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Nitrogen air lasing induced by multiple filaments array”
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Air lasing emission by launching intense ultrafast laser pulses in atmosphere has recently attracted increasing interest

in the ultrafast laser science and atmospheric science fields, especially for remote sensing techniques. We demon-

strated the fluorescence emissions at 337 nm, 357 nm and 391 nm induced by multiple filaments using four kinds of

step phase plates. Our results have indicated that the fluorescence signal has been amplified as it propagates along the

filament through amplified spontaneous emission (ASE), and the fluorescence intensity is also enhanced in the back-

ward direction via multiple filaments. Furthermore, the gain coefficient through ASE is increased with the number of

filaments.
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In recent years, ultrafast laser filamentation has drawn
more and more interest in the ultrafast laser science and
atmospheric science fields. Ultrafast laser filamentation
is a special nonlinear optical phenomenon that occurs
during the propagation of high power ultrafast laser in
transparent optical media!'™). It is mainly caused by the
dynamic interplay of the optical Kerr effect induced self-
focusing and defocusing effects of the plasma generated
by a high intensity laser or higher-order-Kerr-effect
(HOKE)'®"), Ultrafast laser filamentation is characterized
by the critical power for self-focusing at which the self-
focusing can overcome the natural diffraction of the laser
beam. Under practical experimental conditions, multiple
filaments can be found when the peak laser power is
much higher than the critical power for self-focusing.
Fruitful interaction dynamics, including propelling, at-
traction, merging, self-steepening, and energy exchang-
ing, etc®?, can be observed during the multi-
filamentation propagation. It has many applications in
the fields of molecular alignment!'*!, harmonics of the
fundamental beam'™, and terahertz generation!'*'*!.
Recently, several studies demonstrated that population
inversion of N, and N, can be attained in filaments, and
optical gain can be achieved!"®'” known as “air lasing”.
Air lasing emission by filaments has shown considerable
potential in the atmospheric remote-sensing applica-
tions!'™!'”). Neutral nitrogen (N,) molecules are promoted
to excited states during ultrafast laser pulse filamentary

propagation in atmosphere, leading to a characteristic
ultraviolet fluorescence. LUO et al®” reported the pres-
ence of backward stimulated emission from filament via
800 nm femtosecond pulses in air, based on an exponen-
tial increase of N, fluorescence with filament length.
They attributed the dependence of the signal intensity to
amplified spontaneous emission (ASE). Some research-
ers also demonstrated air lasing emission by filament
utilizing the additional seeding femtosecond laser beam
with appropriate wavelengths'>'**],

In this paper, we investigate the behaviors of N, air
lasing emission by multiple filaments. We demonstrate
the fluorescence emissions from the second positive band
system C’I1,—B’ I, transitions of N, at 337 nm (0,0) and
357 nm (0,1) and from the first negative band system
B’X, —X’%," transitions of N, at 391 nm (0,0) induced
by multiple filaments. The ultrafast laser filamentation
array process formed in air via the step phase plate with
7 phase lag (semi-circular, quarter-circle, six-sextant and
eight-octant phase plates). The backscattered fluores-
cence signal from N, molecules demonstrated an expo-
nential increase with the filament length. Our results
have indicated that the fluorescence signal has been am-
plified through ASE as it propagates along the filament.
In the meantime, fluorescence intensity is enhanced in
the backward direction by multiple filaments. Further-
more, the gain coefficient through ASE is increased with
the number of filaments. This is very beneficial for the
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remote sensing techniques.

The experimental design is illustrated in Fig.1. During
the experiment, a 1 kHz, 800 nm, 50 fs full width at half
maximum (FWHM) Ti: sapphire laser pulse was focused
by an /=30 cm lens and step phase plates in air. The
phase plate was used to introduce multiple filaments. The
initial beam diameter is approximately 1 cm (1/e%). Two
dielectric mirrors for 800 nm were employed to reflect
the beam at a 45° incident angle. Near the geometrical
focus, the multiple filaments were generated by the phase
plate. The backscattered fluorescence spectral signal
from the multiple filamentations formed in air was then
detected using a grating spectrometer (Shamrock 3031,
Andor) with a grating at 1 200 grooves per millimeter.
The fluorescence spectral signal was collected into the
grating spectrometer using a fiber head. In this case, a
focal lens 2 (/=90 mm, diameter of 75 mm) was used to
couple the fluorescence light into the fiber head.
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Fig.1 Experimental design

Four types of step phase plates called the semi-circular
phase plate (SCPP), quarter-circle phase plate (QCPP),
six-sextant phase plate (SSPP) and eight-octant phase
plate (EOPP) were used to create multiple filaments in
our experiment as shown in Fig.2. They are all approxi-
mately 1.6 mm in depth and 10 mm in width. The phase
plates were divided into 2, 4, 6 and 8 parts, respectively.
Between two adjacent parts, each phase plate induced =
phase lag at an 800 nm wavelength.
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Fig.2 Schematic diagrams of the phase plates
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Fig.3 depicts the backward fluorescence spectrum of
air induced by femtosecond laser filamentation in the
range of 320—400 nm. The fluorescence spectrum was
obtained by focusing the pump power without phase
plate at 1.1 mJ laser energy in the atmosphere. Fig.3
shows that the fluorescence emission via femtosecond
laser filamentation is very clean. The fluorescence sig-
nals at 337 nm, 357 nm and 391 nm are higher than other
wavelengths. The spectral bands have been attributed to
the first negative band system BZZ‘.11+—>X22g+ transitions
of N, and the second positive band system C’I1,—B’II,
transitions of N, During the femtosecond laser fila-
mentation, multiphoton/tunnel ionization of inner-
valence electrons of neutral N, molecules was induced by
the intense ultrafast laser left the molecular ion N,  in the
excited state BZEJ, resulting in the fluorescence from the
first negative band system B22Lf—>X2):g+ transitions of
N,". However, the reason for excited state C’I1, remains
controversial. XU et al®**! reported that the primary
N, +N,=N," reaction followed by the recombination
N, +e=N,+N,(C’I1,) is responsible for populating the
electronic excited state C°II, of N,. The numbers in the
parentheses (v-v) represent the upper and lower elec-
tronic states’ vibrational levels. The fluorescence emis-
sion lines located at 337 nm, 357 nm and 391 nm are
assigned to bands (0,0), (0,1) of the N, system
C’I1,—B’Il, transitions, and band (0,0) of the N," sys-
tem B’X, —X’%," transitions, respectively.
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Fig.3 Typical fluorescence spectral signal induced by
femtosecond laser filamentation in the backward
direction

During the experiment, the multiple filaments started
before the geometrical focus. We measured the intensity
of the fluorescence spectrum that occurred at various
laser energies using the four types of step phase plates.
To compare the results, we also measured the fluores-
cence intensity without the step phase plates in the at-
mosphere. Fig.4 depicts the fluorescence intensities ver-
sus filament length at 10 different input energies of
0.5mJ, 0.88mJ, 1.1 mJ, 1.3 mJ, 1.47 mJ, 1.62 mJ,
2.05 mJ, 2.38 mJ, 2.49 mJ and 2.59 mJ, respectively. The
length of multiple filaments is defined by taking the dif-
ference between the self-focusing position of peak power
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and the geometrical focusing of the external lens*”).

When the input laser energy is lower than a certain value,
the fluorescence spectrum signals are too weak to be
detected. Thus, the data do not extend to the zero fila-
ment length in Fig.4.
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Fig.4 Fluorescence intensity of N2 versus the filament
length in various types of step phase plates at (a)
337 nm, (b) 357 nm, and (c) 391 nm

According to LUO et al®”, the backward ASE gain
can be defined as
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where Psrepresents the spontaneous emission power of
the unit length, L is the estimated filament length, and g
denotes the effective gain coefficient. Because of the
intensity clamping inside the filament**”), we assume
the spontaneous emission power Pg is uniform for each
step phase plate.

To study the relationship between the effective gain
coefficient and filament length, using Ps and g as fitting
parameters, we plotted the fitted curves as solid lines.
The experimental results shown in Fig.4 demonstrate that
the fluorescence intensity’s dependence on the filament
length is exponential, which is a direct indication of the
presence of gain coefficient through ASE. The fitted gain
coefficients differ in various types of step phase plates.
All of the curves show a similar tendency at 337 nm,
357 nm and 391 nm, although the signal intensity differs
in various types of step phase plates. As demonstrated in
Fig.4, the gain coefficients are increased by 0.124 cm™,
0.109 cm™ and 0.154 cm™ from no step phase plate to
EOPP at 337 nm, 357 nm and 391 nm respectively.

To obtain the different numbers of filaments array
formation using various types of step phase plates, we
conducted the numerical simulations of a 2D+1 (A(x, y,
2)) nonlinear wave equation'®*! as

2 2
2ik, o + (6_2 + 6_2)A +2k;And =0, )
0z Ox~ Oy

where 4 denotes the light field amplitude, k, represents
the wave number of the beam whose central wavelength
is 800 nm, and An corresponds to the intensity dependent
refractive index which includes the optical Kerr effect
and plasma defocusing effect induced nonlinear refrac-
tive index,

An = Ang,, + Anplasma s 3)

where Ange=n,I, and ny=2x10" cm*W corresponds to
a critical power of 5 GW for self-focusing in atmosphere.
Since the number of the multiple filamentation is our
main aim, the plasma refractive index involved in a full
four dimensional (x, y, z, f) model is replaced by an ef-
fective negative refractive index in our current model
with the following form:

An =—ol", 4)

plasma

where we set m equal to 8, which is approximately the
reported effective nonlinearity order in air by near infra-
red femtosecond laser'™. o is an empirical parameter
determined from our previous research, which produces
a clamped intensity of 5 x 10" W/cm?P*%,

In our simulation, the initial beam profile is formed by
Gaussian beams. The input beam radius at the 1/¢* level
is 2 mm. To save computation time, the focal length of
the lens is set at 15 cm in our simulation. Fig.5(a)—(d)
show intensity contours (/=1x10"* W/cm?) in three-
dimensional space during nonlinear propagation when
the laser powers are set as 5 times of the critical power
for self-focusing with SCPP, QCPP, SSPP and EOPP.
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Fig.5(e)—(h) indicate the corresponding laser intensity
cross-sectional patterns at the propagation focal distance
of z=15 cm. Fig.5 shows the spatial distribution of multi-
ple filaments arrays using the numerical simulation. Mul-
tiple filaments were generated using the step phase
plates. There are 2, 4, 6 and 8 main filaments in the core
and several “child” filaments around them with SCPP,
QCPP, SSPP and EOPP, respectively. It can be found
that the type of phase plate determines the number and
the spatial patterns of filaments array. The femtosecond
laser beams passing through the two adjacent parts of the
phase plate generated a m phase shift, which divided the
laser beam into multiple parts with abrupt phase jump.
Each dividing part can independently propagate, result-
ing in one main filament and several “child” filaments
during the nonlinear propagation. The type of phase plate
also had an effect on the separation distance between
multiple filaments. The numerical simulation coincides
well with our previous experimental observation''.

We further investigate the number of filaments’ de-
pendence of the fluorescence signal at different wave-
lengths. Fig.6 shows the evolution of the fluorescence
signal as a function of the number of main filaments cre-
ated by different step phase plates at the wavelength of
337 nm, 357 nm and 391 nm, respectively. One main
filament is created only by focusing lens without the step
phase plates. The 2, 4, 6 and 8 main filaments are created
combining SCPP, QCPP, SSPP and EOPP with focusing
lens. As shown in Fig.6, all three curves increase signifi-
cantly with the number of filaments. As previously men-
tioned, since the excitation and ionization processes for
N, molecules inside the filament are nonlinear, the pos-
sibility of multiphoton ionization to N," is determined by
the number of multiple filaments. This indicates that a
higher number of filaments can produce a greater degree
of plasma density and fluence distribution. The intense
filamentary pulse of peak intensity is high enough to
liberate free electrons from N, and oxygen molecules
through a high-field tunneling process. As a result, the
population difference, that is the effective gain coeffi-
cient, is directly related to the plasma density, which
follows the spatial distribution of multiple filaments. The
fluorescence from the different numbers of multiple fil-
aments underwent different amplifications. The experi-
mental results shown in Fig.4 also confirmed our hy-
pothesis. The gain coefficient through ASE is increased
with the number of filaments.
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Fig.5 Simulated intensity distributions for use of step
phase plates in air: Intensity  contours
(IF1x10"* W/cm?) in three-dimensional space during
nonlinear propagation with (a) SCPP, (b) QCPP, (c)
SSPP, and (d) EOPP when the laser powers are set at
5 times of the critical power for self-focusing; (e)—(h)
Transverse distributions at z=15 cm corresponding to
(a)—(d), respectively
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Fig.6 Fluorescence intensity in air versus the number
of main filaments created by different types of step
phase plates at (a) 391 nm, (b) 357 nm, and (c) 337 nm

In conclusion, we have demonstrated that the step
phase plate with & phase lag could generate ultrafast laser
filament array in air. The fluorescence emissions at
337 nm, 357 nm and 391 nm could be induced by multi-
ple filaments using four types of step phase plates. Our
results have indicated that the fluorescence emission is
amplified through ASE as it propagates along the fila-
ment and the backscattered fluorescence intensity is also
enhanced by multiple filaments. Furthermore, the gain
coefficient through ASE is increased with the number of
filaments. The generation of coherent radiation in the
experiments with such cavity-less laser sources holds
great potential for remote sensing applications. The high
beam quality, stability, and power will allow detection of
impurities in air with high sensitivity. This is very bene-
ficial for many applications, such as standoff spectros-
copy, pollutant detection, and remote sensing techniques.
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