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Air filamentation characteristics of ring Airy femtosecond laser

beam with different background energies

Hu Yuze, Nie Jinsong, Sun Ke, Wang Lei

(State Key Laboratory of Pulsed Power Laser Technology, Hefei 230037, China)

Abstract: Filamentation has stimulated growing research interest since the first observation of filament
generated by an intense femtosecond laser pulse in air. Possible applications of filaments have also been
proposed and demonstrated in laser induced electrical discharge particle acceleration, lidar remote sensing,
THz radiation generation, and pulse compression. The characteristics of filamentation with a modulation of
background energy distribution was presented by changing the confinement parameter of ring Airy beam
numerically. The length of filaments longer than that of the Gaussian beam with faint background energy
of the same peak power was achieved. By analyzing the spatial and temporal evolution progresses, it was
found that the Airy beam airy-function-like energy distribution along radius of the background energy was
the prerequisite to achieve peak intensity along the propagation direction. With comparison of spectra
evolution consequences, it was found that the changing of the confinement parameter of Airy beam
doesn’t have significant influence on the spectral broadening. But when changing the beam from ring
Airy to Gaussian, the spectra is broadened dramatically.
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0 Introduction

Filamentation induced by femtosecond laser
pulses in gases has recently attracted considerable
interest. The nonlinear effects experienced by
filaments which are responsible for the self-guilded
propagation are the optical Kerr effect and self-
generated plasma defocusing ™. Since some novel

phenomena, such as plasma channel inside the
filament and supercontinuum, the potential applications
can be plentiful, like the analysis of air pollutants and
atmospheric aerosol ™, laser induced lightning™!, rain
making ™, coherent source in ultraviolet laser and X—
ray"!, terahertz emission'®.

In order to prolong the length of filament, many
approaches has been used in decades. The initial
conditions of the beam have been changed by
researchers using specific methods, such as changing
the beam diameter ™, adding a temporal or spatial
chirp to the beam ™ and forming a non-diffracting
beam """ On the other hand, the background energy
as a crucial role for long-distance propagation of
filament has been proved both numerically and
experimentally™ ™, showing that filaments are terminated
due to the leakage of background energy caused by
diffraction. The occurrences of these phenomena
suggest that a longer filament can be achieved through
a good design with the combination of initial beam
profile and background energy distribution.

Airy beam, as one of the non-diffraction beams,
has the property of self-healing'™!, which can reserve
more background energy than Gaussian beam. In this
paper, we further study the elongation of filaments
numerically by using a ring Airy beam to replace
Gaussian beam and by changing the confinement
parameter of Airy beam to modulate the background
energy distribution. The characteristics, such as

temporal and spatial intensity distribution profiles,
plasma density and far-field spectrum of filaments will

be demonstrated in details. Our results imply the

length of filaments can be apparently prolonged
through the modulation of the confinement parameter

of Airy beam.

1 Numerical simulation model

In this work, the numerical simulation model can
be divided into two parts of linear effects and

nonlinear effects. Diffraction and group velocity

dispersion(GVD) are taken into consideration as linear
of medium are

effects. The nonlinear responses

composed of optical Kerr-effect, third harmonic
generation, multiphoton ionization(MPI) and absorption
of plasma. However, we ignore the Raman-effect,
inverse  bremsstrahlung

avalanche ionization and

absorption since 50 fs pulse width we use is not
enough to produce these effects™*™l,

The nonlinear equation(2D+1 model) of filaments
for the slowly varying amplitude A(r,z,t) of the electric

field"® can be written as:
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where the five terms of Eq.(1) represent diffraction,
GVD, Kerr effect, the defocusing effect caused by
plasma and absorption of multiphoton ionization,
respectively. ko, k', ny,, B%, n,, and n, denote the wave
of GVD,

coefficient of Kerr-effect, multiphoton coefficient, the

number, coefficient nonlinear index
critical plasma density and neutral molecule density,
respectively.

The model is solved via the Split-Step Fourier
method, in which all the linear terms are calculated in
the Fourier space over a half-step and the nonlinear
terms are calculated in the physical space over a
second half-step. For the Eq.(1), we adopt the Crank-
Nicholson scheme.

When considering the third harmonic generation,
the third harmonic of the

envelope components
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nonlinear polarization must be rewritten as:

#9

P‘,n=a(>x‘*% (1Al 421A5002) A st A o Asyo] (3)

3

P:WF&W(S)%[(|A3w|2+2|Am|2)A:m+A /3] (4)

0

For both P, and P,,, the first two items denote
self —phase and cross-phase modulations and the last
one represents third harmonic generation and back

conversion. The relationship between and is:
P:so)(“*’i—lAle (5)
Without taking the atmosphere turbulence into

consideration, the parameters we determine for this

model are shown in Tab.1M,

Tab.1 Parameters of the model in the air

Parameters Values
k" 2.1x107 s*/m
U, 12.1eV
Ny 1.5x10" m~
BE=I 1.27%107* cm"/m’
Ny 1x107? m*W
K 10

To solve the equations efficiently, the algorithms
used are carried out in the transform regime. A split-
step Fourier method is employed in the z—propagation
direction, whereas the Hankel transform of zero-order

and FFT are taken in the radial and temporal domain,

2 mm

— Airy a=0.05 Airy 0=0.075

respectively.

For the initial condition of the beam, the
amplitude of the symmetrical ring Airy beam can be

written as follows™:
A(r,z=0,0)=Ai(=IFl/ro)xexp[—alrl/ry)xexp[ -1, ] (6)
where r is the radius, r, is a scale factor which
determines the radius of the main lobe, and ¢, is the
pulse width of temporal Gaussian beam. a is the so-
called the confinement parameter of Airy beam which
value is far less than 1 and the range of it is from
0.01 to 0.1 generally . The energy distribution of
side lobes can be changed dramatically with different
values of a which will be changed in this paper as a
modulation of background energy to elongate the

length of filaments.

2 Simulation results

In this section, three ring Airy beam with a=0.1,
0.075, 0.05 and a Gaussian beam as a comparison are
simulated under the

same peak power. The

characteristics like temporal and spatial intensity
distributions, plasma density and far-field spectrum of
filaments are compared in subsections.

Different profiles of beams can be easily attained
through the phase mask and or spatial light phase
modulator experimentally. In this case, as shown in
initial conditions

Fig.1, we use four beams as

Gaussian

Airy a=0.1

Fig.1 Intensity distributions of (a)—(c) ring Airy beams with peak power P,=5P, corresponding to the confinement parameters

of 0.05, 0.075, 0.1 and (d) a standard Gaussian with the same peak power

representing different background energy distributions.
The peak power we used is five-fold to a critical

value P, given by:

p.= 3.7an(, (7)
2k, n,

The transverse profiles of initial beams are
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displayed in Fig.1 for the cases of (a)—(c) ring Airy
(d) Gaussian

beam with the radius of 1 mm (1/e). The color

beams with the scale factor of 0.5 mm,

distributions indicate that the energy of the side lobes

of Airy beam can be modulated by different

confinement parameters. Since the side lobes’ energy

is far less than the main lobe, we consider the side

lobes’ energy as background energy which is also

called background energy reservoir.

2.1 Maximal intensity and plasma distribution
along propagation direction

A quantity that is rather important to measure
length of filaments is the maximal intensity against
propagation distance where intensity clamping yields™.
One could expect that if the background energy
reservoir is not gathered tightly around the core of
filaments and then, of course, diffraction would
prevail. As a consequence, the outer part of background
energy is escaped away, which is not in favor of
elongating the filament. However, the Airy beam has a
transverse acceleration lead side lobes to move to the
main lobe. In this way, the energy leakage of outer part
of background reservoir can be decreased.

Figure 2 shows that the maximal intensity as a
function of propagation distance for the three ring
Airy beams and a Gaussian beam. Fig.2 indicates that
with the less confinement parameters, which means
the more amounts of background energy it has, the
longer length of filaments can be achieved whereas
the Gaussian beam reaches the shortest since its faint

energy reservoir.
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Max intensity/W-m”
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Propagation distance/m

Fig.2 Maximal intensity versus propagation distance

Similar to the maximal intensity, the plasma

generation is dramatically affected by the distribution

of background energy. Figure 3(a) shows that the
maximal plasma density as a function of propagation
distance for the ring Airy beams and Gaussian beam as
initial conditions shown in Fig.1. Figure 3(b) shows the

total number of free electrons generated per unit length.
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Fig.3 (a) Maximal plasma density and (b) Linear plasma density

versus propagation distance

Based on Fig.2 and Fig.3, we can find that the
first peak maximal intensity is obtained at the same
position with approximate same value despite of what
a background modulation it has when the pulse peak
powers are equal. But if we take a look at the
position afterward, the filament of Gaussian beam with
a thin energy reservoir disappears at the first time and
cannot get revival again. For the ring Airy beams, the
background reservoir can be modulated by the
confinement parameters. From the consequences, the
repeating periods of filament have nothing with the
change of confinement parameter while the number of
recurring peaks have a tight correlation of the

parameter. In other words, the lower value of

confinement parameter meaning more energy saving in
the side lobes, can obtain more number of times of

peak intensity. In order to explain this phenomenon
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completely, it is necessary to show more evolution
details of these beams in the next section.
2.2 Spatial and temporal evolution

To show the process of how the propagation
dynamics depend on initial conditions in details!®~*",

the evolutional distributions of the filaments are
depicted in this section. Thus, we calculate each
filament in longitudinal plane to study the tracks of
side lobes as an energy reservoir.

evolution
(d) the

Gaussian beam with parameters corresponding to Fig.1.

Figure 4 represents the energy

processes (a) —(c) ring Airy beams and
The purple part of the profiles can be seen as the
energy reservoir since the power is too low to cause
intensity clamping. The distributions of filaments are

the highlight part of the profiles.
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Background energy reservoir
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Fig.4 Calculated transverse fluence distributions along the propagation
direction corresponding to (a)—(c) ring Airy beams
with the confinement parameters of 0.05, 0.075,

0.1 and (d) a standard Gaussian respectively

As the Fig.4 shows, all these four beams start
the filament at 0.5 m and reach the peak intensity
firstly at 0.8 m. Compared with the Gaussian beam, it
is clearly that all the Airy beams have the energy of
which

gradually™). Then, if the first peak becomes weaker,

radius-directional ~ arrangement self-focus
the nearest wing of Airy beam will form the next
peak intensity. This can be accounted that the Airy
beam has the characteristic of self-healing as long as
the main lobe of the beam becomes weaker, the
wings’ energy will complement the loss of the crest
automatically. So the self-healing of Airy beam can
be used as a way to elongate the filament.

Another thing deserving our notice is that the

energy reservoir of Airy beam is different from the

Gaussian beam. If we look through the radial
direction, the energy reservoir of Airy beam is under
radius-directional arrangement whereas the Gaussian is
continuous. Thus, the Kerr-effect of Gaussian beam to
the background energy is more dramatic than Airy
beam, which leads the Gaussian beam is more
inclined to collapse. In this aspect, the modulation of
background energy of filaments tough Airy beam has
an inborn advantage than Gaussian beam.

Resulting the recurring periods of high peak
intensity by the energy background of modulation can be
studied through the envelop amplitude distributions as a
function of time and radial distance (Fig.5) for several

propagation distances before the peak intensity occurs.

H
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Radius/mm
N

quO -50 0 50 100 9100 -50 0 50 100
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Fig.5 Filamentation dynamic of the envelope amplitude as a
function of time at several distances corresponding to the
confinement parameters 0.1. All are normalized according

to the maximum amplitude

We use the ring beam of a=0.1 as an example
to study what distribution of the energy could cause
the repeat peak power of filaments. The distances of
0.5, 2.5, 5.5m of Fig.5(a)—(c) are chosen because they
are all before the peak intensity which means some of
the characteristics could be found for why the repeating
filaments are formed when compared with the envelope
amplitude dynamic at the distance of 7.5 m(Fig.5(d)).

The pictures (a)—(c) of Fig.5 are before the peak
intensity arrives whereas after (d) no peak intensity
can obtain. The main distinction between these two
cases is that the energy have a regular alignment

along radial distance in the first case but the second
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case tend to be disorder. When the Airy beam

propagates longer distance the airy-function-like
distribution will become more disorder. So, the
characteristic of self-healing will be weaker, until the
diffraction dominate the effects. It can be a strong
evidence to prove that the modulation of background
energy of Airy beams can be an efficient way to
elongate filaments.
2.3 Spectral broadening

The spectral broadening of the femtosecond laser
pulse is one of critical consequences of nonlinear
interaction with mediums. Towards both the red side
and the blue side, the spectra is mainly influenced by
Self-Phase Modulation (SPM )21,

In the femtosecond laser regime, the SPM can be
divided into two parts: the front part of the pulse and
which

principally to red shift and blue shift respectively.

the back part of the pulse contributes

Aw=— 2% dI(front part) _

c at
2
Oz, dI(steep back part) | 2mze” 9N, (8)
¢ at Cmew() at

Here, n, is the Kerr nonlinear refractive index of air,
I is the intensity.

On the right hand of Eq.(8), the first item causes
red shift in the front part of the pulse and the left
two items cause blue shift in the back part of the
pulse. The last one is the plasma effect generated in
the back part of the pulse.

Figure 6(a)—(c) displays the spectral broadening
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Fig.6 Pulses spectra as a function of propagation distance

for three Airy pulses with different confinement
parameters. From the consequence, the confinement
little influence on the

parameter has spectral

broadening. But when the spatial shape function
changed, the spectral broadening can be influenced

dramatically.

3 Conclusions

We have investigated the filamentation by using
a ring Airy beam as an initial condition. With the
changing of the confinement parameter, the
background energy of the beam can be modulated to
a specific arrangement, which achieves the length of
filaments almost ten times than the Gaussian beam of
the same peak power with the faint background
energy. It was demonstrated what tracks the
modulated background energy undergo both spatially
and temporally. Thus, for the Airy beam, a regulation
was found that the airy-function-like modulation along
radius of the background energy can be a prerequisite
to achieve peak intensity again along the propagation
direction. As for the spectral broadening, the changes
of the confinement parameter of Airy beam didn’t
show significant influences on it whereas the spectra
were broadened more dramatically when changed it

into a Gaussian beam.
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