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SHORT DESCRIPTION:
During the second year of the project, we have identified several new regimes of remote
forward and backward lasing in gas and have demonstrated remote laser amplification
that was seeded by the white light generated in the femtosecond filament. The most
important achievement is that we were able to move from a totally artificial scheme of
backward laser generation based on a mixture of N2 and Ar one step closer to the conditions
in the real Earth atmosphere. Here, we have developed a scheme for lasing in pure N2,
although the required gas pressure is still in the range of several bars. The pathway toward
realizing lasing conditions in standard atmosphere is completely clear now—it requires a
substantial increase of the pulse energy of a mid-IR pulse as only such pulses have ben
shown to reach sufficiently high electron kinetic energies to create inversion in N2 by
electron impact. The results on remote gas lasing presented in this deliverable are all
achieved under model conditions of a high pressure gas cell, which was required to
compensate the current pulse energy deficit from the Mid-IR driving laser. The work on the
development of a bigger driving laser is reported in deliverable D3.2.
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INTRODUCTION

In the previous reporting period, we have identified backward lasing from N2 as the most
promising route to sending a coherent backward-propagating beam from a transparent gas
target back toward the laser and detection system. Our initial discovery was based on the
use of a 1030-nm femtosecond laser that provided backward lasing from N2 in a scheme
moderated by a noble gas, Ar.
The main highlights achieved in the second reporting period and described in this
report are as follows:
A) Observation of N2 lasing without Ar moderation under the conditions of mid-IR
pumping (pump wavelength of 4 μm), which brings us within reach of the most important
technical prerequisite of the project—a technique for the generation of a coherent backward
pulse in the atmosphere.
B) Observation of lasing and laser amplification from molecular nitrogen ions which opens
multiple new avenues for pulse generation at various other wavelengths, e.g. 391 and 428
nm, in addition to the 337 and 357 nm as in the previously exploited neutral N2 lasing
scheme.
The experimental research reported here was conducted by the TU WIEN and UHEI
partners, the theory work and modelling were performed by the ILC MSU partner.
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Part A: Nitrogen Lasing induced by 4-μm excitation

_ OVERVIEW OF THE LASING PROBLEM

A1.1

The electronic transitions of nitrogen in a cavity-free nitrogen laser that uses the plasma
channel traced by a femtosecond laser filament as its active medium are the same as in the
conventional discharge-pumped nitrogen laser [Kunabenchi84]. However, the physics
behind the population inversion in a filament is substantially different. In the dischargedriven scheme, the upper lasing triplet state C3Πu in the three-level nitrogen laser is
populated by electron impact excitation from the singlet ground state X1Σg. 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 C3Πu and B3Πg 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 non-equilibrium energy distribution of electrons [Raizer]. The energy
distribution and the plasma concentration are maintained throughout the discharge
resulting in a sufficient amount of hot electrons with kinetic energies around 15 eV—the
peak of the excitation cross-section for the C3Πu state (Fig. A1.1)—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 C3Πu 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
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Fig A1.1. Excitation crossections of the B- and C- electronic states in molecular nitrogen by electron impact
[Itikawa06]. The shaded area shows the region of electrons energy providing population inversion by the
collisions.

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 [Chin] 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 [Chin].
Additionally, intensity clamping sets the filament diameter which for 0.8 μm laser pulses is
about 100 μm [Chin]. The coherence length of amplified spontaneous emission (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.
Using known values of intensity 1-5⋅1013 W/cm2 in a near-IR filament measured in
the experiments with 0.8 μm sources [Chin], one can estimate that electrons energy of
oscillatory motion, which defines plasma temperature after the laser pulse, is in the range 13 eV. This energy is far not enough for efficient excitation of molecular nitrogen. In contrast,
pondermotive energy of electrons, in the case of mid-IR source at 4 μm wavelength and the
same range of intensities in the filament, is in the range 16-80 eV, providing favorable
conditions for the electron impact excitation mechanism of population inversion in
molecular nitrogen. That is why our efforts during the second year of the project where
concentrated mainly around investigations of possibilities to achieve laser generation in
nitrogen under conditions of mid-IR filament.
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_ UV N2 LASING FROM A MID-IR FILAMENT IN A N2-AR MIXTURE

A1.2

To avoid the problem of control over the electronic temperature in the filament
plasma and to explore the potential of a mid-IR filament for population inversion and lasing
in nitrogen, we used Bennett mechanism of resonance excitation transfer in the nitrogenargon mixture [Bennett62].
In Bennett scheme, electronic excitation in nitrogen is obtained via resonant
excitation transfer from excited atoms of argon. Excited metastable atoms of argon are
produced as a result of a two-step kinetic process in the filament plasma involving threebody 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(X1Σg) → Ar +
N2(C3Πu) collisions. 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.

Fig. A1.1 Experimental setup for backward lasing measurements from a mid-IR filament in nitrogen-argon gas
mixture.

The scheme of experimental setup is presented on the Fig.A1.1. Experiments were
performed with a novel high power mid-infrared (mid-IR) optical parametric source,
providing 80-fs, 8-mJ pulses at a 20-Hz repetition rate at the wavelength of 3.9 μm
[Andriukaitis11]. The beam was focused by a f=2 m focusing mirror 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 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 supercontinuum
[Kartashov11].
The results of the measurement are summarized in Fig.A1.2. Below the lasing
threshold, a well-known UV fluorescence spectrum of N2 was observed from the gas cell
5
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(Fig. A1.2a). 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 in this set of
experimental measurements was not studied.

Fig. A1.2 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.

Fig. A1.3 Dependence of the UV lasing intensity on a) argon pressure for fixed partial pressure of nitrogen 1
bar and b) nitrogen pressure for fixed argon pressure 5 bar.

Lasing was achieved simultaneously for two lines at 337 nm 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 C3Πu state to the lowest and first excited vibrational
levels of the B3Πg electronic state (Fig.A1.2b). At a fixed nitrogen pressure, the lasing
efficiency increases with the increase of argon pressure and saturates at around 6 bar (Fig.
A1.3a). 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.
A1.3b). For the optimal mixture (1 bar of N2 and 5 bar of 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 mid-infrared laser pulse to UV radiation. For comparison, in a
6
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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.A1.4a alongside 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.A1.4a, lasing at 337 nm develops about a nanosecond earlier than at 357 nm and is
emitted as a shorter sub-ns pulse, whereas the duration of 357 nm pulse is about 2 ns
FWHM. The measured spatial beam profile is shown in Fig.A1.4b and roughly has a superGaussian 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 2mm- thick CaF2
parallel plate in the beam results in appearance of clearly seen interference fringes (insert on
Fig.A1.4b) proving a high temporal coherency of the generated UV emission.

Fig. A1.4 (a) Temporal profiles of the 337-nm (blue solid curve) and 357-nm (magenta dash-dotted curve) laser
pulses from the nitrogen–argon mixture. The dashed black line shows the photodiode response. (b) The UVlasing beam profile. The red dotted line shows a 6th-power super-Gaussian fit. Insert in b) is a CCD image of
interference in the beam from a 2mm-thick CaF2 parallel plate.

To analyze the lasing in a laser-induced filament, we have developed a model which
includes the descriptions of filamentation dynamics and of plasma kinetics in the wake of
the filament. Filamentation is modeled by numerically solving the (3 + 1)-dimensional
nonlinear Schrödinger equation, which accounts for the impact of plasma dispersion and
refraction, beam diffraction, as well as Kerr, Raman, and plasma nonlinearities:
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Here, A (η , r , z ) is the complex field amplitude, A (ω , r , z ) is its Fourier transform,
2

I = A (η , r , z ) 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, Δ ⊥ = r −1∂ ( r ∂ ∂r ) ∂r is the
diffraction operator, D̂ = k ( ω ) − k (ω0 ) − ∂k ∂ω ω (ω − ω0 ) is the dispersion operator, ω0 is
0

the central frequency of the input laser field, k (ω ) = ω n (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,

Tˆ = 1 + iω0−1 ∂ ∂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
2
2
the impact ionization cross section, ρc = ω0 meε 0 e is the critical plasma density, me and e

are the electron mass and charge, and ε0 is vacuum permittivity.
The pulse propagation equation (A1.1) is solved jointly with the equation for the
electron density: ∂ρ ∂η = W ( ρ 0 − ρ ) + σρ I U i . The ionization rate W is calculated using
the Popov−Perelomov−Terentyev modification [Perelomov66] of the Keldysh formula
[Keldysh64]. The impact ionization cross section σ is included in the model through the

(

)⎦

−1

Drude formula σ (ω ) = e 2τ c ⎡ meε 0 n0 c 1 + ω 2τ c2 ⎤ , 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.
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Our simulations were performed for typical conditions of filamentation experiments
in a gas mixture consisting of 1 atm of molecular nitrogen and 5 atm of 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 [Weber, Nibbering97], 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 = −1.7·10−33 cm4/TW2 [Loriot09] for the considered gas mixture. The
Raman function R (η ) of molecular nitrogen was modeled in the damped oscillator
approximation with a period of Raman vibrations of 62.5 fs and a dephasing time of 120 fs.
The time constant in the Drude model is taken equal to τc = 32 fs. Dispersion of the gases
was included through the Sellmeier equation.
Results of numerical modeling of filamentation dynamics of laser pulses are
presented in Figs. A1.5a – 1f. In these simulations, the laser peak power was kept close to
the critical power of self-focusing Pcr in order to avoid multiple filamentation. As follows
from the Fig.A1.5, the plasma density, the filament length and the laser intensity in the
filament are substantially higher for the mid-IR laser wavelength than for the near-IR one
for the same ratio of P/ Pcr, beam size and focusing.
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.

9
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Fig. A1.5 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 bar of molecular nitrogen and 5 bars of argon.

To include the lasing effects, the set of plasma kinetic equations is completed by 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.
We describe 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 ]
= [Gs ] − [ Ls ],
dt

(A1.2)
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where the subscript s stands for e, Ar+, Ar2+, N2+, N4+, N3+, N+, N, N2(A3Σu), N2(B3Πg),
N2(C3Πu) and Ar * (4 3 P2 ) ; Ns is the density of species of type s, 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 [Shneider11]. In comparison with [Shneider11], the model was
extended by including transitions from the N2(C3Πu) state to the first excited vibrational
state of N2(B3Πg).
The rate equations (A1.2) are solved jointly with the equations for the electron
temperature and the vibrational temperature of ground-state nitrogen molecules:

3 d
3
3
k ( N eTe ) = − N e k (Te − Tvibr )ν * − N e k (Te − T )[δ N2 (ν N2 +ν N+ + 12 ν N+ ) +
2
4
2 dt
2
2
δ Ar (ν Ar +ν Ar + + 12 ν Ar + )] + ke N e N Ar* I exc

(A1.3)

dTvibr
= ( N e / N N2 )(Te − Tvibr )ν * − (Tvibr − T )[1/ τ VT,N2 + ( N Ar / N 2 ) / τ VT,Ar ]
dt

(A1.4)

2

where k is the Boltzmann constant, T, Te and Tvibr are the gas, electronic and vibrational
temperatures, respectively; νs are the frequencies 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; ke is the de-excitation 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

approximation (see [Shneider11]); Iexc≈11.8 eV stands for the argon excitation energy into

Ar * (4 3 P2 ) . 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 temperature 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
= SC − nC ( ACB1 + ACB2 + σ CB1cnph1 + σ CB2 cnph2 ) + nB1σ B1C cnph1 + nB2σ B2C cnph2
dt
dnB1
= SB1 + nC ( ACB1 + σ CB1cnph1 ) − nB1σ B1C cnph1
dt
dnB2
= SB2 + nC ( ACB2 + σ CB2cnph2 ) − nB2σ B2C cnph2
dt
dnph1 σ CB1 (nC − nB1 )nph1c nph1
=
−
dt
1 + I L / I s1
τ ph
dnph2
dt

=

(A1.5)

σ CB2 (nC − nB2 )nph2c nph2
−
1 + I L / I s2
τ ph
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FP7-ICT-2009-C Project No. 244068 CROSSTRAP

Deliverable D1.2

Here nC is the population of the C3Πu state, nB1,B2 are the populations of B3Πg in the ground
and first excited vibrational states, respectively; S are the rates of generation and loss
through all the non-radiative channels; σ are the stimulated emission cross sections; c is the
speed of light; I s = hν / σ (ν )τ s are the saturation intensities, where the radiative life-times

τ s ∝ A−1 were determined from the corresponding Einstein coefficients; I L = n ph hν c are the
lasing intensities; and nph1,2 are the photon number densities at λ=337 and 357 nm; τph is a
photon life-time related with the filament length L as τ ph = L / c .
The results of numerical simulations, performed for the filament with an electron
density of 1017 cm-3 in a gas mixture containing 1 bar of N2 and 5 bar of Ar, are presented in
Fig.A1.6. Population inversion builds up approximately 1 ns after the filament formation
with the maximum ratio of the C3Πu and B3Πg 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 = σΔn where σ is an emission cross-section obtained from the
values of the Einstein constants given in [Laux92], Δn is inversion population density, and
compare with the minimum value of gain enabling lasing and given above, we can estimate
from Fig.A1.6 that laser generation is possible within the time window of about 4 ns. This
estimation is in a reasonable agreement with the measured duration of the generated
pulses. Our simulations accurately reproduce the experimental time delay between the 337and 357-nm pulses. 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
dependences of the stimulated emission yield are in good agreement with the
measurements.

Fig. A1.6 Population dynamics simulated using Eqs. (1) – (4) for the C3Πu (red solid curve), B3Πg (blue dashed
curve), B3Πg (green dot-dashed curve) of molecular nitrogen in the wake of the filament. Dashed and dashdotted lines show minimum values of populations for C3Πu state enabling lasing at 337 nm and 357 nm
wavelengths respectively.
12
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_ UV N2 LASING FROM A MID-IR FILAMENT IN PURE N2

A2

Our experiments in the nitrogen-argon gas mixture have demonstrated that a mid-infrared
femtosecond laser filament can induce backward-directed lasing of molecular nitrogen via a
resonant excitation transfer mechanism. We have shown that a filament-assisted nitrogen
laser can be at least as efficient as its conventional discharge-pumped counterpart. Also,
Mid-IR ultrashort laser pulses have been shown to radically enhance filamentation-assisted
lasing of N2 relative to ultrashort pulses in the near-IR. However, the major step towards
realization of UV lasing in nitrogen under atmospheric conditions would be a proof of a
possibility to realize electron-impact mechanism of population inversion in nitrogen under
conditions of mid-IR filament.
The scheme of the experimental setup is presented in Fig.A2.1. The 80-fs, 8-mJ pulses
at a 20-Hz repetition rate at the wavelength of 3.9 μm where focused in the gas cell filled by
pure nitrogen under various pressures. Before filling nitrogen, the cell was pumped out
down to 5⋅10-2 mbar. We used different focusing lenses with focal lengths in the range of 20
cm – 100 cm, observing transition from short laser sparks in the gas for the case of sharp
focusing (f<50 cm) to the filament formation for loose focusing. Although the laser system
provides femtosecond pulses with the peak power on the level of 100 GW, it is still not high
enough to overcome self-focusing threshold (our estimation of critical power at 4 μm
wavelength is about twice higher). Therefore, we inevitably forced to use high gas pressures
in the cell to achieve filamentation. The lifetime of the upper excited lasing state in nitrogen
is about 1-2 ns for 1 bar of partial pressure and scales inversely proportional to the pressure.
Thus, the gain for forward-propagating lasing in nitrogen under high pressure conditions
becomes substantially higher than for the backward direction, as it is known well in the
discharge-pumped nitrogen lasers [Kunabenchi84]. That is why we concentrated our efforts
on lasing detection in the forward direction. A several mm block of fused silica was used to
absorb 4 μm laser radiation after the cell. Then, a set of interference filters was used to block
harmonics of the fundamental wavelength and spectral continuum generated in the gas. A
fast photodiode, a spectrometer and a CCD camera were used, respectively, for the
temporal, spectral and spatial characterization of nitrogen lasing.

Fig. A2.1 Experimental setup for forward lasing measurements from a mid-IR filament in pure nitrogen.

13
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Fig. A2.2 a) Spectrum of UV lasing from 6.7 bars of pure nitrogen (blue line) and spectral transmission of the
interference filter (dotted line); b) pressure dependence of lasing intensity for f=100 cm focusing lens (red dots)
and for f=75 cm focusing lens (blue dots). Solid lines are exponential fits.

Using an f=100 cm lens to create a filament, laser generation in nitrogen at 337 nm
wavelength was achieved for the gas pressures starting from 6 bars. The spectrum of the
generated UV emission is presented in Fig. A2.2a. The pressure dependence of the lasing,
presented in Fig. A2.2b, has been measured with a fast photodiode. At high pressures,
necessary to achieve filamentation and lasing in our experiments, generated UV pulses have
duration on the order of several hundreds of picoseconds which is beyond the temporal
resolution of the photodiode. That is why the complete temporal characterization of the UV
emission was not possible. The dependence of the UV yield on the gas pressure p can be
very well fitted by the exponential law

, as it is shown in Fig. A2.2. This can be

explained by the following arguments. The lifetime of the upper lasing has reciprocal
dependence on the gas pressure and, hence, the stimulated emission crossection σ in the
gain expression

. However, the collisional probability and, therefore, the

population inversion density grow proportionally to the pressure. As a result, pressure
dependence of these two products cancels each other in the gain expression. In the same
time, the filament length and correspondingly the amplification length are increasing
proportionally to

, resulting in roughly the same overall law of the gain dependence on

the gas pressure.
The spatial structure of the generated UV light is presented in Fig. A2.3. The beam
divergence of about 5.6 mrad was retrieved by measuring the beam profile as a function of
the distance from the gas cell in the case when the filament was formed by the f=100 cm
focusing lens. Measurements with different focusing lenses have shown that the beam
spatial structure depends on the focusing conditions. For loose focusing the beam always
has demonstrated a donut-like structure. For relatively sharp focusing, the beam had a bellshape structure close to the Gaussian profile. One of possible explanations for this focusing
conditions dependence might be the beam refraction on plasma undergoing hydrodynamic
expansion. To prove this, we plan to extend our zero-dimensional plasma kinetics model to
14
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a two-dimensional cylindrically symmetric model which will include transversal dynamics
and longitudinal distribution of the plasma.

Fig. A2.3 Spatial structure of the 337 nm generated beam from a mid-IR filament in 6.7 bars of pure nitrogen
for a) f=100 cm focusing lens and b) for f=50 cm focusing lens.

To measure the efficiency of the lasing, we used a UV photodiode calibrated with a
home-made OPA picosecond laser system providing several micro-joules energy at 337 nm
wavelength. Including the correction for the interference filter transmission, we determined
that about 60 nJ of energy is emitted in the 337 nm generated beam under 7 bars of nitrogen
pressure.

_ LASER AMPLIFICATION IN A TIGHTLY FOCUSED MID-IR BEAM IN PURE N2

A3

To determine the dependence of the UV lasing in nitrogen on focusing conditions, we
measured the UV spectrum in forward direction after the cell for different focusing of the
high power mid-IR beam. The results are presented in Fig. A3.1. Lasing at 337 nm was
observed for the focal lengths down to 50 cm. In the same time, harmonics of the
fundamental wavelength were observed with increasing intensities when tighter focusing
has been used. To avoid saturation of the spectrometer, band-pass filters transmitting the
UV part of the spectrum and strongly suppressing visible light were used. When tight
focusing was used, lasing at 337 nm was not observed anymore in the whole range of gas
pressures (up to 8 bars) used in the experiment. This result is expected because tight
focusing reduces the plasma length (therefore, exponentially reducing the lasing efficiency)
and, in the same time, significantly reducing the density of neutral molecular nitrogen in
the focal volume due to substantially higher ionization rate. However, an unexpected effect
of amplification at 391 nm and 428 nm wavelengths, corresponding to the well known
emission lines of the first negative system in the

15
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Fig. A3.1 UV-visible output spectrum measured as a function of laser focusing with a band-pass filter,
transmitting the UV light and strongly suppressing visible spectrum starting from 500 nm. Harmonics of the
fundamental frequency are assigned. Arrows show amplified 391 nm and 428 nm lines and lasing at 337 nm.

nitrogen molecular ion N2+ [Lofthus77], has been observed with focusing lenses having 25
cm and 20 cm focal length (Fig.A1.3). This effect of amplification was observed for low
pressures of nitrogen as well, as it is shown in Fig.A3.2a, and also was observed under
direct focusing of the laser beam in air. To get insight in the origin of this phenomenon, we
have performed polarization measurements of the amplified emission.

Fig. A3.2 a) Pressure dependence of the amplified signal at 391 nm and b) polarization measurements of the
amplified emission at 391 nm.
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Fig. A3.3 Dependence of the amplified emission on the spectral shift of harmonics, tuned by the compressor.
The shift of corresponding harmonics is marked by the dotted lines.

The results are presented in Fig.A3.2b. In contrast to the lasing emission at 337 nm which is
completely depolarized, the amplified emission at 391 nm (and 428 nm as well) is strongly
polarized along the direction of the laser polarization. Further, we have investigated the
dependence of the amplified emission on a chirp in the fundamental laser pulse. Slight
compressor misalignment allows slight tuning of the harmonics spectrum without
significant reduction in the laser pulse intensity, as it is shown in Fig.A3.3. As clearly
follows from the Fig.A3.3, the amplified emission intensity increases when one of the
harmonics spectra overlaps better with corresponding ionic transition lines and drops
dramatically when harmonics are far detuned. Combining with the results of polarization
measurements, we conclude that the observed emission originates from seeding of the
B2Σu+→ X2Σg+ electronic transitions in the nitrogen molecular ion by harmonics of the
fundamental laser frequency. This assumption is supported additionally by the strong
correlation between the spatial structure of the harmonics beams and spatial structure of the
amplified emission. For loose focusing, harmonics have a ring structure of a conical
emission. With shortening focusing length, a bell-shape central beam becomes dominant in
the harmonics spatial structure, spatially overlapping harmonics emission with the plasma
region. This is demonstrated by the
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Fig. A3.4 Spatial structure of the amplified 391 nm and 428 nm emission measured by a CCD camera with the
band-pass filter (left), suppressing visible emission, and with a 10nm-width, 391 nm interference filter (right).

Fig.A3.4. Also, this figure shows that intensity in both 391 nm and 428 nm beams is similar
but they are generated in spatially separated beams. The lower signal at 428 nm
wavelength, visible by the spectrometer in Fig. A3.1 and A3.3, is explained by the coupling
efficiency into the spectrometer fiber, optimized for measurements at 391 nm wavelength.
Our explanation of the observed amplified emission as a result of seeding of the population
inversion in the excited nitrogen molecular ion agrees well with the results of the very
recent paper [Yao11] where the effect of stimulated amplification in the nitrogen molecular
ion was reported for the first time. In this paper, the authors used tightly focused mid-IR
laser radiation at 2 μm wavelength in air and proved that amplification is seeded by the
fifth harmonic of the laser, generated in the spark.
The most intriguing question is about a mechanism of excitation in the molecular ion
responsible for population inversion and, correspondingly, stimulated amplification. The
main feature of this mechanism is it should be very fast, providing population inversion on
a time scale of femtosecond fundamental laser pulse. The following several suggestions
about this mechanism can be proposed:
a) Excited nitrogen molecular ion is created during the field ionization step.
This mechanism of population inversion requires a dominant ionization of neutral nitrogen
molecules not from the highest-occupied molecular orbital (HOMO), leaving the ion in the
ground state, but from the HOMO-2 which creates the ion in the B2Σu+ excited electronic
state. Theoretical analysis of strong field ionization of molecular nitrogen by a near-infrared
high intensity femtosecond laser pulses shows that ionization yield for HOMO is two
orders of magnitude higher than for HOMO-2 [Telnov09, Petretti10]. There is no reasons to
expect an opposite relative contributions of these molecular orbitals in the total ionization
rate for mid-IR laser sources. Therefore, this mechanism unlikely can be responsible for
population inversion in the molecular nitrogen ion observed in the experiment.
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b) Excitation of the ionic ground state by absorption of photons from harmonics of the
fundamental laser frequency.
This explanation was given in the paper [Yao11]. In this mechanism, broadband harmonics
of the fundamental laser frequency create population inversion due to single-photon
absorption from the ground electronic state in the ion to the excited electronic state. Thus,
harmonics do not only seed the amplification but also create population inversion. In
contrast to the work [Yao11] where seeding and excitation was possible by the fifth
harmonics, in our experiments this mechanism of optical pump includes absorption of
photons from 9th and 11th harmonics. We believe that conversion efficiency into these
harmonics is very low to make such mechanism of optical pumping effective for creation of
significant population inversion.
c) Excitation of the ground state molecular ion by electron recollision.
This mechanism of excitation is well known in the strong-field physics. Rescattering of
electrons on the parent ion in altering electric field of a high intensity laser pulse is the key
process responsible for the phenomenon of high-order harmonics generation and
determining the high-energy tail in the photo-electrons spectrum. To prove that this
mechanism of excitation is responsible for population inversion in our experiments, we
inserted a broadband quarter-wave plate in the fundamental beam before the focusing lens.
Also, the input Brewster window was substituted by the normal one. We observed a
dramatic drop in the intensity of the amplified emission when the wave plate was rotated
by several degrees only. Harmonics where still clearly observed in the output spectrum,
however emission at 391 nm and 428 nm wavelengths almost disappeared for this low
ellipticity in the laser beam. This is exactly what one would expect if electron recollision
with the parent ion is the main mechanism behind excitation of the ion and population
inversion, since the recollision is very sensitive to the driving laser polarization. Therefore,
we can conclude that rescattering of electrons on the parent ions provides excitation and
population inversion, which is seeded after all by harmonics of the fundamental frequency
providing stimulated amplification on corresponding ionic transitions.
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Part B: Nitrogen Lasing induced by 1-μm excitation

_ ADAPTIVE CONTROL OF UV FLUORESCENCE AND STIMULATED EMISSION IN

B

ADAPTIVELY CONTROLLED NEAR-IR FILAMENTS

As it was pointed out before, realization of electron collision pumping mechanism in
nitrogen under conditions of near-IR filament is a very challenging task and intrinsically
requires control over parameters of the filament plasma. Methods of an adaptive control,
used before in the filamentation physics for controlling parameters of the generated spectral
continuum [Heck06], might be used as a powerful tool for this purpose. We performed set
of experiments applying for the first time, to the best of our knowledge, adaptive control
over the efficiency of UV fluorescence from nitrogen in a near-IR femtosecond filament
using a spatial light-modulator (SLM).
Experiments were performed with a home-made 0.5-kHz repetition rateYb:CaF2
laser, providing 220 fs, 7 mJ, 1.03 μm pulses [Pugzlys09]. The pulse shaper, based on SLM
embedded in a 4f optical setup with cylindrical mirrors (Fig. B1), was installed after the
stretcher, before the regenerative amplifier. The shaped laser pulses were focused with an
f=1m focusing lens into a 1.5-m-long gas cell with transparent sidewalls and Brewster input
and output windows made of CaF2. After a pumpdown to 5⋅10-2 mbar, the cell was filled up
with nitrogen under various pressures.

Fig. B1 SLM optical layout (left) and photo (right).
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Fig. B2 Experimental setup for adaptive control over fluorescence in the near-IR flament

The detection of the weak UV fluorescence from nitrogen requires collection of the
fluorescence emission by focusing optics and relatively long acquisition times. This was
possible only in backward direction as the strong background of white-light continuum,
generated inside the filament, obscures forward detection of the fluorescence. To detect
fluorescence in the backward direction, the laser beam was focused into the cell through a
2mm thick, 45° dichroic mirror with a ~90% transmission efficiency for 1.03 μm radiation
and a >95% reflection efficiency in the range of 335 nm-500 nm. The fluorescence signal,
reflected off the dichroic mirror, was focused on the entrance slit of the UV spectrometer
with a highly efficient CCD camera as a detector.
For the detection of the emission in the forward direction, the central high-intensity
filament part of the beam was blocked off and the annular transmitted beam was scanned
by moving the entrance slit of an HR-4000 Ocean Optics spectrometer attached to an XY
positioning stage. The input pulse sequence created by the SLM was characterized by SHGFROG in front of the focusing lens. Also, as a reference signal to control the pulse sequence
generated by the SLM, a small portion of the input energy reflected by the dichroic mirror
was used for the SHG in the 100 μm-thick BBO crystal and the SHG-signal was detected by
the second spectrometer in-line with the fluorescence spectrum. Additionally to the spectral
measurements, we used a digital photo-camera for the side-view visualization of the
filament. The details of the experimental setup are presented in Fig. B2.
To control fluorescence emission from nitrogen, we applied a sinusoidal mask
to the spectral phase of the compressed laser pulse, where a
determines the relative amplitudes and the number of pulse replicas (Fig. B3) and τ the
temporal delay between them [Zeidler01]. The idea behind the use of such a pulse train is
that relatively weak pre-pulses in the train can effectively align molecular nitrogen at pulse
separations corresponding to fractional revivals of the rotational wavepacket [Stapelfeld03,
Cryan03].
21

FP7-ICT-2009-C Project No. 244068 CROSSTRAP

Deliverable D1.2

Fig. B3 Pulses sequence generated by the SLM for different values of the parameter a. The delay τ between the
pulses is fixed to 2 ps.

Such rotational alignment in the filament was used before for polarization shaping of the
laser pulses generating high-order harmonics [Negro10]. At the same time, a higher plasma
concentration is expected when the intensity of the pulses in the train reaches the ionization
threshold because the ionization probability for nitrogen molecules aligned along the laser
polarization is about 4 times higher than for perpendicular orientation [Pavičić07].
Therefore, higher plasma concentration can be created and, correspondingly, higher
intensity fluorescence can be observed.
This assumption is confirmed in the experiment on the observation of the backward
UV fluorescence yield from the N2(C3Πu) excited electronic state of neutral molecular
nitrogen as a function of pulse separation presented in Fig. B4.

Fig. B4 Fluorescence intensity at 337 nm and 380 nm, measured in backward direction, as a function of the
pulses separation (left). Fractional revivals of the nitrogen rotational wavepacket are assigned. Right –
spectrum of the UV fluorescence magnified 104 times in comparison to the spectrum of the amplified emission
presented in Fig. B5. Nitrogen pressure in the cell 3 bars.
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Fig. B5 a) Intensity of the amplified emission at 391 nm wavelength, detected in the forward
direction, as a function of the delay for optimal parameter a=1.6 and pressure 4 bar (blue
line); b) spectrum of forward propagating amplified emission with assigned transitions
between different vibrational states in N2+
The fluorescence yield peaks at the delays corresponding to a fractional rotational
alignment and sharply drops at the delays for fractional anti-alignment. Increase in
fluorescence yield in the vicinities of fractional revivals was observed in the whole range of
pressures 1-4 bars used in the experiment. Furthermore, the application of a genetic
algorithm for a two-dimensional (a- and τ-) optimization of fluorescence results in a strong
forward emission at 358 nm, 391 nm and 428 nm (Fig. B5), corresponding to the well-known
transitions in the nitrogen molecular ion [Lofthus77]. This intense emission was observed
best for the gas pressure about 4 bars. We observed full correlation between the appearance
of this emission and the generation of white light in the filament, suggesting that the white
light formation is required for the appearance of the stimulated nitrogen emission lines and
probably acts as a seed in the observed filament-driven amplification mechanism. This is
confirmed also by polarization measurements of the amplified emission, presented in Fig.
B6a. The emission is strongly polarized parallel to the laser polarization with measured
polarization contrast higher than 103. Visual appearance of the filament for the case of a
single TL-pulse and when the optimal pulse train is generated by the SLM is presented in
Fig. B7. A very bright segment of the filament, emitting light strongly polarized along the
laser polarization, is clearly visible in the photo. We assume that this is the region where
stimulated amplification is taking place.
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Fig. B6 a) Polarization measurements for amplified emission at 391 nm; b) optimal pulse sequence measured by
the SHG FROG

Fig. B7 Upper panel – general view on a filament in the gas cell when the optimal mask is applied to the SLM;
lower panel – close look on a filament along the laser polarization, perpendicular to the laser polarization and
perpendicular to the laser polarization for the case of a TL-pulse.

The pressure dependence of the observed white-light seeded stimulated
amplification in the filament can be explained as follows. For higher pressures multiple
filament formation was observed even for the pulse train, generated by the SLM, when the
total energy is splitted between several pulses. For lower pressures, the efficiency of the
continuum generation in the filament drops substantially and for the pressure about 1 bar
no white light was observed even for the TL-pulse.
The observed phenomenon of stimulated amplification on molecular nitrogen ion
transitions seeded by the spectral continuum generated in the near-IR filament has the same
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physical origin as described above effect of amplification in tightly focused mid-IR sparks.
However, it is observed for the first time under filament conditions and for the near-IR
filamentation laser source. Also, we want to stress that it was detected only using adaptive
control algorithm, providing an optimal pulse sequence presented in Fig.B6b. Remarkably,
using 220 fs laser pulses in the experiment, the precision of the optimal delay between the
pulses, providing stimulated amplification, is better than 100 fs, as can be seen in Fig.B5a.
Our tentative explanation of the observed amplification scheme is as follows: the first pulses
in the optimal pulse train (Fig. B6b) precedes the filament and white light formation and act
to align nitrogen molecules only. It is possible that the sequence of several alignment pulses
allows pretty high degree of molecular alignment similar to alignment in repetitively kicked
nitrogen gas demonstrated in [Cryan03]. The subsequent intense pulses, coinciding with
rotational revivals, create the filament, ionize the aligned molecules and excite the
molecular ions from the ground X2Σg+ to the B2Σu+→ X2Σg+ excited electronic state by
electron recollision mechanism, resulting in population inversion. The role of optimization
along the relative amplitudes in the pulse train in this case is to provide intensity in the
filament creating/gas ionizing pulse high enough for sufficient acceleration of the recolliding electrons to make population inversion possible. The white light continuum
generated in the filament then provides injection seeding for robust amplification of
molecular ion lines. To prove this scenario, we plan to repeat in future this experiment,
using an interferometric setup instead of an SLM, to gain independent control over the
intensity and polarization state of each pulse in the train and optimize the amount of the
pulses.
The new results obtained using methods of adaptive control over femtosecond
filaments open new fascinating perspectives for standoff lasing with near-IR filamentation
sources. They allow circumventing problems related with creation of population inversion
in neutral molecular nitrogen and offer the possibility for multi-wavelength remote lasing.
To modify the new filament-assisted lasing technique developed in the project, further
optimization of the gain is necessary to achieve self-lasing. Also, scattering of the whitelight continuum on aerosols or solid particles under real atmospheric conditions might
result in seeding of the backward propagating amplified coherent emission.
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_ CONCLUSIONS

2

In this deliverable:


we demonstrated that femtosecond filaments driven by intense mid-IR pulses are far
superior to near-IR excitation due to a much higher ponderomotive pulse energy
resulting in markedly different filamentation conditions. As a result, the kinetic energy
of the free electrons in the filament plasma becomes adequately high for direct
generation of inversion in N2.



we succeeded in obtaining backward lasing from nitrogen gas without an artificial
addition of Ar as a moderator that, under the conditions of near-IR excitation, was
previously required to build up inversion for UV lasing.



stimulated emission not only from molecular N2 species but also from molecular ions
was achieved with both near-IR and mid-IR driving pulses.



we applied adaptive phase control to the driving femtosecond pulses to effectively
replace a single driving pulse with a pulse sequence, in which successive pulses
perform distinct roles (alignment, enhanced ionization of aligned molecules, seeding of
the volume with population inversion with a broadband light from a supercontinuum
and harmonics, etc.) As a result, a drastic enhancement f UV lasing, accompanied by
the emergence of lasing at new transitions has been obtained and confirmed to be a
viable pathway even in the regime of strong multiple filament formation.
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