
PHYSICAL REVIEW A 86, 033831 (2012)

Free-space nitrogen gas laser driven by a femtosecond filament
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We report an experimental proof and full characterization of laser generation in molecular nitrogen in an
argon-nitrogen gas mixture remotely excited at a distance above 2 m in a femtosecond laser filament. Filamentation
experiments performed with near-infrared, 1-μm-wavelength and midinfrared, 4-μm-wavelength short-pulse
laser sources show that mid-IR laser pulses enable radical enhancement of filamentation-assisted lasing by N2

molecules. Energies as high as 3.5 μJ are achieved for the 337- and 357-nm laser pulses generated through the
second-positive-band transitions of N2, corresponding to a 0.5% total conversion efficiency from midinfrared
laser energy to the energy of UV lasing.
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I. INTRODUCTION

Lasing from molecular nitrogen was observed for the first
time in the early 1960s, at the dawn of the laser era [1,2].
Today the discharge-pumped nitrogen laser, operating in a
broad range of gas pressures, from several millibars to the
atmospheric pressure, and repetition rates from several hertz
to several kilohertz, is a cheap and robust source of high-power
near-UV radiation. Because of the abundance of nitrogen
in Earth’s atmosphere, achieving nitrogen lasing via remote
excitation would pave the way to many potential applications.
In particular, such a narrowband source of stimulated
emission would provide coherent, highly directional radiation
for highly selective and sensitive remote spectroscopy of
the atmosphere [3,4]. The possibility for remote ignition
of a free-localized nitrogen laser in air was demonstrated
previously in a microwave discharge [5]. In Ref. [5] it was
also suggested that it might be possible to excite free-space
nitrogen lasing by focused laser beams.

The discovery of the process of femtosecond filamenta-
tion in gases [6] has retriggered the quest for a remotely
excited free-space nitrogen laser. Filamentation of high-power
femtosecond laser radiation in gases manifests itself in the
formation of a self-guided, high-intensity field structure,
accompanied by a significant spectral broadening, supercon-
tinuum generation, and creation of a plasma channel in the
wake of the pulse. Femtosecond filaments can be generated at
standoff distances of up to tens of kilometers and form ionized
channels of up to hundreds of meters [7–12]. Formation of
plasma in the filament, similar to a gas discharge [13], initiates
a chain of plasma-chemical reactions in the atmosphere which
lead to the appearance of a large variety of neutral and ionic
species in rotationally, vibrationally, and electronically excited
states. As one of the consequences, favorable conditions for
population inversion and lasing between different electronic
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levels in nitrogen and in oxygen might be created [14]. Note
that standoff lasing of oxygen in the atmosphere, initiated by
the resonant multiphoton excitation with the UV nanosecond
laser, was demonstrated recently [15]. Realization of standoff
lasing with a femtosecond filament will have an obvious
advantage in comparison to this scheme due to substantially
less scattering and absorption losses.

The possibility of stimulated emission from nitrogen in
femtosecond filaments was discussed for the first time in
Ref. [16]. The only proof of lasing was based on the exponen-
tial fit of the dependence of fluorescence on the filament length.
First, it is worth noticing that such exponential dependence
would be valid under the condition of a stationary population
inversion only. This is obviously not the case in the filament-
driven laser because “the pump” is the femtosecond laser pulse
and amplified spontaneous emission (ASE) develops about a
nanosecond later. Thus, laser generation would build up under
the condition of a decaying population inversion which has a
decay rate on the same nanosecond time scale. Second, the
filament length was calculated from the laser power assuming
the direct proportionality between these values. However, the
experiment in Ref. [16] was carried out with the laser power
ranging from about 11 to 170 critical powers of self-focusing,
assuming the value of the critical power in air to be 3 GW [12].
Multiple filament formation is expected at such high levels of
laser power, and the assumption that the filament length is
simply proportional to the laser power, used in Ref. [16], is
not valid.

In this article, we report on a successful generation of
microjoule pulses from a cavity-free nitrogen laser that uses
the plasma channel traced by a femtosecond laser filament
as its active medium. In this lasing process, the electronic
transitions of nitrogen are the same as in the conventional
discharge-pumped nitrogen laser [17]. However, the physics
behind the population inversion in our situation is substantially
different. In the discharge-driven scheme, the upper lasing
triplet state C 3�u in the three-level nitrogen laser is populated
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FIG. 1. (Color online) Energy-level diagram of a collisionally
pumped nitrogen laser.

by electron impact excitation from the singlet ground state
X 1�g , as shown in Fig. 1. This gives rise to an efficient
fluorescence in the near-UV (300–400 nm) spectral range due
to radiative transitions between the vibrational manifolds of
the C 3�u and B 3�g states. Control over the density and
temperature of electrons is of key importance for obtaining
population inversion and lasing between these states. Under the
conditions of impulsive rf or capacitor discharge, rapid Joule
heating of electrons due to collisions with neutrals leads to the
formation of a nonequilibrium energy distribution of electrons
[13]. The nonequilibrium energy distribution and the plasma
concentration are maintained throughout the discharge, result-
ing in a sufficient amount of hot electrons with kinetic energies
around 15 eV—the peak of the excitation cross section for the
C 3�u state [18]—which is needed for efficient pumping.

By contrast, in a laser filament, the electronic energy
distribution is formed on the time scale of the femtosecond
laser pulse by the optical field ionization process. After the
femtosecond pulse, the resultant energy distribution function
evolves freely as the plasma concentration decays. Therefore,
the required C 3�u excitation by electron impact can only
be achieved within about 1 ns, i.e., the average lifetime
of the plasma electrons. Thus, using a single femtosecond
pulse, it is not possible to control the electron temperature
during the buildup of population inversion, nor to control the
duration of the time window within which the nitrogen laser

is pumped. By contrast to the electric discharge pumping,
which maintains hot plasma, in the femtosecond filament the
optimal electronic energy distribution is governed by optical
field ionization and therefore is determined by the intensity
and the optical cycle duration. Unfortunately, the effect of
intensity clamping [19,20] precludes the possibility of direct
scaling of the temperature of electrons in a filament via an
increase of the pulse energy. Also, the plasma density is limited
by the self-consistent balance between self-focusing and
plasma refraction when focusing conditions are fixed [19,20].
Additionally, intensity clamping sets the filament diameter,
which for 0.8-μm laser pulses is about 100 μm [7–12]. The
coherence length of ASE is chiefly determined by the radiative
lifetime (∼1 ns at the atmospheric pressure) and, therefore,
is ∼30 cm. Correspondingly, the minimum gain required to
overcome diffraction losses should amount to ∼0.3 cm−1.

In this paper we experimentally demonstrate efficient lasing
of molecular nitrogen in a femtosecond filament. To find
a way around the problem of control over the electronic
temperature, we exploit the process of resonant excitation
transfer from excited noble gas atoms to molecules [21] in
a nitrogen-argon mixture. Excited metastable atoms of argon
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 due to
Ar∗(4 3P2) + N2(X 1�g) → Ar + N2(C 3�u) collisions (Fig. 1).
This process transfers the excitation energy of argon atoms to
molecular nitrogen. Thus, excited argon atoms can provide a
collisional pump for laser transitions of N2 in a laser-induced
filament, playing the same role as the one played by hot
electrons in a discharge-pumped nitrogen laser.

II. EXPERIMENTAL RESULTS

In our filament-assisted nitrogen lasing experiments, we
used a novel high-power midinfrared (mid-IR) optical para-
metric source, providing 80-fs, 8-mJ pulses at a 20-Hz
repetition rate at a wavelength of 3.9 μm [22]. The beam
was focused by a f = 2 m focusing lens into a 4-m-long
gas cell with Brewster-angled input and output windows made
of CaF2. An uncoated CaF2 plate was inserted into the input
beam to enable characterization of backward emission from

FIG. 2. (Color online) Spectra of (a) fluorescence from 1 bar of pure nitrogen and (b) lasing from the 1 bar of N2 and 5 bars of Ar mixture.
Vibrational levels for C-B electronic transition are assigned.
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FIG. 3. (Color online) Spectrum of backward fluorescence
(dashed line, violet curve) and backward-directed ASE (solid line,
blue curve).

the filament. A fast photodiode, a spectrometer, and a CCD
camera were used, respectively, for the temporal, spectral, and
spatial characterization of nitrogen fluorescence and lasing.
Formation of a filament in the cell was confirmed by a strong
shift of the focal position in the direction of the laser source
and appearance of a low-divergence self-guided beam structure
at the cell output accompanied by the conical emission of a
supercontinuum [23].

The results of the measurement are summarized in Fig. 2.
Below the lasing threshold, a well-known UV fluorescence
spectrum of N2 was observed from the gas cell [Fig. 2(a)]. At
the input mid-IR pulse energy of 7 mJ, backward UV nitrogen
lasing from the gas cell was observed at the nitrogen pressure
above 0.3 bar and the argon pressure above 3 bar. Stimulated
emission from nitrogen in the forward direction was not stud-
ied due to the background of the broadband supercontinuum
emission. Lasing was achieved simultaneously for two lines at
337 and 357 nm, belonging to the second positive band of N2.
These lines correspond, respectively, to the transitions from the
lowest vibrational level of the upper C 3�u state to the lowest
and first excited vibrational levels of the B 3�g electronic state
[Fig. 2(b)]. Measurements with a high-resolution spectrometer
confirm substantial spectrum narrowing of the UV lines when
laser generation is achieved, as it is shown in Fig. 3 for the
337-nm emission line.

We have investigated the threshold and efficiency of lasing
as a function of partial pressures of nitrogen and argon in

the gas mixture. The results are summarized in Fig. 4. At a
fixed nitrogen pressure, the lasing efficiency increases with
the increase of argon pressure and saturates at around 6 bar
[Fig. 4(a)]. At a fixed argon pressure, first the lasing efficiency
increases with the increase of nitrogen pressure and then
drops after passing a broad maximum at around 1.7 bar
[Fig. 4(b)]. This drop of efficiency at high nitrogen pressures
can be explained by the collisional quenching of the population
inversion: N2(C 3�u) + N2(X 1�g) → N4 → N2(B 3�g vibr.
excited) + N2(X 1�g).

For the optimal mixture (1 bar N2 and 5 bar Ar), the
measured sum energy at 337 and 357 nm lines reached up to 3.5
μJ, corresponding to a 0.5% energy conversion efficiency from
the midinfrared laser pulse to UV radiation. For comparison,
in a discharge-pumped laser, typically less than 0.1% of the
electric energy in the discharge is converted into the laser
emission.

The temporal profiles of the N2 laser pulses at 337 and
357 nm are presented in Fig. 5(a) after deconvolution with
the response function of the fast photodiode used in the
measurement. Interference filters with peak transmission at
340 and 360 nm and FWHM of 10 nm were used to acquire
individual temporal profiles at the two emission lines. As
evidenced by Fig. 5(a), lasing at 337 nm develops about a
nanosecond earlier than at 357 nm and is emitted as a shorter
subnanosecond pulse, whereas the duration of a 357-nm pulse
is about 2 ns FWHM. The measured spatial beam profile is
shown in Fig. 5(b) and has a roughly super-Gaussian shape.
Low beam divergence of about 1.6 mrad was retrieved by
measuring the beam profile as a function of the distance
from the gas cell. Insertion of a 2-mm-thick CaF2 parallel
plate in the beam results in the appearance of clearly seen
interference fringes [see inset on Fig. 5(b)], proving a high
temporal coherency of the generated UV emission.

Under real atmospheric conditions, the presence of oxygen
will strongly influence the lasing. It was shown that collisions
with oxygen molecules led to very efficient quenching of
the excited electronic states of molecular nitrogen [24]:
N2(C 3�u) + O2(X 3�g) → O + O + N2(X 1�g). This process
has a very high rate constant ∼3 × 10−10 cm3 s−1 [24], which
is more than an order of magnitude higher than the rate con-
stants of quenching in nitrogen-nitrogen collisions and other
parasitic reactions, like dissociative recombination, three-body

FIG. 4. (Color online) Dependence of the total lasing efficiency on (a) partial pressure of argon for fixed partial pressure of nitrogen 1 bar,
and (b) partial pressure of nitrogen for fixed partial pressure of argon 5 bar.
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FIG. 5. (Color online) (a) Temporal profiles of the 337-nm (blue solid curve) and 357-nm (magenta dashed curve) laser pulses from the
nitrogen-argon mixture. (b) The UV-lasing beam profile. The red dotted line shows a 6th-power super-Gaussian fit. Insert is a CCD image of
interference in the beam from a 2-mm-thick CaF2 parallel plate.

recombination, and attachment, which would effectively re-
duce lasing efficiency [25]. To investigate the influence of
oxygen, we measured the UV lasing yield as a function of
oxygen pressure by adding air to the nitrogen-argon mixture
under a constant total pressure of 1 bar nitrogen. The results of
the measurements are presented in Fig. 6. These experiments
reveal an exponential decrease of the lasing power as a function
of the O2 pressure with a complete suppression of lasing in a
mixture where the oxygen content is above 5%.

To investigate the influence of the ionizing pulse wave-
length on the robustness of the nitrogen lasing from a filament,
we repeated the experiments using a near-infrared filament
created by 200–fs, �6–mJ, 1.03–μm pulses from a 0.5–kHz
repetition rateYb:CaF2 laser. With the 1.03–μm driving source
nitrogen lasing in an N2-Ar mixture was also achieved and
the optimal partial gas pressures were nearly identical to the
case of mid-IR excitation, although the threshold pressures
of nitrogen and argon where higher. However, the lasing was
only obtained at the stronger 337-nm line with a substantially
lower efficiency. The wavelength dependence of free-space
lasing characteristics initiated by filaments needs further
detailed investigation. Here, we would like to point out the
crucial role of the wavelength scaling law in femtosecond
filamentation. Because of the λ2 dependence of the critical

FIG. 6. (Color online) Experimentally measured lasing efficiency
as a function of partial oxygen pressure (dots) in the argon-nitrogen
mixture for 1 bar of the partial nitrogen pressure and 5 bars of the
partial argon pressure. The solid line shows exponential fit.

power of self-focusing, for the conditions of N2 lasing, a single
filament was possible with mid-IR excitation, as opposed to a
distinctly multiple-filament regime with 1-μm excitation. We
assume that splitting of one long plasma channel into several
shorter channels under the multiple-filamentation conditions
might reduce ASE gain substantially and, therefore, terminate
the lasing. Also, our numerical simulations of the mid-IR
filamentation show that a larger diameter plasma channel with
the higher plasma density than in the near-IR filament can
be formed under our experimental conditions (see the next
section). This leads to the reduction of the diffraction losses
and decrease in the threshold gas pressure necessary to achieve
lasing, as it is observed in the experiment, and increase in total
generated power.

III. NUMERICAL MODELING

The model used to analyze the lasing in a laser-induced
filament includes the descriptions of filamentation dynamics
and of plasma kinetics in the wake of the filament. The
electron density and the intensity of the laser pulses, retrieved
from these calculations, were then used to solve the system
of plasma kinetics equations jointly with the equations for
the electron temperature and the vibrational temperature of
ground-state nitrogen molecules. To include the lasing effects,
the set of plasma kinetic equations is completed by the relevant
rate equations for the populations of the lasing levels and
number of emitted photons.

A. Filamentation modeling

Filamentation is modeled by numerically solving the cylin-
drically symmetric nonlinear Schrödinger equation, which
accounts for the impact of plasma dispersion and refraction,
beam diffraction, as well as Kerr, Raman, and plasma nonlin-
earities [7,8,26]:

∂

∂z
A(ω,r,z) =

[
ic

2ω
�⊥ + iD̂(ω) − ωκ(ω)/c

]
A(ω,r,z)

+ F̂

{
i
ω0

c
T̂ [δ(η)n2(1 − fR)|A(η,r,z)|2

+ n2fR

∫ ∞

−∞
R(η − η′)I (η′,r,z)dη′
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+ n2(1 − fR)

3
e−2iω0tA2(η,r,z)

+ n4|A(η,r,z)|4]A(η,r,z)

−
(

i
ω0

2cn2
0ρcT̂

ρ + UiW (ρ0 − ρ)

2I
+ σ

2
ρ

)

×A(η,r,z)

}
. (1)

Here, A(η,r,z) is the complex field amplitude, A(ω,r,z) is
its Fourier transform, I = |A(η,r,z)|2 is the field intensity, z

is the coordinate along the propagation path, r is the radial
coordinate, η = t − z/u is the time in the retarded frame of
reference, t is the time in the laboratory frame of reference,
u is the group velocity, r is the radial coordinate, ω =
2πc/λ is the frequency of the field with the wavelength
λ, �⊥ = r−1∂(r∂/∂r)/∂r is the diffraction operator, D̂ =
k(ω) − k(ω0) − ∂k/∂ω|ω0 (ω − ω0) is the dispersion operator,
ω0 is the central frequency of the input laser field, k(ω) =
ωn(ω)/c, n(ω) − iκ(ω) is the complex refractive index of the
gas, n0 = n(ω0), F̂ is the Fourier transform operator, n2 and n4

are the nonlinear refractive index coefficients, c is the speed
of light in vacuum, T̂ = 1 + iω−1

0 ∂/∂η, R(η) is the Raman
function of the gas, ρ is the electron density, ρ0 is the initial
density of neutral atoms, Ui is the ionization potential, W is
the ionization rate, σ is the impact ionization cross section,
ρc = ω2

0meε0/e
2 is the critical plasma density, me and e are

the electron mass and charge, and ε0 is vacuum permittivity.
The pulse propagation equation (1) is solved jointly with

the equation for the electron density: ∂ρ/∂η = W (ρ0 − ρ) +
σρI/Ui . The ionization rate W is calculated using the
Popov-Perelomov-Terentyev modification [27] of the Keldysh
formula [28]. The impact ionization cross section σ is
included in the model through the Drude formula σ (ω) =
e2τc[meε0n0c(1 + ω2τ 2

c )]−1, where τc is the electron collision
time.

Our numerical algorithm is based on the split-step method,
with a quasifast Hankel transform used to calculate the
diffraction operator and the fifth-order Runge-Kutta method
solving the equation for the electron density. An overall
computational complexity of simulations is about 30 PFlop.
The model was implemented in parallel codes, which were run
on the Chebyshev and Lomonosov supercomputers at M.V.
Lomonosov Moscow State University.

Our simulations were performed for typical conditions
of filamentation experiments in a gas mixture consisting
of 1 atm molecular nitrogen and 5 atm argon with the
laser sources of ultrashort pulses at central wavelengths
of 1.03 and 3.9 μm. To model these experiments, we set
n2,Ar = 0.9 × 10−19 (p/patm) cm2/W for argon, n2,N2 =
4.5 × 10−19(p/patm) cm2/W for nitrogen [29,30], and
ρ0 = 2.7 × 1019(p/patm) cm−3, where p is the partial gas
(argon or nitrogen) pressure and patm is the atmospheric
pressure. The nonlinear coefficient n4 is estimated as
n4 = −2 × 10−33 cm4/W2 [31] for the considered gas
mixture. The Raman response function of molecular nitrogen
was modeled using the damped oscillator approximation
R(η) = sin(η/τ1) exp(−η/τ2), with time constants τ1 and τ1

determined with the use of the method developed by Nibbering
et al. [30] from the best fit of the spectral profile of the Raman

response of molecular nitrogen, yielding τ1 = 62.5 fs and
τ2 = 120 fs. The collision time constant in the Drude model
is taken equal to 350 (patm/p) fs [7]. Gas dispersion was
included in the model through the standard Sellmeier equation
for the near-IR range [30] and through the Mathar model [32]
with use of the HITRAN database [33] for the mid-IR range
(see also Ref. [34]).

Results of numerical modeling of filamentation dynamics
of laser pulses are presented in Fig. 7. In these simulations,
the laser peak power P was kept close to the critical power of
self-focusing Pcr. Under this condition our model was shown
to provide good agreement with experimental results in mid-IR
filamentation in argon [35]. As follows from Fig. 6, the mid-IR
filament is longer, has larger diameter, and provides higher
electronic density in comparison to the near-IR filament under
the condition of fixed P/Pcr ratio. Results of these simulations
were used as input parameters for the simulation of plasma
dynamics and population kinetics in the wake of the mid-IR
laser pulses.

B. Plasma kinetics modeling

We describe a change of concentration of different neutral
and ionic atomic and molecular species in the filament plasma
by the following set of rate equations:

d[Ns]

dt
= [Gs] − [Ls], (2)

where the subscript s stands for e, Ar+, Ar2
+, N2

+, N4
+, N3

+,
N+, N, N2(A3�u), N2(B 3�g), N2(C 3�u), and Ar∗(4 3P2); Ns

is the density of species of type s; and Gs and Ls are the
relevant generation and loss rates. The detailed description
of the model and the full list of included reactions can be
found in Ref. [14]. In comparison with [14], the model was
extended by including transitions from the N2(C 3�u) state to
the first excited vibrational state of N2(B 3�g). Corresponding
constants for processes of generation and loss of N2(B 3�g)v=0

and N2(B 3�g)v =1 are taken from [36].
The rate equations (2) are solved jointly with the equations

for the electron temperature and the vibrational temperature of
ground-state nitrogen molecules:
3

2
k

d

dt
(NeTe) = −3

2
Nek(Te − Tvibr)ν∗

− 3

2
Nek(Te − T )

[
δN2

(
νN2 + νN+

2
+ 1

2
νN+

4

)

+ δAr

(
νAr + νAr+ + 1

2
νAr+2

)]

+ keNeNAr∗Iexc, (3)

dTvibr

dt
= (Ne/NN2 )(Te − Tvibr)ν∗ − (Tvibr − T )

× [1/τVT,N2 + (NAr/N2)/τVT,Ar], (4)

where the first term in the right-hand part of Eq. (3) is related to
the electron energy transfer to vibrational excitation of nitro-
gen molecules; the second term to the electron energy transfer
in elastic and Coulombic collisions to translational energy
of nitrogen and argon molecules, atoms, and ions; k is the
Boltzmann constant; T , Te, and Tvibr are the gas, electronic, and
vibrational temperatures, respectively; νs are the frequencies

033831-5



DANIIL KARTASHOV et al. PHYSICAL REVIEW A 86, 033831 (2012)

FIG. 7. (Color online) The on-axis electron density (in cm−3 on the logarithmic scale) calculated as a function of the propagation coordinate
z and the radial coordinate r in the wake of the laser pulse (a, b), the longitudinal profiles of the on-axis electron density in the wake of the
laser pulse (c, d), and the fluence (in arbitrary units on the logarithmic scale) calculated as a function of z and r (e, f) for laser pulses with a
central wavelength λ0 = 3900 nm, W0 = 7 mJ, and τ0 = 80 fs (a,c,e) and λ0 = 1030 nm, input pulse energy W0 = 0.4 mJ, and initial pulse
width τ0 = 200 fs (b, d, f) in a gas mixture consisting of 1 atm molecular nitrogen and 5 atm argon.

of elastic collisions of electrons and corresponding species; ν∗
is the frequency of inelastic collisions of electrons with N2 in
the ground state which are responsible for vibrational heating;
δN2 = 2m/MN2 , δAr = 2m/MAr; ke is the deexcitation rate of
excited argon atoms by electrons; τVT,N2 and τVT,Ar are the
vibrational relaxation times due to N2-N2 and N2-Ar collisions,
respectively, calculated using the Landau-Teller approxima-
tion (see Ref. [14]); and Iexc ≈ 11.8 eV stands for the argon
excitation energy into Ar∗(43P2). The initial energy of electrons
in the wake of the mid-IR laser pulse was taken equal to 1 eV
(Te = 0.66 eV). The initial translational temperature of atoms
and molecules in the gas mixture and the vibrational tempera-
ture of nitrogen molecules were set equal to T = TV = 290 K.

To include the lasing effects, the set of plasma kinetic
equations is completed by the relevant rate equations for the

populations of the lasing levels and number of generated
photons:

dnC

dt
= SC − nC(ACB1 + ACB2 + σCB1cnph1 + σCB2cnph2)

+ nB1σB1Ccnph1 + nB2σB2Ccnph2,

dnB1

dt
= SB1 + nC(ACB1 + σCB1cnph1) − nB1σB1Ccnph1,

dnB2

dt
= SB2 + nC(ACB2 + σCB2cnph2) − nB2σB2Ccnph2,

dnph1

dt
= σCB1(nC − nB1)nph1c

1 + IL/Is1
− nph1

τph
,

dnph2

dt
= σCB2(nC − nB2)nph2c

1 + IL/Is2
− nph2

τph
. (5)
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Here nC is the population of the C 3�u state, nB1,B2 are the
populations of B 3�g in the ground and first excited vibrational
states, respectively; S are the rates of generation and loss
through all the nonradiative channels; σ are the stimulated
emission cross sections; c is the speed of light; Is = hν/σ (υ)τs

are the saturation intensities where the radiative lifetimes
τs ∝ A−1 were determined from the corresponding Einstein
coefficients; Il = nphhνc are the lasing intensities; and nph1,2

are the photon number densities at λ = 337 and 357 nm; τph is
a photon lifetime related with the filament length L as τph =
L/c. The broadening of each of the laser modes was assumed
equal to �λ = 0.1 nm. The pressure-induced line broadening
was taken as in Ref. [34], g(ν) ≈ g0(ν)760/(pAr + pN2 ),
where g0(ν) is the spectral line shape at the gas pressure p =
760 Torr and T = 300 K, and pAr and pN2 are the partial
pressures of argon and molecular nitrogen.

The set of equations (2)–(5) is a so-called 0-dimensional
time-dependent model which is one of the standard models for
description of chemical and plasma-chemical kinetics. The
variables in the model (2)–(5) are functions of time only,
implying that we neglect spatial effects like diffusion and
spatial gain inhomogeneity, and revealing the meaning of
“0-dimensional” in the model’s name.

The results of numerical solution for the system of
equations (2)–(5), performed for the filament with an electron
density of 1017 cm−3 in a gas mixture containing 1 bar N2

and 5 bar Ar, are presented in Fig. 8. Population inversion
builds up approximately 1 ns after the filament formation,
with the maximum ratio of the C 3�u and B 3�g populations
equal to 10:1. This ratio is very close to the maximum
population inversion in an electron-impact-pumped nitrogen
laser. Calculating the gain as g = σ�n, where σ is an emission
cross section obtained from the values of the Einstein constants
given in Ref. [37], �n is inversion population density, and
comparing with the minimum value of gain enabling lasing
given above, we can estimate from Fig. 7 that laser generation
is possible within the time window of about 4 ns. This
estimation is in reasonable agreement with the measured
duration of the generated pulses. In spite of large simplicity

FIG. 8. (Color online) Population dynamics simulated using
Eqs. (1)–(4) for the C 3�u (red solid curve), B 3�g (blue dashed
curve), B 3�g (green dot-dashed curve) of molecular nitrogen in the
wake of the filament. Dashed and dash-dotted lines show minimum
values of populations for C 3�u state enabling lasing at 337 and
357 nm wavelengths, respectively.

FIG. 9. (Color online) Numerically calculated pulses of the UV
emission at 337 nm (blue solid line) and 357 nm (red dotted line).

of the model (2)–(5), our simulations accurately reproduce the
experimental time delay between the 337– and 357–nm pulses,
as it is shown in Fig. 9. An important insight provided by our
model is that this delay occurs because the gain for the ν =
1 → 0 transition is lower than the gain for the ν = 0 → 0
transition, which leads to a slower buildup of lasing at 357 nm.
Also, the calculated pressure dependencies of the stimulated
emission yield are in good agreement with the measurements.

IV. CONCLUSION

In conclusion, we present a proof of the possibility for
remotely initiated lasing from molecular gases by femtosecond
filaments. We have demonstrated that a midinfrared femtosec-
ond laser filament can induce backward-directed lasing of
molecular nitrogen via a resonant excitation transfer mech-
anism. We performed full characterization of the filament-
ignited nitrogen laser, including detailed investigations of spa-
tial and temporal properties of the generated UV emission and
generation thresholds. We have shown that a filament-assisted
nitrogen laser can be at least as efficient as its conventional
discharge-pumped counterpart. Mid-IR ultrashort laser pulses
have been shown to radically enhance filamentation-assisted
lasing of N2 relative to ultrashort pulses in the near-IR. An
accurate quantitative comparison between experimental results
and simulations will only be possible with a full analysis of
multiple filamentation. We believe that our results are a very
important step on the route toward a remotely pumped N2

laser in the atmosphere. Accomplishing this goal will require
a deeper understanding and optimization of the pumping via
electron-N2 collisions and may involve the use of additional,
long-pulse light, as it was suggested in Ref. [4], or microwave
sources in combination with the femtosecond filament.
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A. Baltuška, T. Popmintchev, M.-C. Chen, M. M. Murnane,
and H. C. Kapteyn, Opt. Lett. 36, 2755 (2011).
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