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Interaction of Light Filaments Generated by Femtosecond Laser Pulses in Air
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The interaction of two light filaments propagating in air is simulated. Simulations show that the
interaction of the two light filaments displays interesting features such as attraction, fusion, repulsion, and
spiral propagation, depending on the relative phase shift and the crossing angle between them. A long and
stable channel can be formed by fusing two in-phase light filaments. The channel becomes unstable with
the increase of the crossing angle and phase shift. The interaction of two light filaments in different planes

is studied and the spiral propagation is observed.
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The self-guided propagation of an ultrashort intense
laser beam in air attracts great attention not only due to
the fundamental process involved in this highly nonlinear
phenomenon, but also due to the potential applications to
lightning control and remote sensing [1,2]. If the peak
power of the laser beam is many times higher than the
self-focusing threshold, the laser beam breaks up into
several filaments in space and several subpulses in time
[3-13]. The mechanism of multiple-filament (MF) patterns
was explained by the modulation instability of the laser
beam [14] and the optical turbulence model [8]. Recent
studies show that the MF pattern is induced by interplay
between stable filaments formed by the fluctuations of a
laser beam and small-scale light filaments nucleated ran-
domly [7,9]. In addition, the impacts of the initial fluctua-
tions of the laser beam on the interaction dynamics of
filaments have been discussed in Ref. [10]. The MF pattern
induced by small perturbations of a laser beam cannot be
predicted. However, the MF pattern can be controlled by
imposing strong field gradients or phase distortions in the
laser beam profile [11-13]. As seen above, the previous
studies are mainly about the influence of the initial beam
on the evolution of filaments. In fact, the evolution of MF
patterns can be regarded as the propagation of a group of
interacting ‘‘light bullets” (small-scale light filaments);
thus, the study of the interaction dynamics of light bullets
is critical in understanding the characteristics of the propa-
gation of an ultrashort laser beam in air.

In this Letter we present simulations on the interaction
between two light bullets using a (3D + 1) model, rather
than the (2D + 1) model in Refs. [7,9] in order to illustrate
the temporal dynamics of the interaction. The effects of
their relative phase shift, crossing angle, and the initial
position on the bullets interaction are considered. The
attraction, fusion, repulsion, and collision are observed in
the simulations. The stability of the channel formed by two
interacting light bullets strongly depends on the relative
phase shift and the crossing angle between the two light
bullets.

The propagation of a femtosecond laser beam in air can
be described by an extended nonlinear Schrodinger (NLS)
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equation coupled with electron density of plasma due to
multiphoton ionization. The NLS equation describes a
slowly varying envelope of a linearly polarized laser elec-
tric field in the frame moving with the laser beam. The
coupled equations can be written as
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where 7 refers to the propagation distance, ky = 27/ A is
the central wave number, and Ay = 800 nm is the central
wavelength of the laser beam. Here the Laplacian operator
A | describes the beam transverse diffraction, and the
remaining terms account for the group velocity dispersion
with the coefficient of k" = 0.2 fs?>/cm, the self-focusing
effect due to the Kerr response of air with the nonlinear
index of refraction of n, = 3.2 X 10~!° ¢cm?/W, the defo-
cusing effect resulting from the multiphoton ionization
with the coefficient of B ~1.27 X 107!20 cm!7/W?
for the number of photons K = 10 [5]. The plasma fre-
quency is w,, = (gzp/m, €)% ( q,, m,, and p are the
electron charge mass, and density, respectively), and the
density of neutral atoms is p, = 2.7 X 10 cm™3 in
Eq. (2).

We use a Gaussian pulse with a peak power slightly
higher than the self-focusing threshold to generate light
bullets. The envelope of the pulse can be written as
A(x, y, 2, )|,—o = Agexp(—(x* + y?)/r§ — 2/75), the en-
ergy of the pulse is E;, = 0.2 mJ. The peak power of the
pulse is P;, = 6.3GW = 2P, where P is the self-
focusing threshold. The pulse exhibits a transverse waist

(FWHM) wy = +/21In2r; = 1 mm and a temporal duration
(FWHM) AT = +/2In27y = 30 fs and is collimated along

the z direction. Figure 1 shows the spatiotemporal inten-
sity distributions of the laser pulse at y = 0. From Fig. 1(a)
we can see that the pulse self-focuses at the distance
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z =190 cm, and then breaks into two light bullets at z =
200 cm. Here one bullet exhibits a 4 fs temporal duration
and a 57 pm transverse waist, and the other exhibits a
5.3 fs temporal duration and a 100 um transverse waist.
The peak intensities of the two light bullets are 2.05 X
1013 W/cm? (left) and 5.75 X 103 W/cm? (right), re-
spectively; and the electron density generated by multi-
photon ionization is 4.9 X 10" cm™3 in the channel.
Figure 1(b) shows the isosurface of the energy fluence of
the laser pulse in the region from 200 cm to 400 cm. The
fluence here is normalized by the on-axis fluence at z =
0 cm. The channel, formed by two light bullets, can stably
propagate over 1 m distance, covering several tens of
Rayleigh length.

We now study the interaction of two parallel light bul-
lets. The envelope of each light bullet is taken from the one
with higher peak intensity at z = 200 cm in Fig. 1. First,
we study the effect of the relative phase shift between two
light bullets on the interaction process. Therefore, the
beam profile can be written as A(x, y, z, 1)| .o = Ap(x —
S,y t)exp(ig) + Ap(x + 5, y, 1). Here, A, is the envelope
of the more intense (rlght) light bullet at z = 200 cm in
Fig. 1(a), a represents the initial distance between light
bullets and ¢ refers to the phase shift. Figure 2 illustrates
the interaction of two parallel bullets with a separation a =
0.5 mm and different phase shifts, ¢ = kwm, k=0
[Fig. 2(a) and 2(b)], 0.25 [Fig. 2(c)], 0.5 [Fig. 2(d)], 0.75
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FIG. 1 (color online).
bution formed by an input beam with a 0.2 mJ energy. (b) The

(a) The spatiotemporal intensity distri-

energy fluence distribution (fluence;,, = 1.65) of the laser beam
with the propagation distance z under the same condition as (a).

[Fig. 2(e)], 1 [Fig. 2(f)]. It is shown that the phase shift
plays an important role in the interaction of light bullets.
The mechanism is similar to the interaction of solitons
[9,15]. When the two light bullets are in phase, they firstly
disperse and evacuate energy to the background reservoir.
During this process, the peak intensities of the two light
bullets decrease. This reduces the energy loss caused by the
multiphoton ionization, which is proportional to IX.
Because the two light bullets interfere constructively, the
intensity in the overlapping region becomes larger. This
leads to an increase of the refractive index in the center due
to the Kerr effect and the background energy is attracted
towards the center resulting in a new light bullet, as shown
in Fig. 2(a). It is shown that the two in-phase light bullets
attract each other and fuse into one channel. The fusion
process prolongs the propagating distance and enhances
the channel stability compared with that of a single light
bullet. From Fig. 2(b), we can see that the channel formed
by the two in-phase light bullets can extend over a distance
more than 2 m. In order to compare with the stability of a
channel formed by a single bullet with more energy, we
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FIG. 2 (color online). (a) The spatiotemporal intensity distri-
bution of two interacting bullets which are in parallel and in-
phase. (b), (c), (d), (e), (f) The energy fluence distribution
(fluence;s, = 1.65) of two parallel bullets with a separating
distance a = 0.5 mm and relative phase shift ¢ = k7,
k=0 (D); k=025 (); k=05 (d); k=0.75 (e); k=1 (f).
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double the energy of the single light bullet. The increased
intensity breaks the balance between the Kerr self-focusing
and plasma defocusing processes and results in a larger
energy loss through the multiphoton ionization. Therefore,
the formed channel by a single light bullet with more
energy is less stable than a channel formed by the fusion
of two light bullets. When the two light bullets are out of
phase, the destructive interference leads to the reduction of
the intensity of each light bullet. The intensity in the
overlapping region is always lower. This results in the
decrease of refractive index in the center. Thus, more light
energy disperses outside. Two out-of-phase light bullets
appear to repulse each other and disperse quickly, as shown
in Figs. 2(e) and 2(f). Under such a circumstance, the
channel stability becomes much lower than that of a single
light bullet. If the phase shift is 0 < ¢ < 0.57, two light
bullets also attract and fuse, but the stability of the formed
channel becomes lower with the increase of phase shift, as
shown in Figs. 2(c) and 2(d). The interaction mechanisms
are more complicated. The interference between two light
bullets causes the asymmetric intensity distribution. This
leads to the asymmetric distribution of refractive index,
which causes the energy transfer from one light bullet to
the other. The attraction of two laser beams in underdense
plasmas has been observed before [16,17]. The attraction
there is not the Kerr effect but the combined effect of the
relativistic effect and the ponderomotive force. As a result,
we can conclude that in order to form a long stable channel,
the phase shift between two light bullets should be as small
as possible. The situation may be different in the case of
multiple light bullets in the transverse plane, but the
mechanism is the same. From this point of view, the MF
pattern can be controlled by use of a tilting lens [13], i.e.,
by changing the phase shift between the light bullets.

If the power of a femtosecond laser beam is high
enough, the filamentation can start before the geometric
focus, and the light bullets interact on the geometric fo-
cus with a crossing angle. To investigate the effect of
the crossing angle on the light bullets’ interaction, we
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FIG. 3 (color online). The energy fluence distribution of two
interacting bullets with a separating distance ¢ = 0.5 mm, indi-
vidual incident angle #, and relative phase shift ¢; (a) 8 = 0.01°
and ¢ =0, (b) # =0.1° and ¢ = 0, (c) § = 0.01° and ¢ = T,
(d) 6 =0.1° and ¢ = 7.

model the interaction of two light bullets with different
incident angles for both cases of in-phase and out-of-
phase. Here, the input pulse envelope can be written as
AW, y, 7, D=0 = Aplx — 5, 3, 1) exp(i(x — §) tanf) X
exp(i¢) + Ap(x + 5, v, 1) exp(— i(x + §) tanf), where
a = 0.5 mm represents the separating distance, ¢ refers to
the phase shift between two light bullets and 6 represents
the incident angle. Simulations are performed, for two light
bullets with a small (6§ = 0.01°) and a large (8 = 0.1°)
incident angles. For the small incident angle 8 = 0.01°,
the two light bullets fuse into a long stable channel in
Fig. 3(a), similar to the parallel light bullets, as shown in
Fig. 2(b). Figure 3(b) shows the channel evolution with the
large incident angle of # = 0.1°. In this case, after con-
verging, two in-phase light bullets go through each other
and disperse quickly. Figs. 3(c) and 3(d) shows the inter-
action of two out-of-phase light bullets with the small (6 =
0.01°) and the large (# = 0.1°) incident angles, respec-
tively. For the small incident angle, the interaction is
similar to the case of parallel light bullets. Although the
large incident angle makes the two out-of-phase light
bullets move close, they repulse each other and then di-
verge. It seems that the two out-of-phase light bullets
collide with each other, as shown in Fig. 3(d). The light
bullets will disappear quickly after the collision. This
situation is caused by the quick change of electron density
in the interaction zone, due to the interference of the laser
field. The balance between the Kerr self-focusing and
plasma defocusing processes is then broken. Comparing
the case of small incident angle with that of large one, we
suggest that a longer channel can be formed by using a
lens of long focal length which can form the light bullets
with a small crossing angle (26), as proved by the experi-
ments [18].

If the initial propagating direction of two light bullets is
not in one plane, their interaction shows very different
features. In this case, the input beam profile can be written
as A y,z,0)|,—g=A,(x— S y— %, r)exp(i(x —§)tang) X
exp(ig) +A,(x+%,y+2 Hexp((—i(x+ 9tanf). Here, a
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FIG. 4 (color online). The energy fluence distribution

(fluence;,, = 2.99) of two bullets with a separating distance a =
0.5 mm in the x direction and b = 0.2 mm in the y direction, and
incident angle # and relative phase shift ¢; (a) 6 = 0.01° and
¢=0, (b) #=0.1° and ¢ =0, (c) 6 =0.01° and ¢ = 7,
(d) 8 =0.1° and ¢ = 7.
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and b refer to the separating distance in the x and y
directions, respectively. Figure 4 shows the light bullets’
interaction when ¢ = 0.5 mm, b = 0.2 mm, 6 = 0.01°,
¢ =0 [Fig. 4(a)], 6 =0.1°, ¢ =0 [Fig. 4b)], 6 =
0.01°, ¢ = 7 [Fig. 4(c)], 8 = 0.1°, ¢ = 7 [Fig. 4(d)].
When the incident angle is small, and two light bullets are
in phase [Fig. 4(a)], the dominating process is still fusion.
A long stable channel is formed. When the incident angle is
large, we can see the evident spiral propagation of two light
bullets [Fig. 4(b)]. This is an interesting phenomenon
which was observed in soliton interaction before [15];
nevertheless, the stability of the channel is much lower
than the case of a small crossing angle. Figures 4(c) and
4(d) show that the repulsion of two out-of-phase light
bullets, with the small (0.01°) and the large (0.1°) incident
angles.

It should be noted that in our simulations we have
neglected the Raman nonlinearity, i.e., delayed Kerr re-
sponse of air (TlA [t wexp(— (= 1)/ )|E()|*dr) [5,7.9].
Because the duration of a single light bullet is much shorter
than the characteristic time of Raman nonlinearity, the
interaction process of the light bullets cannot be signifi-
cantly influenced by including the Raman nonlinearity.

In conclusion, the interaction of two light bullets in air is
investigated numerically by solving (3D + 1) NLS. The
simulations are performed for different phase shifts and
crossing angles between the two light bullets. For differ-
ent phase shifts, the interaction causes attraction, fusion,
or repulsion between the two light bullets. The simula-
tion results can be used to explain the mechanism hidden
in earlier experiments on controlling multiple filamenta-
tion of femtosecond laser pulses in air. It is shown that
two crossing light bullets cannot form a stable channel
when the crossing angle is large. Two in-phase light bul-

lets in different planes are found to be spiral during the
propagation.

This work was supported by the National Natural
Science Foundation of China under Grant No. 10374116,
No. 10390161, No. 60321003, and No. 60478047, and the
National Hi-tech ICF Programme.

*Corresponding author.
Email address: jzhang @aphy.iphy.ac.cn
Fax number: +86-10-82649531.
[11 R. Rairoux et al., Appl. Phys. B 71, 573 (2000).
[2] J. Kasparian et al., Science 301, 61 (2003).
[3] J. Ranka, R. Schirmer, and A. Gaeta, Phys. Rev. Lett. 77,
3783 (1996).
[4] B. LaFontaine et al., Phys. Plasmas 6, 1615 (1999).
[5] S. Tzortzakis et al., Phys. Rev. Lett. 86, 5470 (2001).
[6] S.L. Chin et al., Appl. Phys. B 74, 67 (2002).
[71 L. Bergé et al., Phys. Rev. Lett. 92, 225002 (2004).
[8] M. Mlejnek, M. Kolesik, J. V. Moloney, and E. M. Wright,
Phys. Rev. Lett. 83, 2938 (1999).
[9] S. Skupin et al., Phys. Rev. E 70, 046602 (2004).
[10] S.A. Hosseini et al., Phys. Rev. A 70, 033802 (2004).
[11] G. Méchain et al., Phys. Rev. Lett. 93, 035003 (2004).
[12] A. Dubietis, G. Tamosauskas, G. Fibich, and B. Ilan, Opt.
Lett. 29, 1126 (2004).
[13] G. Fibich, S. Eisenmann, B. Ilan, and A. Zigler, Opt. Lett.
29, 1772 (2004).
[14] V.I. Bespalov and V.I. Talanov, JETP Lett. 3, 307 (1966).
[15] George I. Stegeman and Mordechai Segev, Science 286,
1518 (1999).
[16] Q.L. Dong, Z. M. Ssheng, and J. Zhang, Phys. Rev. E 66,
027402 (2002).
[17] H.C. Wu, Z.M. Sheng, and J. Zhang, Phys. Rev. E 70,
026407 (2004).
[18] Z.Q. Hao et al., Chin. Phys. Lett. 22, 636 (2005).

025003-4



