
and lower lasing levels of about 10:1. The threshold for lasing is set by the interplay 
between the photon losses from the plasma channel and the gain. The latter is deter-
mined by the value of the population inversion, which enables nitrogen laser within the 
time window of approximately 4 ns. The subsequent drop in population inversion is 
mostly due to the quenching reactions N2(C3Πu) + N2(X1Σg) → N4 → N2(B3Πg vibra-
tionally excited) + N2(X1Σg) and N2(C3Πu) + Ar → N2(B3Πg) + Ar.

The Bennett pumping scheme can hardly be realized under real atmospheric con-
ditions because it requires relative concentrations of nitrogen and argon that are far 
from the values naturally occurring in the atmosphere. Also, as it was shown in the 
above-mentioned experiments, the addition of more than 5% of oxygen terminates 
lasing through a very efficient (picosecond time scale [23]) quenching reaction 
N2(C3Πu) + O2(X3Σg) → O + O + N2(X1Σg). Therefore, another pumping mechanism 
that would be efficient on the picosecond time scale, thus avoiding the negative 
influence of oxygen, should be found to enable atmospheric nitrogen lasing.

The realization of a direct analog of a discharge-type nitrogen laser in an 
optical filament has been reported in [24]. The experiment has been conducted 
using the COMET laser system, which is a part of the Jupiter Laser Facility at 
the Lawrence Livermore National Laboratory [25]. Laser pulses at 1.053 μm 
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wavelength with a duration of 0.5 ps and energy of up to 10 J were stretched to 
10 ps and focused directly in air by an f = 2.6 m lens. The picosecond pulse 
duration ensures collisional heating of the electrons in the filament plasma and, 
in addition to the strong-field ionization, avalanche ionization of air, similar to 
the situation in an RF discharge.

A sketch of the experimental setup is shown in Fig. 5.5. The spectral diagnostics 
of the UV emission from the filament in the backward direction were realized by 
using a pellicle beam splitter that had high transmission for the laser wavelength and 
about 10% reflectivity in the UV spectral region 340–400  nm. The backward-
propagating emission, reflected from the pellicle, was additionally spectrally fil-
tered with UV interference filters and focused onto the entrance slit of a UV 
spectrometer. The high-energy, forward-propagating fundamental radiation, as well 
as the white light continuum generated in the filament, was filtered by a pair of 
dichroic mirrors, highly reflective for the laser wavelength and highly transmitting 
in the 340–400 nm UV spectral region, and by two UV interference filters. The 
transmitted UV emission passed through a polarization cube and was focused onto 
the entrance slits of two UV spectrometers for simultaneous single-shot spectrum 
detection in the two orthogonal linear polarizations.

A single-shot side-view photograph of fluorescence from the plasma channel 
generated by a focused, 10  ps, 1 TW laser beam in air is shown in Fig.  5.6a. 
Bright, more than 10-cm-long plasma channel was observed on every shot. The 
transversal size of the plasma channel of 5 mm, inferred from single-shot burn 
patterns produced by the laser beam on an uncoated glass surface placed in the 
center of the Rayleigh zone of the beam, as well as the filament length were much 
larger than the vacuum spot size (about 40 μm) and the Rayleigh length of the 
beam (2.4  mm). A single-shot spectrum of the forward-propagating emission, 
polarized along the laser polarization, is shown in Fig. 5.6b. It shows a part of the 
broadband spectrum and the spectral tail of the third harmonic of the pump at 
351 nm, transmitted by the interference filters and a clear 337 nm nitrogen laser 
emission line. The maximum energy measured in the 337 nm lasing emission was 

Fig. 5.5  Experimental setup used for the demonstration of lasing in neutral nitrogen under pico-
second pumping
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2.5 μJ. Observations at another possible emission line at 357 nm were obscured 
by the very intense third harmonic spectrum. No signal was detected in the 
orthogonal polarization, i.e., the observed lasing emission had the same polariza-
tion as the fundamental and the third harmonic radiation. Also, no signal was 
detected in the backward direction. These observations suggest that the laser gen-
eration from molecular nitrogen was seeded, in the forward direction, by the short 
wavelength tail of the broadband third harmonic radiation. This explains the 
observed polarization properties and suggests a suppression mechanism for the 
backward-propagating lasing. Another effect that would exclude backward-
directed laser generation and that becomes especially important under the condi-
tions of femtosecond filamentation is the traveling regime of excitation. This 
problem will be discussed in detail in the following sections.

Picosecond laser filaments enable standoff lasing in molecular nitrogen under 
the conditions closest to the conventional discharge-pumped laser. A very important 
difference, however, is that a picosecond laser filament is an example of an ultrafast 
discharge, when plasma kinetics during the igniter pulse is not influenced by the 
hydrodynamic process of expansion and heat transfer, both processes taking place 
on sub-nanosecond (or longer) time scale. Moreover, the picosecond electron heat-
ing time is significantly shorter than the time scale of the quenching reaction with 
oxygen (about 150 ps [23]), which is one of the most severe problems for achieving 
efficient lasing in air. That was confirmed in the Livermore experiment by the com-
parison of the lasing efficiency in air and in pure nitrogen under the same 
experimental conditions. Practical limitations for the application of picosecond fila-
mentation to the problem of lasing in the atmosphere arise from the requirements to 
the filamentation source. While multi-terawatt level peak power (which is required 
for long-range filamentation in air) femtosecond laser systems are routinely com-
mercially available, can operate at 10 Hz repetition rate, and can be compact and 
mobile (e.g., Teramobile project [26]), there are very few picosecond laser systems 

Fig. 5.6  (a) A single-shot photograph of plasma produced by a 10 ps, 1 TW laser pulse in air. (b) 
Measured single-shot spectrum of the UV emission from the picosecond filament. The dotted line 
shows the transmission curve of the interference filter
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of similar peak power. All of them are large-scale research facilities (like COMET) 
and operate under very low repetition rates (one shot in 5 min maximum repetition 
rate for the COMET system).

The first well-characterized forward-propagating lasing from femtosecond fila-
ments in pure nitrogen pumped by electron collisions was reported in [27, 28]. The 
experiment was performed using the OPCPA mid-IR femtosecond system described 
above. The beam with a pulse energy of 8 mJ was focused by an f = 100 cm focusing 
lens into a 2-m-long cell filled with nitrogen. Forward-propagating lasing from 
molecular nitrogen at 337 nm wavelength was clearly observed for gas pressures 
above 5.5 bar, as shown in Fig. 5.7a. Note that filamentation at 3.9 μm wavelength 
for the given parameters of the laser pulse sets in at nitrogen pressure above 2 bar. 
To distinguish the lasing signal from the intense white-light continuum generated in 
the filament, a spectral filter transmitting in the 320–500 nm spectral range was 
placed in the beam after the gas cell. The lasing beam was clearly visible on a paper 
screen. Its far-field intensity profile, measured with a CCD camera, is shown in the 
inset in Fig. 5.7a. An increase of the gas pressure in the range from 2 bar to the 
maximum value of 7.7 bar, used in the experiments, results in a linear increase of 
the filament length. This was verified in a separate set of experiments, where the 
length of the plasma channels in the mid-IR filament as a function of the gas pres-
sure was measured using the transversal capacitor probe technique [29]. The depen-
dence of the lasing yield on the filament length is shown in Fig. 5.7b. The maximum 
energy of the 337 nm emission, measured with a calibrated UV photodiode at the 
highest gas pressure, was 70 nJ.  Whereas lasing in the forward direction was 
measured for a broad range of gas pressures, no UV emission was detected in the 
backward direction.

Except for the case when the argon-assisted Bennett mechanism was used for 
pumping nitrogen lasing, relatively efficient lasing emissions from laser filaments 
in nitrogen, in the experiments described so far, were achieved using rather exotic 

Fig. 5.7  (a) Spectrum of the UV lasing from pure nitrogen at 6.7 bar pressure (blue line) and 
spectral transmission of the interference filter (dotted line). The inset shows the CCD image of the 
far-field intensity profile of the 337 nm beam; (b) pressure dependence of the lasing intensity (solid 
red line with circles) and the result of numerical simulations (dashed black line).
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laser sources – a high-power picosecond laser system and a long-wavelength fem-
tosecond laser. However, the working horse of filamentation physics is a high-
power, near-IR femtosecond system based on Ti:sapphire and operating at 0.8 μm 
wavelength. The quest for lasing in nitrogen under pumping through femtosecond 
filamentation at 0.8 μm wavelength was unsuccessful for a long time. The main 
focus in those investigations from the very beginning was on the backward lasing. 
A very important progress was achieved very recently, in 2014. First Mitryukovskiy 
et al. have demonstrated that the backward-emitted intensity at 337 nm increases 
dramatically when circular polarization is used for filamentation [30]. In that 
experiment, 50 fs pulses at 0.8 μm wavelength with energies between 2 and 9 mJ 
generated a filament in a gas cell filled with nitrogen or a nitrogen-oxygen mixture. 
The beam was focused by an f = 100 cm lens, and the spectrum of the UV emission 
from the filament in the backward direction as well as the transverse fluorescence 
from the plasma channel were measured with a monochromator equipped with a 
photo-multiplier (PMT) detector. It was shown that in the range of energies used in 
the experiments, the backward emission for a circularly polarized filamentation 
pulse grows much faster than that for a linearly polarized pulse, with the overall 
difference by a factor of 4 for the highest pumping energy. It was also confirmed 
that addition of oxygen lead to an abrupt drop of the emission efficiency for oxy-
gen concentrations above 10%. The importance of circular polarization for effi-
cient pumping of nitrogen emission was discussed in [31]. Experimental 
observations were supported by classical simulations of the energy distribution of 
the photoelectrons as a function of laser polarization. We will address this point in 
more detail in the next section where the physics of population inversion under 
pumping by laser filaments will be discussed.

Based on the results of [30], Ding et al. have confirmed the realization of popu-
lation inversion in N2 molecules in a femtosecond filament generated in a cell filled 
with nitrogen gas, through the measurements of amplification experienced by the 
backward-propagating seed UV pulse [32]. One of the very important results of 
that paper was a clear demonstration that the amplification and, therefore, the pop-
ulation inversion occur only for circular polarization in the filamentation laser 
pulse. In the experiments, 42 fs laser pulses at 0.8 μm wavelength with up to 12 mJ 
of energy generated a filament in a gas cell filled with nitrogen or air under atmo-
spheric pressure. A small fraction of energy was used to generate the second har-
monic pulse at 0.4 μm wavelength which was then additionally spectrally broadened 
via the nonlinear process of self-phase modulation in a glass plate, in order extend 
the spectrum to the 337 nm wavelength. A part of the spectrally broadened second 
harmonic was filtered by a 10 nm bandwidth interference filter with the transmis-
sion band centered at 337 nm, to form a seed pulse. The seed was focused into the 
gas cell in the direction opposite to the direction of propagation of the filamenta-
tion pulse. Amplification of the backward-propagating seed pulse by up to the fac-
tor of 200 was measured for the circularly polarized filament in pure nitrogen. No 
amplification was detected when the polarization of the filamentation pulse was 
linear. The authors have also measured the temporal dynamics of the gain by scan-
ning the delay between the seed and the pump (filamentation) pulses. They have 

D. Kartashov et al.



99

shown that the buildup time for population inversion in 1 bar nitrogen was about 
4 ps, which is followed by a decay on the ~20 ps time scale. Population inversion 
was found to exist within a ~ 15 ps FWHM (full width at half maximum) time 
interval (or within ~40 ps foot-to-foot time interval).

Experiments in ambient air have demonstrated a forward-directed amplification, 
when the seed pulse was co-propagating with the filamentation pulse. However, in 
contrast to the measurements in pure nitrogen, no amplification for the backward-
directed seed was observed, suggesting a significantly lower value of the gain in 
ambient air in comparison to that in pure nitrogen. Again, the negative influence of 
oxygen via collisional quenching was assumed to be the reason for poor amplifica-
tion in air.

Simultaneously with [32], Yao et al. have published an experimental investiga-
tion of the gain dynamics in femtosecond filaments generated in pure nitrogen [33]. 
The experimental setup was similar to the one used in [32]. It was shown that popu-
lation inversion can be reached only for close to circular polarization of the filamen-
tation pump pulse. The quarter-wave plate that converted the initially linear 
polarization of the pump pulse into circular had to be aligned within ±10°, in order 
for the gain to be observed. The buildup time for population inversion was deter-
mined to be ~6 ps. After reaching a maximum, the gain decayed with the character-
istic decay time constant of about 30 ps. As in the above-mentioned reports, addition 
of oxygen resulted in a dramatic shortening of the lifetime of population inversion 
and in the reduction of its maximum value.

Finally, forward-propagating lasing from femtosecond filaments in ambient air 
was demonstrated in experiments with the multi-TW femtosecond laser system 
JETI40 at the Friedrich-Schiller University Jena [34]. A multifilament bundle was 
generated by a 700 mJ, 30 fs laser beam at 0.8 μm wavelength in air. A photograph of 
the experimental setup is shown in Fig. 5.8. The 50 mm diameter laser beam was 
focused by an f = 2.7 m lens, placed in the vacuum chamber connected to the vacuum 
beamline of the laser system. The resulting plasma filament was about 50 cm long and 
had the diameter of several mm, estimated by the examination of a single-shot burn 
pattern on a thin glass plate. A quarter-wave plate placed after the output window from 
the vacuum beam line was used to change the polarization in the filamentation beam 

Fig. 5.8  (a) Photograph of the experimental setup used for the demonstration of nitrogen lasing in 
ambient air. (b) A zoomed-in photograph of the filament bundle
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from linear to circular. The forward-propagating emission after the filaments was 
spectrally filtered by a pair of 45° dichroic mirrors highly reflective in the UV spectral 
range and highly transmitting in a broad spectral range around the fundamental 0.8 μm 
wavelength. The reflected radiation was focused by a lens into the entrance slit of a 
spectrometer covering the spectral range 270–1100 nm. For spectral measurements, 
an additional interference filter with 10 nm bandwidth at 337 nm wavelength or a 
band-pass filter transmitting UV radiation in the 320–385  nm spectral range was 
placed in front of the spectrometer. For the diagnostics of the backward-propagating 
lasing, a thin 45° dichroic mirror, with high transmission for the broadband funda-
mental spectrum and highly reflection for the UV, was placed in the laser beam before 
the quarter-wave plate.

The results of the measurements are presented in Fig. 5.9. The spectrum of the 
forward-propagating emission is shown in Fig. 5.9a. Filamentation is always accom-
panied by a dramatic spectral broadening and supercontinuum generation. In the 
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Fig. 5.9  (a) Single-shot spectrum of the forward-propagating emission from the filament after the 
dichroic mirrors and the spectral filter transmitting in the 320–385 nm spectral range. The arrow 
indicates the lasing line at 337 nm. The inset shows the lasing spectrum measured with a 10 nm 
bandwidth, 337 nm interference filter. (b) Dependence of the lasing intensity on the energy of the 
pump. (c) Dependence of the lasing intensity on the chirp of the filamentation pulse. Zero position 
of the gratings in the compressor corresponds to the shortest pulse. Negative values correspond to 
the larger and positive – to the smaller grating separations
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case of multi-TW peak power, as shown in Fig. 5.9a, the continuum extends toward 
short wavelengths down to 300 nm. The lasing emission line at 337 nm was clearly 
resolved practically on every shot on top of the blue wing of the continuum spec-
trum, but only for circular or nearly circular polarization of the filamentation pulse. 
The change of the angle of the quarter-wave plate, which converted the polarization 
of the pump from linear to circular, of more than ±5° from the orientation for the 
perfect circular polarization, led to the complete loss of the lasing signal. The 
dependence of the forward-propagating lasing intensity on the pump energy is 
shown in Fig. 5.9b. A threshold for the single-shot lasing was observed at the pump 
energy of about 300 mJ, and the lasing signal growth was superlinear, increasing by 
an order of magnitude when the pump energy was changed from the threshold value 
of 350 mJ to the maximum value of 700 mJ used in the experiment. The maximum 
single-shot energy emitted at 337 nm was 70 nJ. Lasing signal was detected in the 
forward direction only. No measurable UV emission was observed in the backward 
direction. Similar to the experiments with picosecond filaments [24] discussed 
above, the failure to detect lasing in backward direction can be explained by the 
seeding of the lasing, in the forward direction, by the spectral continuum and by the 
traveling pump regime discussed in the next section.

To compare these results with the results of the experiments using a picosecond 
filament, the dependence of the lasing yield on the pulse chirp was investigated. The 
chirp was varied in both (positive and negative) directions from the zero value pro-
viding the shortest 30 fs pulse in the vacuum beam line. The longest duration of the 
stretched pulse, estimated from the third order autocorrelation measurements, was 
about 10 ps. As follows from the data shown in Fig. 5.9c, the highest lasing effi-
ciency was reached when the distance between the compressor gratings is a bit 
longer than the value needed for a complete pulse compression, which corresponds 
to an initial negatively chirped laser pulse. This can be easily explained by the 
necessity to compensate the positive chirp introduced by the focusing lens, the out-
put window from the vacuum beam line, and the dichroic mirror for the backward 
signal detection. In contrast to the Livermore experiment, the strongest lasing emis-
sion was observed for the shortest pulse generating the filament, and the efficiency 
dropped rapidly as the pulse chirp was increased. This difference can be explained 
by the difference, by an order of magnitude, in the filamentation pulse energy, 
assuming that a rather dense and thick plasma channel was required to generate suf-
ficient gain for lasing.

Summarizing the review of the experimental results on lasing from molecular 
nitrogen in pure nitrogen gas or in air, pumped by femtosecond laser filaments, the 
following conclusions can be drawn:

•	 Population inversion is sensitive to the pumping wavelength. Relatively efficient 
lasing was observed for a long-wavelength mid-IR, linearly polarized filamenta-
tion pulses and was not observed for linearly polarized near-IR filamentation 
pulses having similar or even much higher peak power.

•	 Population inversion is sensitive to the polarization of the filament. More efficient 
lasing can be achieved with circular polarization. In the case of near-IR 0.8 μm 
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wavelength filamentation, circular polarization is the only possibility to achieve 
measurable stimulated emission even with multi-TW pump pulses.

•	 Similar to the case of conventional discharge-pumped nitrogen laser, oxygen 
influences the lasing dramatically, significantly reducing its efficiency at concen-
trations typical to those naturally occurring in the atmospheric air.

5.3  �Physical Mechanisms Driving Dynamics of Population 
Inversion in N2

Plasmas in femtosecond laser filaments are distinctly different from those produced 
in an ultrafast microwave discharge, in a pulsed high-voltage discharge or in the CW 
or nanosecond optical discharge. These differences stem from the properties of fem-
tosecond laser filamentation in gases. First, due to the self-regulating balance 
between self-focusing and defocusing, the laser intensity in the filament is fixed (or 
clamped) at the level in the range 1013–1014 W/cm2 [4]. Second, due to the ultrashort 
(femtosecond) duration of the laser pulse generating the filament, the formation of 
plasma occurs through photoionization of the gas on the time scale of the pulse 
duration, i.e., long before the collisional electron heating and avalanche ionization 
kick in. The key physics involved in the buildup of the population inversion in nitro-
gen takes place in the afterglow of the ultrafast ionization. The plasma characteris-
tics that govern population kinetics in the afterglow are entirely predetermined by 
the quantum-mechanical process of molecular ionization by the optical field.

The above features play the decisive role in the realization of standoff nitrogen 
lasing with femtosecond filaments. Electron collisions are now commonly accepted 
to be the main mechanism responsible for the buildup of population inversion in 
neutral nitrogen in femtosecond filaments [30–32]. The rate of collisional pumping 
depends on the temperature of the electrons. Since the laser intensity is clamped, the 
only two parameters that control the electron temperature in femtosecond filaments 
are the polarization and the wavelength of the driver laser pulse.

Before we proceed to the discussions of the dependence of the electron tempera-
ture on the details of the photoionization process, we mention another potential 
pumping channel based on the recombination of the cluster ion N4

+ . This recombi-
nation reaction, suggested first in [35], was considered previously as a candidate 
process that may enable nitrogen lasing in the filament plasma.

The production of the molecular cluster ion N4
+  in the three-body collision pro-

cess N2
+ + N2 + N2 → N4

+ + N2, with the reaction constant β4 = 5 · 10−29 cm6/s [36] 
is one of the most efficient processes in high-pressure nitrogen plasma. It was sug-
gested that the dissociative recombination of N4

+ , N e N B,C N X4 2 2
+ + → ( ) + ( )

leads to the production of excited molecular nitrogen predominantly in the C state 
and thus enables population inversion [35]. However, the proposition that the prod-
uct of the recombination of N4

+  has a high enough probability to end up in the 
excited state C is rather questionable. First, the variability of possible outcomes of 
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the recombination reaction discussed in literature is quite large. For example, in 
[37] the result of the dissociative recombination is assumed to be in the ground state 
of nitrogen, i.e., N2(X) + N2(X) (see reaction 6  in Table IV in [37]). In [38], the 
result is N2(X) + N2(A) (reaction 9 in Table 1 in [38]). In [39], the result of the reac-
tion is N2(X) + N2(A,B,C) with the same reaction constants for all three channels. 
There are also assumptions that the reaction products are N2(X) + N + N. The wide 
spread of possible scenarios signifies that the branching ratio is not known, and it is 
not clear whether it can be readily deduced from experiments. The cluster ion plays 
a decisive role in the process of electron recombination in nitrogen plasma, espe-
cially at high pressures, due to the very high value of the corresponding rate con-
stant β

N4
210 0 0266 1 2

+ = ( )−· . /
/

Te  (cm3/s), with the electron temperature in eV [36]. 
The recombination rate constant can be determined quite precisely, and this is the 
quantity of the primary interest in treating discharge problems in nitrogen plasmas. 
However, the question about branching of the products of dissociation remains 
open. On the other hand, if the assumption about the dominant production of the 
N2(C) is correct, a very effective lasing would be observed from almost any type of 
discharge in nitrogen, which contradicts the experimental evidence. Indeed, the pro-
cess of formation of the N4

+  cluster ion is one of the fastest and most efficient 
kinetic processes in nitrogen plasma. Therefore, the reaction of dissociative recom-
bination, which is also very efficient for this cluster ion, would lead to population 
inversion regardless of the electron temperature and density. This conclusion is 
against experimental evidence as the discharge-pumped nitrogen laser, for both low 
and high nitrogen pressures, is confirmed to be enabled by the electron impact exci-
tation mechanism (cf. [11]). It is worth to mention that the role of the dissociative 
recombination of the N4

+  cluster ion diminishes under the conditions of atmospheric 
filamentation, where the majority of the plasma is due to ionization of oxygen mol-
ecules. All of the above arguments lead to the conclusion that population inversion 
through dissociative recombination of the N4

+  cluster ion cannot be efficiently real-
ized in ultrafast optical filamentation.

Going back to the discussion of the pumping mechanism involving electron 
collisions, we recall that in a femtosecond filament, the initial electron energy 
distribution function (EEDF) of the photoelectrons is a solution of the quantum-
mechanical problem of the ionization of a gas by a high-intensity ultrashort laser 
pulse. This solution fully determines the influence of the wavelength and polariza-
tion of the driver laser on the prospects of reaching population inversion and on 
the entire initial plasma dynamics in the filament. The full 3D numerical simula-
tions of this multi-electron, multi-nuclei problem are extremely challenging. We 
are not aware of published reports on such numerical studies for molecular gases. 
From the theory of strong field ionization [40, 41], it is known that the ionization 
probability and the momentum/energy distribution of the photoelectrons are 
essentially governed by two parameters: the Keldysh parameter 

γ ω= =2 2m W eE W Ue i i p/ /  (where ω and E(t) are the frequency and electric 
filed of the laser pulse, respectively, Wi is the ionization potential, and Up is the 
ponderomotive energy) and polarization of the laser field. A powerful analytical 
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approach has been developed in [42] that allows one to compute the energy distri-
bution function of the photoelectrons for arbitrary values of the Keldysh parame-
ter γ and arbitrary polarization of the laser electric field for atomic gases. This 
approach can be used, as a good approximation, for molecular gases as well, 
because in the ensemble of randomly oriented molecules colliding with electrons, 
subtle features of the EEDF related to the specific molecular structure are not 
expected to play an appreciable role.

5.3.1  �Polarization Dependence of EEDF

The general role of polarization of the ultrashort driver pulse in the energy distribu-
tion of photoelectrons has been first pointed out in [43], and in the specific applica-
tion to the filament-initiated lasing in nitrogen  – in [31]. A calculated EEDF of 
photoelectrons in the plasma filament produced by a 0.8 μm femtosecond laser 
pulse with intensity of 7⋅1013 W/cm2 in nitrogen is shown in Fig. 5.10, for different 
polarization ellipticities ξ of the laser field [42]. Also shown are the experimentally 
measured electron impact excitation cross-sections for the B and C electronic states 
of the nitrogen molecule [44]. In the case of linear polarization, the temperature of 
the photoelectrons is low, and as it will be shown below by numerical simulations, 
no population inversion can be achieved if a near-IR pump is used. However, when 
an elliptically polarized laser pulse is used to generate the filament, the EEDF can 
have a significant content of high-temperature electrons with the maximum energy 
εmax ≈ 2Upξ2 [42]. As a result, a significant fraction of photoelectrons has kinetic 
energy in the range 11–40 eV, which is the range that is favorable for creating popu-
lation inversion in neutral nitrogen molecules.

Fig. 5.10  (a) EEDF for different values of polarization ellipticity of the laser pulse, calculated 
according to [42]. (b) Experimentally measured electron impact excitation cross sections for the 
electronic levels B and C of nitrogen [44]. Electrons residing in the shaded region of the plot are 
capable of producing population inversion. Colder electrons predominantly populate the lower-
energy state of the lasing transition, resulting in negative inversion
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5.3.2  �Dependence of the EEDF on the Wavelength 
of the Driver

The second parameter of the laser pulse that directly affects the temperature of the 
photoelectrons is the laser wavelength. In the tunneling ionization limit (γ ≪ 1) and 
for a linearly polarized driver, the EEDF of the photoelectrons takes the following 

approximate analytical form: f0
32

3
ε γ

ε
ω

( ) ∝ −






exp


 [42]. Therefore, the initial 

effective electronic temperature Te ∝ ℏω/γ3 ∝ λ2 is implying that a longer-wavelength 
filament contains hotter plasma, as shown in Fig. 5.11. The most prominent feature 
of the EEDF dependence on the wavelength of the driver, λL, shown in Fig. 5.11, is 
the orders of magnitude higher concentration of electrons with energies above 
11 eV, which are necessary to pump population inversion in nitrogen, in mid-IR fila-
ments compared to the case of the near-IR around λL = 0.8 μm.

Thus, by choosing the wavelength and polarization of the laser pulse generating 
the femtosecond filament, it is possible to reach plasma temperature that is suffi-
cient for efficient collisional pumping of population inversion in neutral nitrogen. 
The temporal dynamics of the nitrogen lasing and the realization of bi-directional or 
unidirectional generation are directly related to the plasma evolution in the after-
glow. Since plasma kinetics proceed in the afterglow, under field-free conditions, 
the time scale of the relaxation of the electron temperature is determined by differ-
ent nonelastic collision processes and recombination. Measurements using optical 
and THz interferometric methods have shown that a filament-generated plasma in 
air or pure nitrogen decays on the time scale of few hundred picoseconds [45, 46]. 
As reported in [32, 33], the gain lifetime is several tens of picoseconds. These obser-
vations highlight the traveling-wave regime of electronic excitation of nitrogen, 
which makes the backward-propagating lasing very hard to achieve. The traveling-
wave pumping is a general feature of laser systems with fast decaying gain. It is the 

Fig. 5.11  EEDF for 
different wavelengths of a 
linearly polarized driver 
pulse, calculated according 
to [42]
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major limitation in single-pass X-ray lasers based on laser-generated plasmas. The 
photon, spontaneously emitted at the proper time at the beginning of the filament 
and co-propagating with the pump pulse, will experience maximum population 
inversion along the entire length of the filament, resulting in efficient forward-
propagating stimulated emission. At the same time, the photon spontaneously emit-
ted in the backward direction will interact with the rapidly decaying population 
inversion. The effective gain length for such a photon will be only few centimeters, 
corresponding to the picosecond scale gain lifetime. The traveling-wave pump 
regime has been also experimentally demonstrated for pumping by a pulsed micro-
wave discharge, in which case at least one order of magnitude difference between 
the gains for the forward-propagating and backward-propagating stimulated emis-
sions has been reported [12].

5.4  �Theory of the Filament-Initiated Neutral Molecular 
Nitrogen Lasing

A theoretical model describing the operation of the atmospheric nitrogen laser has 
been first suggested in [47, 48]. The model was based on the coupled system of rate 
equations for the electron density, the density of the thermal energy of the electrons, 
and the densities of excited N2 molecules and ionic nitrogen species. The model 
accounted for the heating of the electrons by an additional heater laser pulse, in 
order to treat the igniter-heater concept, which we will discuss in the next section. 
The evolution of the generated UV emission was described by the radiation transfer 
equation coupled to the rate equations by the spontaneous and stimulated emission 
rates. The crucial assumption used in the calculation of the collision rates was the 
Maxwellian EEDF.  It is known from discharge physics that in molecular gases, 
where inelastic collisions play the dominant role in the energy exchange between 
electrons and molecules, the EEDF is not Maxwellian [49]. The deviation from 
Maxwellian EEDF is primarily in the distribution of high-energy electrons, which 
play the decisive role in the collisional excitation of nitrogen molecules. The 
assumption of the Maxwellian EEDF provides for good quantitative agreement 
between theory and experiment for the discharge-pumped nitrogen laser [11, 50] 
because of the replenishment of high-energy electrons through joule heating in the 
discharge electric field. A similar situation should take place in the case of optical 
heating considered in [47, 48]. However, the assumption of Maxwellian EEDF fails 
under the conditions of the field-free plasma evolution in the afterglow of the fem-
tosecond filament. The rates calculated based on this assumption will differ dra-
matically from the correct values.

Theoretical analysis of the filament-initiated single-pass nitrogen laser based on 
the ab initio description of plasma kinetics has been proposed in [27]. In the model, 
the Boltzmann kinetic equation for the EEDF is self-consistently solved together 
with a set of rate equations for the populations of different electronic states in the 
nitrogen molecule, and for the densities of nitrogen and oxygen ions and atoms. 
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The analytical solution from [42], discussed above, is used as initial condition in 
the kinetic equation for the EEDF. A set of single-pass laser equations is coupled 
to the kinetic equations in order to calculate the characteristics of the stimulated 
and spontaneous emissions from the plasma and to compute the stimulated emis-
sion rates used in the rate equations. The ultrashort time scale of plasma formation 
in the femtosecond filament allows for the simplification of the kinetic equation 
through the use of the Lorentz approximation, which reduces the problem to the 
solution of a one-dimensional kinetic equation for the EEDF [49].

The kinetic equation for the EEDF describes the time-dependent balance of the 
electron fluxes along the energy axis, accounting for the elastic collisional cooling, 
electron-electron Coulomb collisions, and inelastic collisional cooling. The inelas-
tic collision processes included in the model are the electronic excitations from the 
ground electronic state to the A3Σu, B3Πg, a1Σu, a1Πg, C3Πu electronic states of 
molecular nitrogen, super-elastic scattering from those electronic states, vibrational 
excitation of nitrogen and oxygen molecules, electron impact ionization, and 
electron-ion recombination.

The rate equations describe the balance of populations for the electronic states in 
N2, listed above, and for different ionic and atomic species in the filament plasma, 
namely, N2

+ , O2
+ , N4

+ , and atomic nitrogen and oxygen. A relatively short plasma 
and gain lifetimes in femtosecond filaments make it feasible to select only few dom-
inant kinetic processes that contribute to the population dynamics of various elec-
tronic states in molecular nitrogen on the time scale of several nanoseconds. The 
following kinetic processes are included in the model:

	1.	 Collisional quenching of the C and B states (the upper and the lower lasing levels 
in the nitrogen laser) through the collisions with nitrogen molecules in their 
ground state: N2(C3Πu) + N2(X1Σg) → N2(a1Σu) + N2(X1Σg)

	2.	 Energy pooling reactions N2(A3Σu) + N2(A3Σu) → N2(B3Πg, C3Πu) + N2(X1Σg)
	3.	 Production of the molecular cluster ion N4

+  through the three-body collision 
process N2

+  + N2 + N2 → N4
+  + N2 and its dissociative recombination N4

+  + e → 
N2(B,C) + N2(X)

	4.	 Dissociative recombination of an electron with a nitrogen molecular ion through 
two reaction channels: N2

+  + e → N + N, providing dissociation products in the 
ground electronic state of the atoms, and N2

+  + e → N + N(2D)
	5.	 Recombination channel involving the cluster nitrogen ion N4

+  through the fol-
lowing reaction: N4

+  + e → N2(X) + N2(B,C) with equal branching for the excited 
molecular products in the B and C electronic states

The system of single-pass laser equations is the system of one-dimensional 
(along the filament) radiation transfer equations describing the evolution of the 
backward- and forward-propagating stimulated emissions.

The results of numerical simulations for the femtosecond filament, generated by 
0.8 μm laser pulses with different polarizations in pure nitrogen under 1 bar pres-
sure, are shown in Fig.  5.12 [27]. Population inversion can be reached for laser 
ellipticities greater than 0.5. Both the peak value and lifetime of inversion increase 
when polarization approaches the circular state, as shown in Fig. 5.12a. For nearly 

5  Filament-Initiated Lasing in Neutral Molecular Nitrogen



108

circular polarization, the population inversion density reaches a maximum approxi-
mately 8 ps after the pump pulse, then drops by one half within 16 ps and slowly 
decays during the next 100 ps. This behavior of population inversion is in good 
quantitative agreement with the results of time-resolved gain measurements reported 
in [32, 33], which we discussed above. It can be understood by analyzing the 
dynamics of the EEDF (Fig. 5.13). The EEDF formed by photoionization has an 
initial temperature of 10 eV with more than 50% of electrons having initial energies 
in the 11–40  eV range, which is favorable for collisionally pumping population 
inversion. Within the initial 6 ps, the hot electrons from the high-energy tail of the 
EEDF vanish due to the loss into impact excitation of the electronic excited states 
of molecular nitrogen. Electrons with energies between 1.5 eV and 5 eV are effi-
ciently consumed through losing their energy into vibrational excitations of nitro-
gen molecules, which is evidenced by the appearance of an oscillating resonant 
structure in the EEDF over the corresponding energy interval (Fig. 5.12). Since the 

Fig. 5.12  (a) Time dependence of the population inversion density for different polarization ellip-
ticities ξ of the filament pulse. (b) Population inversion density for ξ = 0.9. The calculations are 
done without accounting for the contribution from stimulated emission

Fig. 5.13  Time-dependent evolution of the EEDF. The oscillatory structure in the 2–4 eV energy 
range resembles resonances for vibrational excitation of molecular nitrogen
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excitation of the upper lasing state C consumes the largest electron kinetic energy, 
the amount of electrons contributing to populating the C state becomes much 
smaller than the amount of electrons contributing to populating the lower lasing 
state B. This leads to a fast drop of population inversion within next several tenses 
of picoseconds. Then, when the energetic tail of the EEDF loses electrons with ener-
gies above 8.5 eV, the decrease in population inversion slows down because it is 
caused now by slower processes of (i) electron impact de-excitation and (ii) colli-
sional quenching. The latter leads to the general reduction of populations of both B 
and C states. In general, the fast cooling of electrons due to the electronic and vibra-
tional excitations splits the EEDF into two distinct parts: a prominent peak of cold 
electrons with energies about 1 eV, which is insufficient for any excitation by an 
individual collision, and a group of relatively hot electrons with energies between 
4 eV and 10 eV. In the latter region, the electron energy is too high for vibrational 
excitation. At the same time, the energy outflow due to the electronic excitations of 
the A and B states is nearly balanced out by the electron energy inflow through col-
lisional de-excitation. The EEDF continues to cool down, without significant further 
reshaping, on a much longer time scale determined by elastic collisions. It is worth 
mentioning that this EEDF is significantly non-Maxwellian.

The development of the forward-propagating emission along the filament is 
shown in Fig. 5.14. Stimulated emission dominates over spontaneous emission for 
the filament length about 1  cm. Stimulated amplification proceeds in the linear 
regime (i.e., grows exponentially with the length of the gain region) for the filament 
length of up to 10 cm. The small signal gain extracted from the simulations is about 
2.2 cm−1. This small signal gain value is in good agreement with the results of the 
measurements of backward-seeded amplification reported in [32]. It would enable 
amplification by the factor of 200 for an amplification length of 2.4 cm, which is 
defined by the population inversion lifetime of 80 ps, in agreement with the values 
from [32]. For a longer filament, a saturation regime of forward-propagating lasing 
will be reached. At the same time, only low-intensity spontaneous emission is prop-
agating in the backward direction.

Fig. 5.14  Development of the stimulated emission pulse along the propagation length L in the fila-
ment plasma for the case of 800 nm pumping
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In addition to the case of pumping at 0.8 μm wavelength, discussed above, the 
model adequately reproduces the experimental results on pumping nitrogen lasing 
with a mid-infrared laser source shown in Fig. 5.7. The computed efficiency of las-
ing is lower than that in the case of pumping with a circularly polarized 800 nm fila-
ment. We argue that due to the λ2-scaling of the plasma refraction, plasma density in 
the mid-IR filament is expected to be significantly lower than that in the near-IR 
case, with the corresponding reduction of the lasing efficiency. The results of 
numerical simulations for plasma kinetics in a linearly polarized 4 μm filament are 
shown in Fig. 5.15. Low plasma density greatly reduces the efficiency of the direct 
excitation by electron impact, as shown in Fig. 5.15a. An alternative pumping chan-
nel, which is operative on much longer time scales, becomes important. This mech-
anism is through the energy pooling reaction (reaction 2  in the list of kinetic 
processes above). According to [51], that reaction has a higher rate for the produc-
tion of nitrogen in the C state than in the B state. In addition, the collisional quench-
ing rate for the B state is higher than that for the C state [36]. (Note that although 
this reaction is present in the near-IR filament, its role in pumping the lasing is 
negligible compared to the direct channel due to the much higher plasma density in 
that case.) The energy pooling mechanism has not been reported for the case of 
discharge-pumped nitrogen lasers and appears to be a unique feature of ultrafast 
optical discharge in femtosecond filaments. Nearly equal contributions to the 
buildup of population inversion from the two mechanisms lead to the formation of 
a two-pulse sequence in stimulated emission. The first shorter pulse originates from 
the direct electron impact excitation, while the second, much longer pulse is gener-
ated due to the plasma-chemical dynamics, as shown in Fig. 5.15b. However, the 
total lasing efficiency is rather low and the peak intensity of the stimulated emission 
pulse is only several tens of kW/cm2 even for a 1-m-long filament, primarily because 
of low plasma density. In contrast to lasing from the filament plasma generated by 
an elliptically polarized near-IR femtosecond laser pulse, where the pumping mech-
anism is similar to pumping by an energetic electron beam, pumping by linearly 
polarized mid-IR filament is similar to the electrical discharge pumping.

Fig. 5.15  (a) Time-dependent population inversion density and (b) time-dependent intensity in 
the stimulated emission pulse in nitrogen at 1 bar pressure, pumped by a 4 μm filament
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The above model can be straightforwardly generalized to include more plasma-
chemical reactions. In particular, the addition of reactions related to oxygen allows 
simulations of lasing in air filaments. There are several factors that reduce the effi-
ciency of electronic excitation of nitrogen dramatically when oxygen is added. In 
air, ionization of oxygen is the main source of plasma. Due to the lower ionization 
potential of oxygen, the clamping intensity in the air filament is lower than that in 
the filament in pure nitrogen, leading to colder EEDF. Also, the density of cluster 
ions N4

+  is rather low in the air filament. Correspondingly, their contribution to the 
production of excited nitrogen molecules in the B and C states becomes negligible. 
Another major effect in the air filament is quenching of population of the lasing 
levels by collisions with oxygen molecules. Both the upper and the lower lasing 
levels are emptied with an approximately equal efficiency through the reaction 
N2(C,B) + O2 → O + O + N2(X1Σg) [36]. The time constant for quenching by colli-
sions with oxygen molecules has been measured to be about 150 ps [23], which is 
significantly longer than the time scale of electron pumping. Therefore, quenching 
by collisions with oxygen cannot appreciably affect the electron pumping channel, 
although it can arrest the energy pooling mechanism that we suggested for the case 
of mid-IR pumping. It has been experimentally found that the addition of several 
percent of oxygen to the nitrogen pumped by a circularly polarized 800 nm filament 
results in a dramatic suppression of nitrogen lasing [32, 33]. A detailed investigation 
of the filament dynamics in a nitrogen-oxygen gas mixture at various partial gas 
pressures is required in order to explain these findings.

5.5  �Nitrogen Lasing in Laser Filaments Heated 
by Microwaves

As follows from the measurements of the gain dynamics and from the theory of the 
filament-initiated lasing discussed above, the short plasma lifetime in the filament is 
the main stumbling block toward the realization of efficient backward-propagating 
lasing in molecular nitrogen. One possible way to circumvent this problem could be 
through the use of the recently proposed “igniter-heater” concept [47, 48]. This con-
cept, which is well known in the laser fusion community, involves the generation of 
plasma by a femtosecond laser pulse (the igniter) and the subsequent heating of the 
plasma by an additional radiation source (the heater). The heater pulse extends the 
plasma lifetime through collisional heating of the electrons, thus preventing recom-
bination and plasma-chemical processes that lead to the plasma decay. The experi-
mental realization of this idea in a He-N2 gas mixture at the atmospheric pressure has 
been reported in 1974 [52]. In that experiment, the plasma was generated by an 
electrical discharge and subsequently collisionally heated by a high-power CO2 laser, 
resulting in population inversion and lasing in the second positive system of molecu-
lar nitrogen. Differently from the cases of a DC or RF discharge, where plasma 
density is low, in femtosecond filaments typical plasma densities are ≥1016 cm−3, and 
optical plasma heating faces fundamental difficulties related to the plasma refraction 
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of the heater beam. Optical heating can efficiently increase the temperature of a neu-
tral gas in a filament-assisted channeling of a high-voltage DC discharge [53] and 
significantly extend the lifetime of filament plasma [54], but no successful applica-
tion of optical heating to the problem of lasing in neutral molecular nitrogen has been 
reported to date.

An alternative approach to plasma heating in femtosecond filaments in air that 
utilizes a microwave discharge has been proposed in [55]. The idea was inspired by 
the experimental realization of nitrogen lasing in air under pumping by high-power 
microwaves inside a microwave waveguide [12]. The numerical treatment of this 
approach, which we discuss here, is based on the solution of the kinetic equation 
for the EEDF. In essence, it is an extension of the formalism from [27] discussed 
above, with the addition of the effect of heating by a microwave field and of the 
rate equations describing the processes related to the presence of oxygen in the air. 
In addition, the set of radiation transfer equations is replaced by the rate equation 
for the number of emitted UV photons, which is similar to the treatment discussed 
in [34, 56].

The results of numerical simulations show that free-space lasing from molecular 
nitrogen in air enabled by microwave-heated plasma in a femtosecond filament is 
indeed possible but only if several conditions are satisfied. First, typical plasma 
density in the femtosecond air filaments generated by near-IR laser pulses is too 
high for the buildup of population inversion to occur. Plasma density in filaments is 
rather sensitive to the focusing conditions [57]. For near-IR laser sources, it ranges 
from ~1017 cm−3 for the case of relatively tight focusing (which is typical for small-
scale laboratory experiments) down to ~1015 cm−3 for the case of self-focusing of a 
collimated or almost collimated laser beam (which is the situation typical in open-
field experiments with TW-level peak power laser systems like TERAMOBILE). 
Numerical simulations show that for plasma densities above 1015 cm3 population, 
inversion is strongly suppressed or completely quenched by electron collisions. 
Remarkably, the same electron impact mechanism is responsible for both pumping 
population inversion at relatively low plasma densities and for terminating the 
inversion at high plasma densities. This effect and the threshold in plasma density 
~1015 cm3 are well known in the field of discharge-pumped nitrogen lasers [58]. 
Therefore, time delay between the femtosecond laser pulse that generates plasma 
through filamentation and the microwave heater pulse is necessary to reduce plasma 
density to the value below 1015 cm−3. The value of the time delay is determined by 
the plasma decay rate, which, in turn, depends on the initial plasma density. For the 
initial plasma density in the filament of 1017 cm3, the decay to the 1015 cm3 level 
takes about 2 ns [45], whereas for softer focusing conditions and the initial plasma 
density of 1016 cm−3 it will take more than 10 ns.

The temperature and distribution dynamics of the free-evolving filament plasma 
with the initial plasma density of 1016 cm3 are shown in Fig. 5.16. These dynamics 
occur before the arrival of the microwave heater pulse. The filament is generated by 
a linearly polarized femtosecond laser pulse at 0.8 μm center wavelength, with the 
value of clumped intensity set to 7⋅1013 W/cm2. As evident in the Fig. 5.16, the aver-

D. Kartashov et al.



113

age electron temperature stabilizes at the value of ≈0.6 eV within approximately 
1 ns, at which point the EEDF becomes quasi-stationary.

The evolution of this initially cold EEDF due to the heating by 30 GHz micro-
wave radiation with an electric field amplitude of 30 kV/cm (which corresponds to 
the breakdown threshold for the atmospheric pressure air) is shown in Fig. 5.17. 
Here we assumed that the microwave heater pulse arrives with the delay of several 
nanoseconds after the femtosecond filamentation pulse, at which point the plasma 
density is reduced down to 2.5⋅1014 cm−3. Heating the plasma to the stationary elec-
tron temperature of ≈3.5  eV takes about 1  ns. The resulting hot and stationary 
EEDF is rather insensitive to the parameters of the initial cold distribution because 
of the diffusive nature of the kinetic equation.

Another important parameter that, in addition to plasma density, dramati-
cally affects nitrogen lasing from a microwave-heated laser filament is the 
amplitude of the microwave field. As an example, a 16% reduction in the field 

Fig. 5.16  (a) Time dependence of the electron temperature in the free-evolving filament plasma. 
(b) Time dependence of the EEDF. The analytical solution from [42] is taken as the initial distribu-
tion function at t = 0. The apparent oscillatory structure at t = 100 ps is due to the resonant vibra-
tional excitations of molecular nitrogen

Fig. 5.17  (a) Time evolution of the electron temperature in the filament plasma heated by 30 GHz 
microwaves. The black dashed line shows the temporal profile of the microwave pulse. (b) 
Corresponding time evolution of the EEDF
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amplitude from its breakdown value (i.e., the reduction from 30  kV/cm to 
25  kV/cm) makes the population inversion in the atmospheric nitrogen 
unattainable.

Finally, the finite length of the plasma filament sets the minimum value of gain 
that is necessary for the development of stimulated emission within the time inter-
val which takes a spontaneous photon to traverse the filament. As numerical simu-
lations show, the filament length of ≥10 cm is required in order for the stimulated 
emission to prevail over fluorescence, resulting in the laser-like emission. The 
time evolution of population inversion between the C and B electronic states in N2 
is shown in Fig.  5.18a, for the initial electron density of 2.5⋅1014 cm−3 and a 
10-cm-long filament. The buildup time for population inversion is ~0.3  ns. 
Inversion then rapidly declines within approximately 0.7 ns, followed by a slow 
decay within the next ~2.5 ns. The fast decay manifests the onset of saturation of 
amplification by stimulated emission, while the slow decay results from various 
collisional quenching processes, electron impact ionization and deactivation. The 
small signal gain, calculated for the peak value of population inversion of 4⋅1013 
cm−3, is 0.11 cm−1. This value is in good agreement with the measured gain in a 
discharge-pumped nitrogen laser operating under similar plasma densities [59]. 
As shown in Fig. 5.18b, our simulation predicts the generation of a 337 nm laser 
pulse with the duration of several nanoseconds and the total energy of about 1 mJ, 
assuming 100 μm filament diameter.

The suppression of lasing at high plasma density, discussed above, is demon-
strated in Fig. 5.19. In this example, by reducing the time delay between the femto-
second laser pulse, generating the filament, and the microwave heater, the plasma 
density at the instant when the heating starts is increased to 1015 cm−3. This increase 
in the plasma density leads to the reduction in the peak value of population inversion 
by a factor of about 3. Additionally, the lifetime of population inversion is 
dramatically reduced by collisional de-excitation and ionization, as shown in 
Fig. 5.19a. As a result, a much shorter in duration and 50% less intense lasing pulse 
is generated (Fig. 5.19b).

Fig. 5.18  Development of lasing with initial plasma density of 2.5⋅1014 cm−3. (a) Temporal evolu-
tion of population inversion density (solid line) and (b) the lasing pulse at 337 nm wavelength 
(solid line). The dashed lines show the temporal profile of the microwave pulse.
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The estimated total energy in the lasing pulse is the energy propagating in both 
forward and backward directions. The partitioning of this energy between forward 
and backward directions depends on the geometry of the beam crossing between the 
filament and the microwave radiation. As discussed above, the femtosecond laser 
pulse, which generates the filament, propagates like a bullet, generating plasma at 
the position of its current location and leaving a plasma channel behind. If the 
microwave heater beam is co-propagating with the filament, the beginning of the 
filament is heated earlier than the end, resulting in more favorable conditions for 
amplification of the forward-propagating laser pulse. The same is true for the trans-
verse microwave heating geometry. In that case, the same microwave field exists 
along the filament length. However, the filament is formed not instantaneously but 
point by point. Thus, the beginning of the filament will be generated and, corre-
spondingly, heated earlier than the end. Sophisticated schemes of beam crossing 
utilizing a microwave pulse with a tilted wavefront, similar to the schemes used in 
X-ray lasers [60], will be necessary to enable favorable conditions for amplification 
in the backward direction.

5.6  �Discussion and Conclusions

In this chapter, we have presented an overview of experimental results and models, 
existing to date, on the standoff laser generation from the second positive system of 
molecular nitrogen in plasmas of femtosecond filaments. In spite of numerous 
attempts, no convincing experimental demonstration has been reported so far of the 
realization of the ultimate goal – an efficient backward-propagating nitrogen lasing in 
the atmosphere. At the same time, the baseline parameters of the sky laser, which 
would make it applicable to the standoff nonlinear spectroscopy of the atmosphere, 
have been discussed in [61]. In that paper, emulations of the atmospheric nitrogen 
laser with picosecond and nanosecond pulse durations have been generated through 

Fig. 5.19  Development of lasing with initial plasma density 1015 cm−3. (a) Temporal evolution of 
population inversion density (solid line) and (b) the lasing pulse at 337 nm wavelength (solid line). 
The dashed lines show the temporal profile of the microwave pulse.
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parametric frequency conversion and used, in combination with a tunable high-power 
OPA, for the detection of different gases by stimulated Raman scattering. It has been 
argued that a μJ-level, nanosecond atmospheric nitrogen lasing can provide reason-
able sensitivity, if used in combination with a wavelength-tunable, UV, picosecond, 
and multi-mJ pump laser.

Based on the results of experiments and numerical simulations, we highlight the 
following obstacles that, so far, had prevented us from the generation of a backward-
propagating coherent emission from atmospheric nitrogen:

•	 Accurate control over plasma temperature in femtosecond filaments is of a criti-
cal importance for achieving lasing.

•	 The short gain lifetime and the traveling-wave pumping regime make backward-
propagating generation directly from a femtosecond filament practically 
impossible.

•	 Coherent emissions resulting from supercontinuum and harmonic generation in 
the filament, which are forward-propagating, cause significant difficulties for 
achieving backward-propagating lasing, as they provide a relatively intense seed 
for forward-directed amplification.

As discussed above, polarization and wavelength of the femtosecond pulse are 
the two parameters that control the electron temperature in the filament plasma. It is 
an interesting question what kind of a femtosecond laser pulse would enable the 
most efficient control of the plasma parameters. The use of polarization shaping in 
the case of long-distance propagation under realistic atmospheric conditions may be 
problematic, e.g., due to polarization instabilities in filamentation [6]. As far as 
using a long-wavelength femtosecond laser source for pumping nitrogen air lasing 
is concerned, low plasma density in mid-IR filaments may pose a problem. From the 
general ∝λ2 scaling of plasma refraction, a significantly (by an order of magnitude) 
lower plasma density is expected in a mid-IR laser filament compared to that in the 
near-IR case. Mid-infrared filamentation is an active research field by itself. A 
potential contribution of higher-order nonlinearities, as well as the effects of tempo-
ral self-steepening may additionally reduce plasma generation [62], but those are 
still open questions.

New possibilities for air lasing may open up in the future through the applica-
tion of a new and not yet well-studied regime of laser filamentation – superfila-
mentation [63]. Superfilamentation is the propagation regime of a laser pulse with 
the peak power several orders of magnitude above the critical power for self-
focusing, under the conditions of relatively tight external beam focusing. Another 
promising approach, which has not been extensively investigated, relies on the 
use of high peak power picoseconds laser pulses for pumping air lasing. The first 
experiment of that kind has been recently reported [24]. Picosecond laser filamen-
tation closely mimics the conditions in an impulsive electrical discharge and 
allows for the direct Joule heating of plasma to the temperature necessary for 
efficient collisional pumping.

Igniter-heater concept is very promising as it may offer a solution for the prob-
lem of the traveling-wave excitation in a plasma filament. Plasma refraction for 
the optical heater beam may pose a problem, and more research is needed in order 
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to pinpoint the optimum pumping configuration. Microwave heating offers a 
promising alternative to the heating by laser pulses. Implementing microwave 
heating at high altitude in the atmosphere may circumvent the requirement of very 
high peak field of the microwave heater, as the breakdown threshold field is 
approximately proportional to the ambient pressure.

In conclusion, although the idea of the optically pumped, backward-propagating 
remote nitrogen lasing in air has been suggested more than a decade ago, this propo-
sition has not been yet materialized. This outstanding unresolved problem in mod-
ern laser science has both a tremendous practical potential and many interrelated 
facets that are interesting from the fundamental physics perspective.
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Chapter 6
Filament-Assisted Impulsive Raman 
Spectroscopy

Johanan H. Odhner and Robert J. Levis

6.1  �Introduction and Review of Prior Works

This chapter explores the use of nonlinear spectroscopy as a means to detect 
molecules in the gas phase. This investigation is motivated by the need for remote 
sensing and provides concepts that can incorporate backward lasing schemes. The 
current state of the art with respect to remote Raman sensing using spontaneous 
Raman is reviewed, and then the use of stimulated Raman and impulsive Raman is 
presented. We review the use of remote Raman spectroscopy with potential applica-
tions in atmospheric sensing, pollution monitoring, and chemical signature detec-
tion including explosives, radiological signatures, and biological pathogens.

Coherent optical probing of the vibrational and rotational modes available when 
two or more atoms are bound together to form a molecule represents a means to 
classify the molecules in a given volume. There are 3 N-5 and 3 N-6 available vibra-
tional normal modes for linear and nonlinear molecules, respectively, where N is the 
number of atoms. Thus, in larger molecules of interest for remote sensing, there can 
be a significant number of vibrational modes available for sensing in one- or two-
photon excitation schemes. In the simplest case of a diatomic molecule, there is 
only one vibrational mode available to probe. In the case of a homonuclear diatomic 
molecule made up of only one type of atom, the vibrational and rotational modes 
can only be excited through a two-photon Raman transition. The probability for a 
Raman transition is proportional to the change in polarizability, α, of the molecule 
as a function of bond length x, dα/dx. For heteronuclear diatomics (made up of two 
different types of atoms), only one-photon vibrational and rotational transitions are 
allowed. The probability of a transition occurring in this case is given by dμ/dx, 
where μ is the dipole moment of the molecule.
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The selection rules govern the experimental possibilities for laser sensing of 
gas-phase species. In the case of one-photon vibrational excitation, there is the 
possibility of performing a direct absorption experiment, except that trace species 
will result in a small absorption on a rather intense probe pulse. For this reason, 
there are no examples of such experiments being used for remote sensing. In the 
case of two-photon excitation, a vibrational coherence can be prepared at frequency 
ωv that can be probed using a second pulse at frequency ωo that will result in the 
formation of sidebands at ωo ± ωv. These sidebands have only solar background to 
contend with, and hence very sensitive detection schemes may be developed. 
Spontaneous Raman spectroscopy could also be employed for remote sensing, but 
this approach would not take advantage of the directed radiation available with a 
backward lasing beam. In the case of spontaneous Raman, the signal strength decays 
as 1/R2, where R is the distance from the sample to the detector. In the case of signal 
imprinted on the probe lasing beam, there is no such dependence.

Raman spectroscopy has been explored as a means of remotely detecting 
substances since the inception of the laser, due to its inherent ability to sense chemi-
cal structure. Raman scattering occurs upon a change in the polarizability of the 
electron cloud of a molecule due to changes in the relative positions of the constitu-
ent atoms. Because each molecule is composed of atoms arranged in a specific man-
ner, each molecule will have a unique Raman spectrum that corresponds to the 
vibrational and rotational motions of that molecule. Raman spectroscopy is a 
powerful technique because the molecular specificity allows the determination of 
chemical signatures. A schematic of the potential Raman excitation schemes is 
shown in Fig.  6.1. The first diagram in Fig.  6.1a represents Raman scattering 
between two rovibrational or electronic levels, q0 and q1. The upper state, q´, repre-
sents a virtual state in the case of nonresonant Raman scattering and a real state in 
the case of resonant Raman scattering. Spontaneous, stimulated, and impulsive 
Raman scatterings are all represented by the diagram in Fig. 6.1a, depending on the 
origin of the interacting electric fields and the interaction timing. The second 

Fig. 6.1  Wave-mixing energy-level diagrams for (a) Raman scattering and (b) coherent 
anti-Stokes Raman scattering. The solid (dotted) lines represent ket (bra) interactions with the 
final (wavy) arrow denoting the coherent emission. The diagrams are read from left to right
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diagram shown in Fig. 6.1b represents coherent anti-Stokes Raman scattering, in 
which the pump and Stokes pulses, represented by the first two arrows, create a 
coherence that interacts with the pump electric field (the third arrow) to produce 
anti-Stokes-shifted Raman emission.

Remote Raman monitoring of atmospheric gases has been under investigation 
since shortly after the inception of the laser. The first report on the experimental 
measurement of Raman scattering from nitrogen and oxygen in the atmosphere 
was in 1967 using a 1 mJ and 10 ns pulsed nitrogen laser coupled to a 20 cm tele-
scope and a photomultiplier tube [1] and was followed closely by a Raman rang-
ing measurement of the atmosphere using Raman scattering from nitrogen to 
avoid the spectral overlap at the fundamental wavelength from scattering off both 
gases and aerosols [2]. The potential of remote Raman scattering for atmospheric 
monitoring and as a molecule-specific and universal detection method was recog-
nized in the following years [3], and two tracks of research emerged: (1) the use of 
abundant atmospheric gases (nitrogen, oxygen, and water) for remote sensing of 
the atmosphere itself and (2) the potential of Raman spectroscopy for remote 
detection of trace pollutants in the atmosphere. The former line of research has 
seen great success and has been developed to the point where routine monitoring 
of atmospheric temperature profiles, as well as water, aerosol, and ozone concen-
trations, is now possible [4]. Initial work on the remote Raman detection of pollut-
ants focused on the detection of molecular signatures such as sulfur dioxide [5–7], 
methane [8, 9], and carbon dioxide [7], and a mobile Raman instrument for smoke-
stack monitoring was built based on this research [10]. More complex spectro-
scopic signatures such as smoke from automobile exhaust and oil combustion 
were also investigated [3], showing the complex signatures that can be captured by 
Raman spectroscopy. However, the low Raman scattering cross sections for gases 
made use of spontaneous Raman scattering extremely challenging for monitoring 
of trace concentration of atmospheric species for routine atmospheric monitoring 
[11, 12]. Early on the possibility of detecting forward-scattered Raman-shifted 
light generated through stimulated Raman scattering (SRS) or coherent anti-Stokes 
Raman scattering (CARS) was proposed [12, 13], but no immediate follow-up 
work appears to have been done in either of these areas. More recently, an analysis 
of CARS has highlighted that wave-vector mismatch in the backward direction 
makes the generation of a remote CARS signal that propagates back toward the 
laser source impossible [14].

Studies of remote Raman spectroscopy in the 1970s and 1980s focused primarily 
on the detection of gas-phase molecules for atmospheric sensing and pollution 
monitoring. In contrast to atmospheric remote Raman monitoring, where the focus 
is on collection of Raman-scattered signals, investigations of remote Raman detec-
tion have focused mainly on signals scattered from solid or liquid samples on sur-
faces. Angel et al. [15] first applied standoff Raman techniques at an intermediate 
range for monitoring chemical spills from liquid and semisolid surfaces. In contrast 
to earlier work, where kilometer-range distances were considered due to the aim of 
atmospheric monitoring, the design parameters in that investigation focused on 
detection of solid (various salts) samples at distances in the 10 to 100 of m range. 
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Their work was extended to a portable Raman instrument using a UV laser (266 and 
248 nm) and demonstrated its use for measurement of bulk liquids, films, and liq-
uids deposited on soil [16, 17]. In 2005 a standoff detection with a portable Raman 
instrument was employed to measure Raman scattering from energetic materials 
[18], and this technique has continued to be developed as a means of detecting 
explosives [19, 20]. Standoff Raman spectroscopy has also found applications in 
the detection of drugs and other chemical compounds [21, 22]. Around the same 
time, coherent Raman analogues of the spontaneous and resonance Raman tech-
niques, which have been the focus of the majority of studies, were proposed for the 
detection of bacterial spores [23]. Coherent Raman spectroscopy for standoff detec-
tion was realized in 2008 using a single-beam variant of CARS using ultrashort 
pulses [24, 25].

While technology has significantly improved the ability to use Raman spectros-
copy for remote detection of condensed-phase materials, detecting trace molecules 
in the gas phase (atmosphere) remains a challenge. Air lasing has the potential to 
rewrite the landscape for remote sensing due to the phenomenon of backward lasing 
in a laser-produced plasma channel [14]. While significant hurdles remain in pro-
ducing atmospheric backward lasing that is sufficiently energetic for spectroscopy, 
important strides have been made in understanding how backward-propagating 
amplified spontaneous emission (ASE) can be used to remotely probe the atmo-
sphere. In their proof-of-concept implementation of backward stimulated Raman 
scattering as a technique for remote detection using air lasing, Malevich et al. [26] 
demonstrated the use of stimulated Raman gain (SRG) in a counter-propagating 
geometry in the UV region where nitrogen lasing occurs. The proposed scheme for 
stimulated Raman gain/loss spectroscopy utilizes the backward ASE from excited 
N2 and N2

+  as the Stokes Raman beam, while a high-energy, tunable laser pulse 
along the forward-propagating path acts as the pump. Using a narrowband picosec-
ond or nanosecond UV pulse to simulate the backward-propagating ASE pulse, 
Malevich et al. demonstrated SRG in a balanced detection arrangement in air (nitro-
gen and oxygen) and in methane. This concept was extended in a later publication 
[27], demonstrating SRG between a Stokes pulse from an OPA and a pump pulse 
actually generated using backward ASE produced through filamentation of a high-
energy mid-infrared pulse in a mixture of argon and nitrogen. These experiments 
represent important milestones in the use of remotely generated signals for standoff 
spectroscopy, but further innovation is required in order to realize atmospheric sens-
ing using remote Raman detection. The primary drawback of using narrowband 
pulses is the requirement of tunability in the exciting laser pulse; in the time required 
for tuning, the forward-propagating pump pulse in frequency and time fluctuations 
in the atmosphere could lead to a dispersion of a short-lived species or changes in 
the sample density. Ideally, the entire vibrational fingerprint of the sample would be 
measured in a single shot. To this end, we focus here on work that has been carried 
out over the past 8 years in impulsive Raman spectroscopy using femtosecond laser 
filamentation as the driving source.
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6.2  �Femtosecond Laser Filaments for Standoff Detection

The phenomenon of laser filamentation [28, 29] leads to the generation of a white-light 
continuum due to optical shock formation; it is accompanied by a concomitant self-
shortening of the pulse. The filamentation process also encompasses a host of opti-
cal phenomena that modify the spatiotemporal distribution of the propagating laser 
pulse. Laser filamentation is characteristically defined as a dynamic interplay 
between self-focusing of a powerful ultrafast laser pulse and plasma-induced defo-
cusing caused by ionization of the medium due to the high electric field of the focus-
ing laser pulse [30]. This dynamic interplay enables the generation of long-range 
plasma channels in the atmosphere and is also responsible for spatial, temporal, and 
spectral pulse reshaping that results in the generation of a self-shortened laser pulse 
accompanied by a broad optical continuum spanning from the near ultraviolet to 
the near infrared. These temporal and spectral properties make femtosecond laser 
filaments promising for standoff detection of molecules.

The life cycle of an individual filament begins with Kerr-induced self-focusing. 
The optical Kerr effect is responsible for the intensity dependence of refractive 
index experienced by a high-power laser pulse. For a Gaussian beam profile, the 
refractive index gradient caused by the Kerr effect mimics a convex lens, causing 
the phase front of the pulse to curve. The subsequent increase in the on-axis inten-
sity as energy flows from the outer part of the beam to the center exacerbates the 
self-focusing effect, leading to ever-increasing on-axis intensity. As the intensity of 
the pulse increases, catastrophic collapse of the pulse is prevented by ionization of 
the medium, which produces a plasma. The negative refractive index contribution of 
the free electrons in the plasma acts in the opposite way as the Kerr effect: the lower 
refractive index on the optical axis compared to the surrounding area acts like a 
concave lens, defocusing the pulse. Temporally, the ionization front develops at the 
leading edge of the pulse, causing the pulse to split as the trailing portion of the 
pulse experiences the defocusing effect of the plasma generated by the leading edge 
of the pulse [31]. Provided that there is sufficient energy in the back part of the pulse 
after initial focusing and plasma generation, the trailing (defocused) portion of the 
pulse energy can undergo Kerr self-focusing once again in the wake of the leading 
sub-pulse that remains on axis after plasma generation. Upon refocusing, space-
time focusing and self-steepening cause an optical shock to occur at the back of the 
pulse, leading to rapid blue-side spectral broadening and the formation of a nearly 
single-optical-cycle feature [32].

The temporal feature created during filamentation can be significantly shorter 
than the motion of any molecular mode in the propagation medium, leading to 
impulsive Raman excitation of all vibrational (and rotational) modes of the medium 
[33] until dispersion lengthens the pulse beyond the characteristic time scale of the 
molecular motions being excited. The impulsive vibrational excitation of molecules 
in the medium creates a coherent ensemble that persists in the medium until 
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collisions between molecules randomize the phases of the oscillators; whereupon, 
the macroscopic coherence is dissipated. The macroscopic polarization that results 
from the collective coherent motion increases the probability for Raman scattering 
by many orders of magnitude in comparison with spontaneous Raman scattering, 
thus opening the possibility of gas-phase sensing.

6.3  �Filament-Assisted Impulsive Raman Spectroscopy

To enable detection of all potential signature molecules of interest, a robust, ultra-
short (<8 fs) excitation pulse is required to impulsively prepare a coherence that can 
be imprinted on a second probe beam. As discussed above, fs laser filamentation is 
of considerable interest as such a pump source. Time-resolved filament-based 
impulsive Raman spectroscopy was first demonstrated in 2008 by Calegari et al. 
[34]. The white light produced by filamentation in argon was recompressed using 
chirped mirrors and directed into a gas-phase sample of H2. The coherent vibra-
tional motion of H2 excited impulsively by the pump pulse induced a spectral modu-
lation on a probe beam through the time-dependent change in the refractive index, 
measured by recording the spectrum as a function of the pump-probe time delay. A 
Fourier transform of the time-dependent response provided the Raman spectrum. 
The authors concluded that the pump and probe pulses likely underwent additional 
filamentation in the H2 gas because the H2 vibrational stretch detected has a shorter 
vibrational period (~8 fs) than the measured duration of the pump and probe pulses 
(10 fs) after compression and before the sample.

Filament-assisted impulsive Raman spectroscopy directly in the wake of a fila-
ment produced with a longer (50 fs) driving pulse was demonstrated the following 
year [35]. In the latter implementation, a 1.5 ps, 400 nm pulse was used to probe the 
vibrational motion of the constituents of air (nitrogen and oxygen) and hydrogen 
(see Fig. 6.2). With this longer duration probe, no scanning of delay is required, and 
the probe acquires sidebands that are Raman shifted. In this hybrid fs-ps geometry, 
the vibrational Raman spectrum was measured in a single shot, and direct pulse 
shortening in the filament channel (without external compression) was demon-
strated by the observation of the H2 vibration at ~4155 cm−1. The demonstration of 
few-cycle pulse formation directly in air is of great consequence for remote sensing, 
as the requirements of a noble gas medium and post-filament compression was 
lifted. The use of a low-energy (<2 μJ), picosecond pulse at 400 nm is very similar 
to the reported parameters of backward lasing in air [27].

The setup in [35] was used to demonstrate the utility of filament-based impulsive 
Raman spectroscopy for thermometric applications in extreme environments. In this 
measurement, the Raman response of N2 in air was probed as a function of the fila-
ment pump/ps probe delay as shown in Fig. 6.3. The oscillations and decay are a 
manifestation of the preparation of a coherent rovibrational wave packet and the 
subsequent dephasing of that wave packet. Because no thermal energy is initially 
deposited into the vibrational degrees of freedom in the system, the decay of the 
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rovibrational wave packet reflects the ambient temperature distribution (i.e., ~300 K 
at room temperature). Measurements in a natural gas/air flame (inset to Fig. 6.3) 
showed the feasibility of filament-assisted spectroscopy for standoff measurements 
of flame temperature. These results were validated using a compact analytical 
expression for the temperature-dependent rovibrational wave packet evolution, 
which is consistent with results from time-resolved coherent anti-Stokes Raman 
spectroscopy measurements made using a conventional CARS beam geometry [36].

Because of the relationship between the driving pulse duration and the degree of 
impulsive Raman excitation of a system, filament-assisted impulsive Raman 
spectroscopy can be used to map out the dynamics of temporal reshaping that occurs 
in the filament channel. This is important because the spatial position in the filament 
at which the Raman excitation of molecular modes is maximized determines the 
optimal probing position for coherent Raman spectroscopy. In a counter-propagat-
ing geometry, the probe beam (generated by backward lasing from a leader fila-
ment) will only overlap with the Raman pump pulse for a brief moment in space and 
time. The overlap is dictated by both the respective pulse durations (or, in the case 
of a coherently prepared medium, the dispersion time of the rovibrational wave 
packet) and the timing between the second, forward-propagating laser pulse and the 

Fig. 6.2  Raman spectrum of air measured using filament-assisted impulsive Raman spectroscopy. 
Inset: Raman spectrum of hydrogen measured in air showing excitation of both the low-frequency 
rotational transitions and the high-frequency vibrational mode at ~4155 cm-1 (Figure taken from 
Odhner et al. [35])

6  Filament-Assisted Impulsive Raman Spectroscopy



128

pulse produced by backward lasing. The Raman excitation profile of a femtosecond 
laser pulse-induced filament was measured [37] using a modified arrangement of 
the setup described in reference [35]. The basic concept is to scan the length of a 
filament produced by a femtosecond pulse using a narrowband probe while record-
ing the Raman spectra at each point along the filament. Since the major ambient 
species in air, namely, oxygen, nitrogen, and water, have Raman-active vibrational 
frequencies of 1555, 2331, and 3650 cm−1, corresponding to 21.5, 14.3, and 9.1 fs 
periods of vibration, it is possible to observe the onset of pulse shortening in the fila-
ment channel by the appearance and dynamics of each Raman line. Figure  6.4 
shows the dynamics of the Raman lines as a function of distance from the filament-
inducing lens along with the fluorescence profile of the filament, which reflects the 
intensity and is roughly a proxy for the plasma density in the filament channel. 
Interestingly, for the filamentation conditions used in the experiment, the most sig-
nificant pulse shortening occurs after the main focusing event, which is consistent 
with models of filament-induced pulse shortening. The Raman signals for oxygen 
and nitrogen appear before the linear focus, indicating that initial Kerr self-focusing 
shortens the on-axis pulse in time through temporal concentration of the intensity 
onto the optical axis [38]. The appearance of the Raman lines sets an upper limit on 
the duration of pulse [39], suggesting that even before the geometric focus pulse 
features as short as 14.3 fs (the vibrational period of nitrogen) are formed. However, 
it is not until after the first focusing event (region I in Fig. 6.4a) that significant pulse 
shortening takes place, leading to two orders of magnitude increase in the Raman 

Fig. 6.3  Rovibrational wave packet dispersion of nitrogen (fit, blue) and oxygen (fit, red) in ambi-
ent air (~300 K) overlaid with fits using equation (3) from Odhner et al. [35]. Inset: Nitrogen at 
room temperature fit with 300 K (solid) and ±50 K intervals (dotted) and nitrogen in a methane-air 
flame fitted at 3000 K (Figure taken from Odhner et al. [35])
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signals of nitrogen and oxygen. The appearance of the vibrational mode of water 
indicates the formation of a sub-10 fs pulse feature. Pulse shortening in region II of 
Fig. 6.4a is driven by space-time focusing and self-steepening of the rear portion of 
the pulse, which gently refocuses in the wake of the leading edge and forms an 
optical shock [40]. This observation is promising for remote Raman sensing, as the 
ability to probe a coherently prepared medium has significant advantages of increas-
ing signal strength and simultaneous excitation of many mode frequencies. It also 
highlights a challenge of using filamentation as both a source of plasma for the 
generation of a backward-propagating laser beam and for vibrational excitation: the 
spatial overlap between the two pulses must be optimized so that the backward-
propagating beam propagates through the coherently excited medium so that Raman 
sideband formation might be effectively achieved.

Beyond using filament-assisted impulsive Raman spectroscopy (FAIRS) as a 
means to diagnose the filamentation process itself, we have also extended the FAIRS 
method as a tool for detecting organic compounds and the reaction products of 
atmospheric chemical processes. One of the advantages of using filamentation as a 
source of Raman excitation is the ability to impulsively excite the entire range of 

Fig. 6.4  Fluorescence (a) and Raman (b) profiles measured in a femtosecond filament generated 
using an 2 mJ, 50 fs pulse as a function of distance from the f = 2.07 m lens used to generate the 
filament. The Raman lines tracked are nitrogen (dark blue), oxygen (red), and water (light blue). 
The dashed line in (b) is the integrated blue wing of the filament spectrum measured as described 
in [37]
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vibrational motions, from low-energy bending and twisting modes to the 
high-frequency hydrogen-stretching modes found in C–H, O–H, and N–H bonds. 
Other coherent Raman methods typically require scanning the spectral and/or 
temporal overlap between pump and Stokes laser beams in order to map out the 
vibrational fingerprint of a region of space. With broadband impulsive excitation, all 
Raman-active modes can be excited simultaneously and read out by imprinting 
sidebands on a narrowband pulse. The Raman spectra shown in Figs. 6.5 and 6.6 
illustrate this point, demonstrating the detection of several chlorocarbons and 
hydrocarbons (Fig.  6.5), as well as potential signatures of improvised explosive 
devices such as nitromethane, ammonia, and gasoline (Fig. 6.6) in the gas phase 
[41]. The relatively modest laser parameters (50 fs, 2 mJ filament pulse and 0.7 ps, 
12 μJ probe pulse) are promising for extension to lower detection limits and more 
challenging detection geometries.

Excitation of gas-phase signatures can be accomplished at longer distances from 
the laser as well. Figure 6.7 shows the Raman spectrum of the C–H stretch region of 
gasoline vapor measured at 7 m and 13 m from the filament-inducing lens with 
f = 5 m and 10 m, respectively. Otherwise, the excitation and detection pulse param-
eters are the same as that used in Figs. 6.5 and 6.6. The ps probe beam crossed the 
filament above a cuvette containing the gasoline, and the sidebands were detected 
after the interaction region.

Fig. 6.5  Raman spectra of vapor samples obtained with filament-assisted impulsive Raman 
spectroscopy: (a) chloroform, (b) methylene chloride, (c) pentane, and (d) toluene. (Data 
from Odhner et al. [41])
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In addition to the detection of stable molecular species, an important area of 
interest is detecting unstable species or ions. Ozone and nitrogen oxides are 
important signatures for the presence of radioactive materials and result from 
the interaction of energetic decay particles with air. Filament-induced impulsive 
Raman spectroscopy has been applied to the detection of these molecules recently.3 
A sensitive gas-phase Raman spectrometer was constructed using a 4-f, zero-disper-
sion grating compressor as a filter to set the probe bandwidth and energy and a 
second 4-f filter to select an observation window for detection, as shown in Fig. 6.8. 

Fig. 6.6  Raman spectra of vapor samples obtained with filament-assisted impulsive Raman spec-
troscopy. (a) Triethylamine, (b) nitromethane, (c) ammonia, and (d) gasoline (Data from Odhner 
et al. [41])

Fig. 6.7  Raman spectra of the gasoline C–H stretch region in humid air at (a) 7 m and (b) 13 m 
from the filament-generating lens. The feature at ~3880 cm−1 is the cascaded stimulated Raman 
signal of oxygen (nitrogen) off of the nitrogen (oxygen) Raman line in air
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All frequencies but the desired probe bandwidth are physically blocked in the 
Fourier plane of the zero-dispersion compressor to provide a high-contrast bandpass 
filter. Ozone was produced either with an ozone generator (by corona discharge) or 
by ionization/dissociation and recombination of oxygen atoms within the filament 
itself. In the ozone generator measurement, the generator output was directed into a 
sample tee with apertures on the laser inlet and exit ports to maximize the amount 
of ozone retained in the filament-probe interaction region.

The concentration of ozone was calibrated via absorption measurements of the 
Hartley band using a UV-Vis spectrometer configured to operate directly in the 
sample tee. A plot of the integrated impulsive Raman signal intensity as a function 
of ozone concentration shows the quadratic dependence on the number density, N, 
that is expected for coherent Raman scattering (shown in Fig. 6.9). Note that an 
incoherent (spontaneous Raman scattering) measurement would result in a linear 

4-f Filter

4-f Filter

95/5 Splitter
lris

2 m Lens

Translation
Stage 50 cm Lens

5 cm Lens
Spectrometer

Translation
Stage

Periscope

λ/2 Wave Plate

λ/2 Wave Plate

Polarizer

50 cm
Lens

Confined Interaction Region

Fig. 6.8  Experimental setup for filament-assisted impulsive Raman spectroscopy of ozone and 
nitrogen oxides (Taken from Ref. [42])
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signal response with N. A calculation of the limit of detection for the system from 
these measurements yields a value of ~300 ppm using the equation

	
LOD = 3σ

m ,
	

(6.1)

where σ is the standard deviation of the detector noise and m is the slope of the 
linear regression of the response.

Upon increasing the probe energy by opening the slit in the 4 − f filter that con-
trols the bandwidth of the probe, interference was observed in the Raman signal as 
shown in Fig. 6.10. This interference provides a second means of identifying Raman 
signal of signature molecules of interest and has been shown to arise from hetero-
dyning of the Raman-shifted probe spectrum and cross-phase modulation between 
the pump and the probe beams. The interference as a function of pump-probe delay 
is shown in Fig. 6.10a where the fringe spacing decreases as a function of increasing 
time delay. To understand the origin of the fringes, the Raman signal was modeled 
as an impulsively excited molecular vibration interacting with an arbitrarily shaped 
probe pulse following [43]:

	

S t e E t t E t t t ti t
CRS pr pu K vib, d dω τ τ χ χω( ) = ( ) + +( ) ( ) +∫ ∫

∞

−∞

∞

· ·
0

2 2

2

2 22

2

( )( ) ,

	

(6.2)

where Epr(t) and Epu(t) are the probe and filament electric fields, respectively, χK and 
χvib are the linear response functions associated with the optical Kerr and vibrational 
Raman nonlinearities, and τ is the pump-probe time delay. Following [44], the 
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optical Kerr effect is modeled as a phase modulation that is proportional to the pump 
temporal profile. The Raman spectrum was calculated using an experimentally 
retrieved filament pulse profile [45] as well as a simulated bandwidth-limited 10 fs 
pulse. The Raman line shapes were essentially the same in these two cases. The cal-
culated response is also shown as a function of pump-probe delay (Fig. 6.10b). The 
calculated response is in excellent agreement with the measured Raman spectra. The 
heterodyning of the signal through interference with the filament-induced cross-
phase modulation can potentially increase the instrument sensitivity considerably.

The detection of ozone formed after the filament pump pulse interacts with air 
for several minutes is shown in Fig.  6.11. Spectra are included for pump-probe 
delays of 400 and 540  fs. Superimposed on the spectra are measurements made 
using the ozone generator with the same pump-probe delays. In this case, we calcu-
late the concentration of the accumulated filament-generated ozone to be seven 
parts per thousand. Finally, the impulsive Raman spectrum taken for NO2 is shown 
in Fig. 6.12. This spectrum was acquired by leaking NO into the sample and allow-
ing reaction with ambient air to occur to produce NO2.

Fig. 6.11  Raman signal of discharge- (black) and filament-generated (blue, red) ozone at (a) ~400 
fs and (b) ~540 fs pump-probe time delay. The filament-generated Raman spectra are scaled by a 
factor of ×10 and ×18 in (a) and (b), respectively, for comparison (Figure taken from [42])

Fig. 6.12  Raman 
spectrum of NO 
(1875 cm−1) and NO2 
(1316 cm−1) (Data taken 
from Ref. [42])
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6.4  �Rotational Spectroscopy

Rotational Raman spectroscopy can also be used to determine the identity of mol-
ecules due to the unique moments of inertia about the principal axes of each mol-
ecule. This sets the rotational periods of a given molecule that can be measured in 
either the spectral or temporal domain. Impulsive rotational Raman excitation 
exerts a torque on any molecule with an anisotropic polarizability that tends to 
align the highest polarizability axis with the polarization axis of the laser field. 
This in turn leads to field-free rotational alignment after the laser-molecule interac-
tion and, subsequently, revivals of the rotational wave packet [46]. The phenome-
non has less stringent requirements on pulse duration in comparison with impulsive 
vibrational excitation because the energy-level spacing is typically much smaller 
for rotational transitions. Wave-packet revivals can be detected in a variety of 
ways, but inline sensing modalities such as detecting the induced birefringence 
[47] or spatial focusing/defocusing [48, 49] induced by the transient refractive 
index modification on a probe beam by the wave packet might be considered the 
most promising methods for the application of impulsive rotational Raman excita-
tion to remote detection.

To perform rotational Raman spectroscopy of molecules in air, we have developed 
a method called spectral-to-temporal amplitude mapping spectroscopy (STAMPS) 
for rotational revivals [50]. The method is of interest for remote sensing because the 
rotational revival transient is measured in a single laser shot in comparison with a 
pump-probe measurement, which can take more than 105 laser shots to acquire a 
spectrum. In the STAMPS measurement, a femtosecond pulse is used to initiate the 
rotational wave packet with polarization in the vertical direction. The probe pulse 
consists of a broad bandwidth pulse created through filamentation in air or sapphire, 
followed by stretching to a duration of more than 50 ps. The polarization of the probe 
beam is –45° with respect to the pump. After the probe beam interacts with the reviv-
ing medium, it is passed through a polarization filter at +45° with respect to the pump 
polarization. Frequencies in the chirped probe pulse that have experienced some 
transient birefringence pass through the filter. The transient birefringence occurs 
upon a revival of the wave packet, thus imprinting the temporal dynamics onto the 
spectrum of the chirped probe beam in a single laser shot. To perform heterodyned 
detection, a quarter-wave plate is inserted into the probe beam path before the final 
polarization analyzer, and two measurements are performed with a small positive or 
negative rotation. Subtraction of the two measurements provides the heterodyned 
signal [47, 51].

Figure 6.13 shows the STAMPS measurements of nitrogen, oxygen, and CO2 
[50]. A Fourier transform of the transients provides the rotational spectrum of the 
molecules with rotational constants in agreement with literature. In these measure-
ments, the rotational revivals of the wave packet are then mapped onto a chirped 
continuum (400–800  nm) pulse created by laser filamentation in argon. Time-
resolved rotational spectra are recorded over a 65 ps time window. The method has 
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been extended to asymmetric top molecules including ethylene and methanol as 
shown in Fig.  6.14. In the case of an asymmetric top, the wave packet rapidly 
dephases due to the differences in the revival time for the three axes, and, in such 
cases, a full revival is not observed.

6.5  �Conclusions

We have discussed spectroscopic techniques that can advantageously utilize remote 
air lasing. The measurements presented here demonstrate that gas-phase Raman 
spectroscopy is possible in the wake of a femtosecond filament formed directly in 
air. Self-shortening of the filament pulse down to a sub-8-fs duration enables the 
impulsive Raman excitation of all known Raman-active vibrational modes. The use 
of a ps probe beam enables the detection of all Raman-active vibrations in a single 
laser shot. Demonstration of sensitivity at a level of 300 ppm in the gas phase sug-
gests the potential for remote detection of interesting signature molecules for explo-
sives, radioactive materials, and perhaps even biohazards. The latter are quite 
complex, with up to tens of thousands of atoms in a given molecule, and finding 
unique vibrational or rotational frequencies for classification will be challenging. 
Single-shot, transient birefringence spectroscopy of rotational revivals was also 
presented as a potential method for remote detection.
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