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Abstract The filamentation of two co-propagated fem-
tosecond (fs) laser pulses in air is studied by numerical sim-
ulation. Depending on the different initial separation dis-
tances, relative phase shift and crossing angles, simulations
show attraction, fusion, repulsion and collision of the two
pulses. A long plasma channel can be formed by two in-
phase pulses with small separation distance and cross angle.
The coupling of two laser beam becomes weaker when the
separation distance or cross angle between two beams is
larger. In this case, the filamentation of each pulse devel-
ops independently. Our simulation results will be helpful for
understanding the effect of the initial amplitude and phase
modulation of laser pulse on the filamentation characteris-
tics.

PACS 52.38.Hb - 52.35.Mw

1 Introduction

The propagation of an ultrashort intense laser beam in the
atmosphere has been the subject of interest during the last
years due to its potential applications such as atmospheric
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remote sensing and lighting control [1-9]. If the peak power
of the laser beam is many times higher than the self-focusing
threshold P, = A2 /2mnony, the laser beam will break up
into several filaments in space and several sub-pulses in
time.

Recent experiments and numerical simulations show that
the multi-filamentation phenomena may originate from the
initial fluctuations of the intensity distribution of natural
intense fs laser pulses [10—14]. In numerical studies, the
envelope of the laser beam with initial fluctuation is usu-
ally taken as superposition of several Gaussian functions.
S.A. Hosseini et al. numerically simulated the filamentation
of intensity-modulated laser beams and revealed that the fil-
amentation process strongly depends on the initial pertur-
bations of the laser pulse [11]. O.G. Kosareva et al. per-
formed simulations of a set of random initial pulse distribu-
tion propagating in air and revealed the effect of relative po-
sition between the perturbations on the plasma channel [14].
Earlier experiments showed that the phase distribution of fs
laser pulse also has an effect on the filamentation charac-
teristics [15, 16]. The interaction of in-phase and anti-phase
beams in Kerr nonlinear media with different initial sepa-
ration distances was studied analytically and numerically in
Ref. [17], but the filamentation process after self-focusing
was not considered. Ameil A. Ishaaya et al. [18] numeri-
cally and experimentally studied the self-focusing dynam-
ics of coupled fs laser pulses in BK7 glass. The attraction
and repulsion of the laser pulses were observed in the ini-
tial propagation stage, when multiphoton ionization is not
significant.

The multi-filamentation process reshapes the laser pulses
to a group of interacting filaments, and the plasma channel
length under multi-filamentation is strongly dependent on
the interaction characteristics of filaments. The interaction
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mechanism of filaments was numerically studied in our ear-
lier work, where an envelope of a thin filament was taken
as the initial laser field [9]. But actually the intensity and
phase of a laser filament cannot be directly controlled. The
multi-filamentation mode is usually regulated by changing
the initial distribution of laser intensity and phase. In order
to further understand the effect of initial distribution of the
intensity and phase on the multi-filamentation characteristic
in air, the systematic numerical simulations on the propaga-
tion of two identical Gaussian fs laser pulses with different
separation distances, phase shifts and cross angles are pre-
sented in this paper. The attraction, fusion, repulsion, and
collision of the two pulses are observed in the evolution of
energy fluence and electron density in the simulations. The
length of the plasma channel formed by two interacting laser
beams strongly depends on the relative phase shift and the
initial propagating direction of the pulses.

2 Numerical simulation model

The propagation of laser pulse in air is governed by an
extended nonlinear Schrodinger equation together with the
evolution equation for the electrons from multiphoton ion-
ization [15]
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These equations are expressed in the reference frame mov-
ing with the pulse group velocity (+ — ¢ — z/vg), char-
acterized by the central wave number k = 27 /)9, where
Ao = 800 nm is the central wavelength of the laser beam
in air. The terms on the right-hand side of (la) account
for the transverse diffraction with A | = 82/9x% + 82/9y?,
the group velocity dispersion, the complete Kerr response
of air, the defocusing induced by multiphoton ionization
(MPI) and the power dissipation caused by multiphoton
absorption (MPA) with coefficient k” = 0.2 fs?/cm, ny =
3.2 x 10712 cm?/W, K=Y =425 x 1078 cm~13/W’
at 800 nm in air. The complete Kerr response of air, de-
fined by (1b), is composed of an instantaneous contribu-
tion and a delayed part in ratio ¥, with a relaxation time
tx = 70 fs [7]. The number of photons K needed to ion-
ize electrons from molecular oxygen is K = 8. The plasma
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frequency is wpe = /q2p/meeo (ge, me, and p are the elec-
tron charge, mass, and density, respectively), and the den-
sity of neutral atoms is py = 2.7 x 10" cm™3. We ignore
the effect of self-steepening and space-time focusing. These
effects mainly influence the temporal characteristics of the
pulses which are not the main interest of our work.

3 Numerical simulations and discussions

We performed numerical simulations of the filamentation of
single fs pulse for comparison. In our simulation, a laser
beam with 40 fs duration is used to generate long range
filament. The initial beam waist is 0.59 mm and the pulse
energy is 1 mJ. The peak power of the pulse is five times
larger than the self-focusing threshold P.;. The laser beam
has Gaussian shape in spatial and temporal domains

E(x, v, 2, t)lz:() — Eoe(*(x2+yz)/rgft2/rg) (3)

Figure 1 shows the distributions of energy fluence (a) and
electron density (b) for the laser pulse propagating in air.
We can find that the filamentation of the laser beam starts at
z =40 cm and the filament can stably propagate over 0.5 m
distance.

The initial electric-field of two co-propagated laser pulses
is taken as the sum of two Gaussian functions

EGe. 3.2, 0lec = Eo(e-16 20/ 02213

+eiwe7[<X+A0/z)2+y2]/r57z2/zg) 4)

where Ag and ¢ are the initial separation distance and rel-
ative phase shift between the two pulses, respectively. The
parameters of each pulse are the same with the pulse in
Fig. 1. Figure 2a illustrates the spatiotemporal intensity dis-
tribution of in-phase parallel Gaussian pulses with initial
separation distances, Ag = 0.78 mm. It is shown that the
two pulses collapse at z = 30 cm and temporally break
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Fig. 1 a The energy fluence distribution (J/cm?) and b electron den-
sity (/cm?) of single beam’s filamentation in air for the spatial slice at
y=2.5mm
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Fig. 2 a The spatiotemporal 3.5
intensity distribution of two
parallel in-phase interacting
Gaussian pulses with the initial
separation distance

Ag=0.78 mm. b, ¢, d, e The
energy fluence distributions
(J/cm?) of two parallel in-phase
interacting Gaussian pulses with
different initial separation
distance Ag = 0.62 mm (b),
0.78 mm (c¢), 0.94 mm (d), and
1.09 mm (e). All the figures are
plotted for the spatial slice at
y=2.5mm

x(mm)

z—Ocm

X({mm) & x (mm)

(]

Fig. 3 The electron densities
(/cm?) for two parallel in-phase
interacting Gaussian pulses with
the initial separation distance
Ag =0.62 mm (a),

0.78 mm (b), 0.94 mm (¢), and
1.09 mm (d). All the figures are
plotted for the spatial slice at
y=2.5mm

X (mm) == X (mm)
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into two subpulses at z = 50 cm, respectively. The fila-
ments then defocus by the induced plasma and more en-
ergy disperses outside. Because the two pulses interfere con-
structively, the intensity in the overlapping region becomes
larger which leads to a larger refractive index in the cen-
ter due to the Kerr effect. Thus the background energy is
attracted towards the center, resulting in a new filament
at z = 110 cm. Figure 2b, c, d, e show the interaction of
two in-phase parallel Gaussian pulses with different ini-
tial separation distances, Ag = 0.62 mm (b), 0.78 mm (c),
0.94 mm (d) and 1.09 mm (e). The initial separation dis-
tance plays an important role in the interaction of the pulses.
If the initial separation distance is comparable to the waist
of each pulse (Fig. 2b), the merging process starts earlier.
The merging of filaments prolongs the filament’s length and
the plasma channel’s length (Fig. 3) by comparison with
filamentation of a single beam. When the separation dis-
tance is much larger than the initial transverse waist of
each Gaussian pulses, the filamentation of each pulse devel-
oped independently (Fig. 2e). We can find that the peaks of
electron density generated in both merging (Fig. 3a, b, ¢)
and non-merging (Fig. 3d) cases are at 1016(/cm3) level
(Fig. 3).

When the two laser beams are out-of-phase, the destruc-
tive interference leads to reduction of the intensity of the
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beam in the overlapping region. This results in the decrease
of refractive index in the center and more laser energy dis-
perses to outside. When the initial separation distance is less
than the transverse waist of the initial Gaussian beam, due
to the strong overlapping of laser field, the two out-of-phase
pulses will directly repulse each other and disperse quickly.
The collapsing to thin filaments was not observed, as shown
in Fig. 4a and b. The electron densities generated are very
low (Fig. 5a and b). For large separation distances, each
beam produces one thin filament and the two filaments re-
pel each other, as shown in Fig. 4c and d. The length of
the plasma channel under this situation (Fig. 5c and d) is a
bit smaller than that formed by a single pulse. Figure 6 il-
lustrates the interaction of two parallel pulses with different
phase shifts, ¢ = 0.257 (a), 0.57 (b) and 0.757 (c). The
separation distance is fixed on Ag = 0.62 mm. It is shown
that phase shift between the two beam is also essential in
the propagation. If the phase shift is 0 < ¢ < 0.5, the two
collapsing pulses also attract and fuse (Fig. 6a and b) but
the phase shift between the two pulses induces asymmet-
ric distribution of the phase plane which causes the com-
plex energy exchange between them. Then the two pulses
merge together later on. The length of the plasma channel
formed during this process becomes shorter (Fig. 7a). When
the relative phase shift between two pulses exceeds 0.5,
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Fig. 4 The energy fluence
distributions (J/cm?) of two £ 2E+014 E 2E+014
parallel out-of-phase interacting £ 1E+014 -E 1E+014
Gaussian pulses with different x
initial separation distance 0 0
Ao = 0.31 mm (a), a b
0.47 mm (b), 0.94 mm (c), and T 2E+014 E 2E+014
1.09 mm (d). All the figures are E E
plotted for the spatial slice at = 1E+014 1E+014
y=2.5mm 0 0
¢ d
Fig. 5 The electron densities
(/§m3) for two parallel = 2B+002 2Ev008
. . £ 1E+002 E 1E+008
out-of-phase interacting £ £
Gaussian pulses with the initial = SE+001 = SE+007
separation distance
A =0.31 mm (a), a b
0.47 mm (b), 0.94 mm (c), and £ 3E+016 _ AE+016
1.09 mm (d). All the figures are E 2E+016 E 3E+016
plotted for the spatial slice at > 1E+016 = 2E+016
y=2.5 mm 1E+016
¢ d
Fig. 6 The energy fluence 3E+014
distributions (J/ cm?) of two — SEX014 +
2E+014
: - Wi E 2E+014 E
interacting parallel pulses with a 5 £
fixed separation distance of * 1E+014 1E+014
Ao = 0.62 mm and different 0 1 ) 0 0
phase shift, ¢ = 0.257 (a), a z{m) b z(m)
0.5 (b), and 0.757 (c). All the
figures are plotted for the spatial T —— 2E+014
slice at y =2.5 mm % —m—— 1E+014
% 1 2 0
c z{m)
Fig. Z The electron densities _ GE+016 6E+016
(/cm?) for two parallel E
interacting Gaussian pulses with E 3E+016 3E+016
different phase shift, ®
¢ =0.257 (a), 0.57 (b), and
0.757 (c). The initial separation a
distance is Ag = 0.62 mm. All —_ 4E+016
the figures are plotted for the E
spatial slice at y = 2.5 mm vy 2E+016

1
C z(m)

the two collapsing beams exhibit obvious repulsion process.  for both cases of in-phase and out-of-phase. The envelope of
As a result, in order to form a long filament, the phase  the input pulse can be written as
fluctuation of the laser beams should be as small as possi-

ble. E(x, .2, O)loco = Ege~[6=80/274y2)/5—/75

For convenience of indoor experiments, a converging lens
is usually required to reduce the propagation distance be- X exp <i (x _ ﬁ ) tan@) exp(ip)
fore the on-set position of filaments. Thus the different local 2
intensity peaks on the laser beam propagate with different 4 Ege-10+80 [Py r2—12) 7}
direction. In order to investigate the effect of the crossing
angle on the interaction, we model the propagation of two « exp<—i (x i Ao ) tam 9) )
Gaussian pulses with different initial propagation direction
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Fig. 8 The energy fluence distribution (J/cm?) of two interacting
Gaussian pulses with an initial separation distance Ag = 0.8 mm, in-
dividual incident angle 0, and relative phase shift ¢; a 6 = 0.01° and
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¢=0,b6=001°and p=7,c6=0.1°and ¢ =0,d § =0.1° and
¢ = m. All the figures are plotted for the spatial slice at y =2.5 mm
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Fig. 9 The electron densities (/cm3) for two interacting Gaussian
pulses with an initial separation distance Ag = 0.8 mm, individual
incident angle 6, and relative phase shift ¢; a 6 =0.01° and ¢ =0,

where Ag = 0.62 mm is the initial separation distance, ¢ is
the initial relative phase shift between the two pulses and 6
represents the incident angle. Figure 8 shows the interaction
of the laser beams with large incident angle (6 = 0.1°) and
small incident angle (¢ = 0.01°) for both in-phase and out-
of-phase cases. For small incident angle 8 = 0.01° (Fig. 8a),
two collapsed pulses fuse into a long filament at the dis-
tance z = 60 cm, which is earlier than the case of the par-
allel pulses (Fig. 2¢). For a large incident angle 6 = 0.1°
(Fig. 8c), the two in-phase pulses cross at z = 25 c¢cm and
then pass through each other. Figure 8b and d shows the in-
teraction of two anti-phase pulses with large (¢ = 0.1°) and
small (6 = 0.01°) incident angles, respectively. Two anti-
phase pulses with small incident angle propagate indepen-
dently as shown in Fig. 8b. This is similar to the case of
two parallel anti-phase pulses (Fig. 4a). Although the large
incident angle makes the two anti-phase laser beams move
close, they quickly repulse each other and then diverge. This
situation is caused by quick change of the electron density
in the interaction zone (Fig. 9d), where the balance between
the Kerr self-focusing and de-focusing is broken. As a result,
a long plasma channel can be formed by the two in-phase
pulse with small cross angle (Fig. 9a).

b6 =0.01°andp=n,c0 =0.1°and ¢ =0,d 6 =0.1° and ¢ = 7.
All the figures are plotted for the spatial slice at y = 2.5 mm

4 Conclusion

In conclusion, the interaction of two intense fs Gaussian
pulses in air was numerically investigated. For small separa-
tion distance and crossing angle, two in-phase pulses first
self-focus into filaments and then fuse into one long fil-
ament. The length of the merged filament decreases with
the increase of the phase shift between the pulses. For the
out-of-phase case, two pulses repel each other and disperse
quickly if the initial separation distance is small. When the
separation distance is large, the filamentation of pulses de-
veloped independently. In addition, our simulation also in-
dicates that for large crossing angle, two pulses meet, go
through each other and then disperse quickly. Our simula-
tion results can be helpful for understanding the influence of
the initial intensity and phase modulation of laser pulses on
the filamentation.
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