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We observed a universal phenomenon of the competition among multiple filaments generated during the
propagation of intense femtosecond laser pulses in air. We show that the fluorescence signal from the excitation
of nitrogen molecules inside the plasma channel contains important information pertaining to the formation and
interaction of multiple filaments. The detected backscattered nitrogen fluorescence from inside the filaments
yielded irregular changes from shot to shot which cannot be explained by fluctuation arising from the initial
laser pulse itself. Numerical simulations reveal a complex dynamics of multiple filament propagation and
interaction dynamics that depends strongly on the initial perturbations of the laser beam. The irregular changes
of the fluorescence signal are attributed to the interference between adjacent hot spots that evolve into filaments
which give rise to new hot spots(filaments) in between, and thus give the appearance of thefusion or
branchingof filaments.
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I. INTRODUCTION

The propagation of intense femtosecond near-ir laser
pulses in the atmosphere has been the subject of interest both
experimentally and theoretically during the last few years
due to its potential applications such as atmospheric remote
sensing and lightning discharge control[1]. The propagation
of intense femtosecond laser pulses in bulk transparent opti-
cal media is complicated in general since it involves the
strong reshaping of the spatial and temporal profile of the
laser pulse through a combined action of linear and nonlinear
effects. These effects include group-velocity dispersion
(GVD), linear diffraction, self-phase modulation(SPM),
self-focusing, multiphoton/tunnel ionization(MPI/TI),
plasma defocusing, and self-steepening[2–6]. These pro-
cesses result in the formation(perception) of a so-called fila-
ment with high spatio-temporal localization of the light field
and complicated dynamic structure of rings surrounding this
localized radiation[7–9]. The filamentation process depends
mainly on two competing processes. First, the spatial inten-
sity profile of the laser pulse acts like a focusing lens due to
the optical Kerr effect. This causes the beam to self-focus,
resulting in an increase of the peak intensity. At high peak
intensity, multiphoton ionization of the medium sets in and
creates a low-density plasma, causing the beam to defocus.
The dynamic balance between self-focusing and plasma de-
focusing repeats itself, giving the appearance of a stable fila-
ment [6]. In the course of filamentation, the pulse self-
transforms into a white-light chirped laser pulse known as
supercontinuum generation(SCG) [10–12]. The maximum
pulse intensity in air is of the order of 531013 W/cm2

[13–15]. Under such high peak intensity, atoms and mol-
ecules with an ionization potential of up to,16 eV can be
ionized and/or excited through MPI/TI[16–20]. Subsequent
collisional electron-ion recombination as well as radiative
decay gives rise to a nonlinear fluorescence signal, which for
the excited nitrogen molecules and ions N2

+ is in the range of

300–420 nm[16,21]. Recent observation proved that this
fluorescence is amplified along the filament[22].

In a terawatt peak power laser pulse which corresponds to
several hundred times the critical power for self-focusing in
air, breakup of the laser beam into multiple filaments is un-
avoidable in practice(see, e.g., Refs.[1,23–25].) The genera-
tion of multiple filaments may originate from both laser fluc-
tuations as well as index variations inside the optical
medium. Experimental studies on multiple filament forma-
tion from two large-scale initial perturbations revealed that at
moderate pulse energies(1–5 mJ in 50-fs pulses centered at
800 nm) two hot spots developed from each of the perturba-
tions which subsequently coalesced into one central lobe
[26]. At higher input pulse energy(14 mJ in 42-fs pulses
centered at 800 nm) each of the two hot spots on the initial
beam profile evolved in two interacting filaments[27]. The
interaction between the two filaments manifests itself as an
interference of transverse ring structures from each filament.
The region of the interaction between the filaments was
larger if the filamentation started earlier in the propagation.
The initial stage of the interaction associated with the devel-
opment of the perturbations into multiple filaments can be
described on the basis of the stationary self-focusing theory
[27,28]. However, when the collapse initiated by self-
focusing occurs, only nonstationary theory with time-
dependent ionization, which stops the collapse, can describe
further transformation of the pulse into filaments, etc. In Ref.
[29] the evolution of the pulse with initialregular modula-
tion across the beam profile was studied in the framework of
thesx,y,z,td propagation model. In most real-life conditions,
the initial perturbations on the beam profile and the refractive
index of atmospheric air areirregular. In a terawatt pulse the
starting position of filaments can vary within 10 m due to
refractive index fluctuations induced by atmospheric turbu-
lence [30]. Thus, multiple filamentation caused by the ran-
dom formation of multiple filaments and their subsequent
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interaction is of a random character. As a result, the accom-
panying plasma(ionization) channel and the associated non-
linear nitrogen fluorescence signal are not stable. The under-
standing of the fluctuations of the fluorescence signal is
essential for femtosecond light detection and ranging(LI-
DAR) type of applications.

In this work, we study the backscattered fluorescence
(BSF) in the propagation of a terawatt Ti-sapphire femtosec-
ond laser pulse for a distance of more than 100 m in air. The
BSF signal from multiple filaments produced in the whole
range was clearly detectable using a LIDAR system. We
found that the backscattered signals varied significantly from
shot to shot despite the stable laser pulse energy. Numerical
simulations show that this variation is due to the competition
among the filaments initiated by the irregular initial pertur-
bations on the beam profile. The scenario of multiple fila-
ment competition is very sensitive to the relative location of
the initial perturbations. As a result, the plasma channels and
the amplified backscattered fluorescence signal strongly de-
pend on the intensity fluctuations in the beam profile and on
the relative distance between hot spots.

II. EXPERIMENTAL SETUP

The versatile multibeam femtosecond laser system used in
this experiment was built by Spectra-Physics(SP)/Positive
Light. It consists of a regenerative amplifier system(SP, spit-
fire) based on a Ti:sapphire oscillator(SP, Tsunami, pumped
by Millennia). A beam with a repetition rate of 10 Hz is
extracted from the 1-KHz output of the regenerative ampli-
fier using a pulse slicer. This beam is sent to a four-pass
Ti:sapphire amplifier, pumped by the second harmonic of
two Nd:YAG lasers(SP, GCR-350, 10 Hz, 900 mJ/pulse).
Finally, the pulse is compressed to 42 fs(FWHM) measured
using a single shot auto-correlator(Positive Light SSA). The
central wavelength is 800 nm with a bandwidth of 23 nm
(FWHM) and a peak power of 2 TW with linear polariza-
tion. The pulse is spatially filtered before the four-pass am-
plifier in order to keep a near-Gaussian spatial distribution.
The pulse energy can vary from a few mJ to 85 mJ after the
compressor. The beam is then guided to the corridor(length
101 m) through a 10-m vacuum pipe with a 1.5-cm-thick
CaF2 window. The pipe is linked directly to the compressor,
which is vacuumed to 10−3 Torr. This is to avoid self-
focusing in air before the pulse enters the corridor.

The top view of the experiment setup is shown schemati-
cally in Fig. 1. The BSF is detected by a PMT(Hamamatsu
R7400P, with 1-ns response time; gain=73106) through a
LIDAR system. The latter consists of a Newtonian telescope
with a spherical mirrorsf=16.5 cmd of focal length 90 cm
and a small flat mirrorsf=3 cmd mounted 10 cm before the
focal point of the spherical mirror with 45-deg angle to re-
flect the collected light onto the PMT mounted at the side.
The field of view of the telescope is equal to 20 mrad. Two
broadband dielectric mirrors reflecting around 800±25 nm
are put in front of the PMT to eliminate any backscattering
of the fundamental laser light. Also, a bandpass filter(UG 11,
4 mm thick, passing 200 to 400 nm) is set between the PMT
and the 800-nm dielectric mirror. This bandpass filter trans-

mits only the UV region, covering the major spectral lines
from nitrogen molecules and ions in the 300–400-nm region.

Strong white-light generation with rainbow-colored rings
is observed at the end of the corridor. A photodiode is fixed
at the position of 50 cm before the end of the corridor to
monitor the occurrence of the white light propagating in the
forward direction and, hence, the occurrence of filaments.
One 800-nm dielectric mirror and a green filter are used in
front of the photodiode to observe a single color of the white
light. The PMT and photodiode are connected to a 1-GHz-
bandwidth oscilloscope(Tektronix TDS 7254, 2.5-GHz sam-
pling rate) having a 50-V input impedance. Another photo-
diode is put behind one of the reflection mirrors in the TW
pump beam path in order to trigger all channels. Since the
signals from the first two detectors will arrive with different
delay with respect to the trigger channel, a special data ac-
quisition program is developed usingLABVIEW software to
collect data arising from the same pulse.

III. BACKSCATTERED FLUORESCENCE SIGNAL

For each laser energy, we recorded successive waveforms
acquired from the oscilloscope for 300 shots. The experiment
was done with different energies of the laser pulse. Figure 2
shows four representative waveforms of the signal for laser
pulses with an energy around 40 mJ/pulse. The relative fluc-
tuations of laser energy from shot to shot are within 6% for
positive deviation from the average value and 2.5% for the
negative deviation. In all panels from(a) to (d) the first peak
is due to the scattering of the pump pulse from the last mirror
in the setup(M3), and the last peak is from the beam stop
that is fixed at the end of the corridor. The middle peaks are
due to BSF signals. A close analysis of the BSF signal dis-
tributions shown in Fig. 2 demonstrates that the fluorescence
signal is very irregular along the filament[Figs. 2(a) and
2(b)]. The irregularity is not the differences in the signal
profile but that in certain shots no significant signal is de-
tected at all. When a strong signal is detected it can be seen
that it is made up of many peaks along the propagation di-
rection where the amplitude of the peaks decreases in general
with propagation distance. The fluorescence yield changes
randomly from shot to shot without a correlation with the

FIG. 1. Schematic diagram of experimental setup; M1, M2, M3
are dielectric mirrors.
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laser energy fluctuations. For example, in Figs. 2(a) and 2(c)
the pulse energy is the same, while the signal exists only in
the distribution shown in Fig. 2(a). At the same time the
increase in energy above the average level of 40 mJ does not
necessarily leads to the appearance of the signal[compare
Figs. 2(b) and 2(d)].

The physical origin of the irregular fluorescence signal is
the following. The variation of the peak intensity and trans-
verse intensity distribution inside the filaments strongly af-
fects the spatial plasma density and its distribution[2,31].
The fluorescence signal originating from the ionization of
nitrogen molecules is proportional to the amount of electrons
in the plasma. Therefore, there is a close correlation between
the plasma density and fluorescence signal. This was shown
in our previous work on the feasibility of using the backscat-
tered fluorescence signal to measure the plasma filament
length and longitudinal distribution[31]. In the course of
multiple filamentation the amount of free electrons in the
plasma channels depends on the filament interaction which
would lead to the observed fluctuation of the BSF signals.

In Fig. 3 the 3D graph of all 300 shots at 40 mJ/pulse is
presented. In this graph thex axis is the direction of propa-
gation of the beam that is calibrated from the time scale of
the oscilloscope, and they axis represents the laser shot
number.

In some of the shots, as shown in Figs. 2 and 3, the signal
is too weak to be detected. First, we suspected that there was

no filamentation and hence, no white-light continuum gen-
eration during these shots. However, consistent strong signal
from the photodiode at the end of the corridor, as well as the
visual observation of the filament burn pattern on paper, in-
dicated that filamentation existed in all the shots. Turbulence
in air also could not have explained this strong fluctuation in
the signal. Natural refractive index fluctuations, which are
typically not larger than 10−6, could not lead to the observed
fluorescence signal disappearance.

Under the current laser pulse parameters, multiple fila-
ments were observed. Figure 4 shows two arbitrary images
of the filaments for two different shots with the same input
laser energy of 40 mJ 35 m away from the LIDAR system
where multiple filaments start to develop. These images are
taken by an ordinary digital camera(Canon A40) looking at
the surface of a white paper intercepting the beam. The speed
of opening of the diaphragm is set at 1/10 s in order to take
single-shot images since our laser operates at 10-Hz repeti-
tion rate. The image in Fig. 4(a) shows several nearly similar
hot spots, each representing a filament. One hot spot is
brighter than all the others. In another shot one filament
dominates the others[Fig. 4(b)]. A bright halo of conical
emission around this filament is the evidence that this domi-
nating filament has been developed earlier than the others in
both shots[Figs. 4(a) and 4(b)]. It is important to note that
multiple filament formation already started as the pulse
passed through the window of the vacuum pipe as shown in
Fig. 4(c), which was taken right after the exit window. In our
current experimental setup, there was no trivial way yet to
avoid the effect of window[25].

IV. NUMERICAL SIMULATIONS

In order to reveal the physical reason for the instability of
the fluorescence signal, we performed numerical simulations
of multiple filamentation and the formation of plasma chan-
nels in the pulse with initial perturbations on the beam pro-
file. Assuming that pulse propagation occurs along thez axis

FIG. 2. Four typical BSF signals detected by PMT using a
LIDAR technique. The first peak is due to the last mirror in the
setup(M3) and the last peak is from the beam stopper that is fixed
at the end of the corridor. The middle peaks are BSF signal. The
laser energy is(a) 39.4 mJ;(b) 42.4 mJ;(c) 39.4 mJ;(d) 42.4 mJ.

FIG. 3. Three hundred shots of BSF waveform detected by
MPT. The laser energy was fixed at 40 mJ/pulse.
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with the group velocityvg, the equation for the slowly vary-
ing amplitude of the electric fieldEsx,y,z,td is

2ikS ]E

]z
+

1

vg

]E

]t
D =

]2E

]x2 +
]2E

]y2 +
2k2

n0
sDnk + DnpdE − ikaE,

s1d

where the first two terms on the right-hand side of Eq.(1)
describe diffraction. In the third term we take into account
the nonlinearity of the medium. Following Ref.[27], we rep-
resent the Kerr contributionDnk in the form Dnkstd
=n2effstduEstdu2, where

n2 effstd =
1

2
n251 + uEstdu−2E

−`

t

Hst − t8duEst8du2dt86 . s2d

The response functionHstd was defined in Ref.[3]. For the
Gaussian pulse with 42-fs duration(at FWHM), n2effs0d
=0.57n2 and the effective critical power for self-focusing
Pcr eff=11.8 GW

The plasma contribution to the refractive indexDnp is
given by

Dnp = −
vp

2

2n0sv2 + nc
2d
S1 − i

nc

v
D , s3d

where vp=Î4pe2Ne/me is the plasma frequency,v is the
laser central frequency corresponding tol=800 nm, nc
=N0vesc is the effective electron collision frequency with the
root-mean-square electron velocityve and the electron colli-
sion cross sectionsc, N0 is the density of neutral molecules
(20% oxygen and 80% nitrogen).

The free-electron densityNesx,y,z,td depends on the spa-
tial coordinates and time according to the kinetic equation

]Ne

]t
= RsuEu2dsN0 − Ned + niNe − bNe

2, s4d

whereRsuEu2d is the ionization rate of neutrals andb is the
radiative electron recombination coefficient. The avalanche
ionization frequency is

ni =
1

W

e2E2

2mesv2 + nc
2d

nc, s5d

whereW is the ionization potential of the air molecules.
In the case of a femtosecond pulse propagation in atmo-

spheric density gases, the effective electron-neutral collision
frequencync is much smaller than the laser frequencyv
[32], and Eq.(3) for the plasma contribution to the refractive
index takes the form

Dnp = −
vp

2

2n0v2 . s6d

In addition, the avalanche ionization frequencyni is less than
the inverse pulse duration 1/t0 [32]; therefore, the avalanche
does not develop in atmospheric density air. Equation(4) can
be rewritten in the form

FIG. 4. (a),(b) Two different images obtained from the filament
evolution and development at 35 m away from the telescope, where
multiple filaments started to develop.(c) Image of the beam, inter-
cepting with a white paper at the exit of the window.
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]Ne

]t
= RsuEu2dsN0 − Ned, s7d

whereR is the ionization rates for oxygen and nitrogen mol-
ecules.

To calculate the ionization rateRsuEu2d in Eq. (4) we used
the model based on Perelomov, Popov, and Terentev(PPT)
[33] for the ionization of a hydrogen-like atom in the linearly
polarized electric fieldE. The values of the effective charges
of oxygen and nitrogen molecular ions are taken from Ref.
[34] in order to fit the experimental data on ion yields.

The last term on the right-hand side of(1) describes the
energy losses due to the ionization, where the absorption
coefficienta= I−1m"vs]Ne/]td, m is the order of the multi-
photon process,I =cn0uEu2/8p is the laser pulse intensity,
andk=2pn0/l is a wave number.

For the particular purpose of studying the effect of initial
spatial perturbations on multiple filamentation and the for-
mation of plasma channels in condensed medium by the ex-
ample of water and in atmospheric air, we have neglected the
terms associated with self-steepening and material dispersion
in Eq. (1). It is shown that these higher-order nonlinear ef-
fects mainly influence the temporal dynamics of the pulse as
well as the white-light continuum conversion efficiency and,
to a lesser extent, the spatial dynamics of the pulse intensity
[35]. The shortest durationtf of the front part of the pulse
after steepening is in the order of 8 fs and 3 fs for water and
air, respectively. Therefore, the characteristic dispersion
length t f

2/kv
” is 2100mm and 56 cm, respectively. At the

same time, the filament radiusaf in water is approximately
5 mm and in air 40mm. The corresponding longitudinal
scale of spatial transformationkaf

2 is 190mm in water and
1.25 cm in air. For both water and air the characteristic scale
of spatial transformationkaf

2 is much shorter than the char-
acteristic scalet f

2/kv9 of the temporal changes. Thus, the spa-
tial effects, which dominate the dynamics of multiple fila-
mentation, develop faster than the temporal effects.

The analysis of single-shot transverse fluence distribu-
tions at the CaF2 window of output of the vacuum system
[see Fig. 4(c)] shows the presence of several hot spots
formed due to the enhancement of the natural spatial pertur-
bations in this window. In order to understand the effect of
the input beam profile on the fluorescence yield, we shall
discuss a simpler model with two spatial inhomogeneities in
the input beam. This approach opens up the possibility to
find out the physical mechanism of the emergence of this
instability in the fluorescence signal. To model the inhomo-
geneities on the beam profile at the laser system output, the
initial distribution of the electric field complex amplitude
was taken as the sum of the two Gaussian functions

Esx,y,z= 0,td = e−t2/2t0
2
Esx,yd,

where

Esx,yd = E1 expF−
sy − y1d2 + x2

2a1
2 G

+ E2 expF−
sy − y2d2 + x2

2a2
2 G , s8d

where t= t−z/vg is the retarded time coordinate,E1,2,

s0,y1,2d, a1,2 are the amplitude, position, and radius of the
first (second) perturbation.

By introducing two deterministic inhomogeneities in the
beam profile, we study the effect of one parameter, namely
the distance between the perturbation maxima, on the fluo-
rescence signal amplification. Statistical analysis performed
on the basis of the actual intensity distribution is a problem
with many random parameters such as geometrical positions
and transverse size of hot spots, the value of the local fluence
maxima, the total pulse energy, etc. All of these values are
fluctuating from shot to shot. In order to obtain a quantitative
analysis to this stochastic problem it would be necessary to
use a Monte Carlo method in the numerical simulation.
However, we believe that such a detailed calculation will not
reveal the underlying physical mechanism of the observed
signal instability. Our main goal in this paper is to provide a
simple physical explanation of this phenomenon. As shown
below, the model given by Eq.(8) is sufficient to capture the
underlying physical mechanism of the fluorescence fluctua-
tion.

The value oft0=25 fs corresponds to the pulse duration
used in the experiment and equal to 42 fs at FWHM. The
peak power of the pulse(8) was calculated as

Ppeak=
cn0

8p
E
−`

`

E
−`

`

uEsx,ydu2dx dy. s9d

In the simulations the ratio of the peak power, Ppeak defined
in Eq. (9), to the critical power for self-focusing,Pcr eff was
varied from 1.5 to 20.

The system of Eqs.(1)–(5) was solved on a grid with
nonequidistant grid steps along bothx andy coordinates. The
size of the grid steps was dependent on the step number and
was decreased in the region of inhomogeneities. The overall
grid size wass4503450d in the transverse plane and 512
equidistant steps in the time domain. This is the maximum
possible size that could be processed on our computer(AMD
Athlon™ MP 1900+, 1 GB RAM). The number ofz steps
varied from 500 to 1000 and was larger for the larger ratio of
the pulse peak power to the critical power for self-focusing
in the medium. To check the validity of the simulations we
tested the phase growth between the current grid point and
the neighboring points in the directionssx,y,td at each
propagation step along the coordinatez. Throughout all the
calculations this phase growth did not exceed 0.3 rad.

V. SCENARIO OF THE FILAMENT COMPETITION

Laser pulse filamentation during the propagation of ul-
trashort high peak power laser pulses is a universal phenom-
enon that occurs in gases, liquids, and condensed matter. Due
to the lower order of multiphoton process in water(5-
photon) in comparison with air(8-photon), spatio-temporal
gradients of the electric field envelope in water are smaller
than in air. This allows us to follow the multiple filamenta-
tion process from the beginning, associated with the birth of
a first filament, till the end, marked by the survival of the last
filament out of the group. Therefore, we first consider water
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as a representative example to study multiple filamentation
and the interaction dynamics with relatively lower input
powerssPpeak/Pcr=4.02d. This will allow us to understand
the physical mechanism of multiple filamentation and inter-
action dynamics and its dependence on the initial laser pulse
parameters. We will discuss multiple filamentation in air in
the next section. In the simulations the Kerr and plasma non-
linearities arising in water were calculated according to Eqs.
(3)–(5), where the avalanche ionization is taken into account.
The detailed description of all of the constants used in these
equations can be found in Ref.[36].

The transverse fluence distribution is a quantity that can
be measured in most experiments for femtosecond laser
pulse propagation. Therefore, in Fig. 5[panels(a) to (f)] we
represent the scenario of filament competition by plotting the
fluence distribution as a function of propagation distance us-
ing an initial pulse duration of 42 fs propagating in water.
White solid curves show the profile of the fluence distribu-
tion along they axis sx=0d. Panel(a) shows the beam at the
entrance to the medium[see Eq.(8)]. The radius, position,
and peak intensity of the larger perturbation area1
=0.22 mm, y1=−0.22 mm, and I1=cuE1u2n0/8p=1.1
31010 W/cm2, respectively, and the same values for the
smaller perturbation area2=0.055 mm, y2=0.22 mm, I2
=cuE2u2n0/8p=43109 W/cm2. The resulting separation dis-
tance between the two maxima of Eq.(8) is d=1.1a1.

The fluence distribution at the laser system outputsz=0d
has two weakly pronounced maxima along the linex=0 [Fig.
5(a)]. Up to z=0.2zd, wherezd=ka1

2=38 cm, initial perturba-
tions evolve into two independent developed filaments[Fig.
5(b)]. This is the first stage of the filament competition sce-
nario. By “developed” filament we mean that a perturbation
has undergone through the full filamentation processes,
namely: GVD, linear diffraction, SPM, self-focusing, MPI/
TI, plasma defocusing and self-steepening. The signature of
the defocusing is in the rings surrounding any developed
filament. The two local minima at the top of the peaks shown
in the fluence profile of Fig. 5(b) prove that each of the
filaments is developed. With further propagation the radii of
transverse rings increase[8] and the two systems of rings
start to interfere with each other, since they are part of the
same laser pulse and thus are coherent. Starting fromz
<0.2zd the system of rings diverging from the filament lo-
cated at(x=0, y1=−0.22 mm) interacts with the system of
rings diverging from the second filament at(x=0, y2
=0.22 mm) and creates perturbations within the region
y1,y,y2. By z=0.3zd the “child” filament born from the
interference of the two “parent” filaments is developed in the
fluence distribution. In Fig. 5 the fluence distribution at this
distance is shown both in black and white color scale[Fig.
5(c)] and as a surface plot[Fig. 5(d)]. The ring at the top of
the larger perturbationsy1=−0.22 mmd shows clear asymme-
try relative to the filament axis, which is due to the radiation
coming from the smaller perturbationsy2=0.22 mmd. The
child filament located between the two parent filaments is a
developed filament itself since it has formed its own plasma
column and is surrounded by rings. The indication for this is
the slightly pronounced local minimum at the top of the
middle peak of the child filament[Fig. 5(d), y<0]. The for-
mation of the child filament due to the interference of the
ring systems produced by initially independent filaments is
the second stage of the competition scenario. Here, we note
that the interference of the divergent fields of filaments de-
veloped earlier in the propagation initiates the formation and
defines the position of new filaments.

Further in the propagation the geometrical configuration
of the interference pattern of the two parent filaments leads
to splitting of the third filament into two byz=0.45zd [Fig.
5(e)]. However, by this distance the pulse loses<20% of its
initial energy mainly due to the plasma heating. Therefore,
the necessary condition for the development of the fourth
mature filament(Ppeak/Pcrù4, see, e.g., Ref.[37]) is no
longer valid and there is not enough energy to feed four
filaments. The result of this competition for energy is the
disappearance of one of the parent filaments[see the deterio-
ration of the peak at the positiony=0.2 mm, x=0 in Fig.
5(e)]. Finally, at z=0.55zd only one filament survives the
competition[Fig. 5(f)]. The total energy loss at this distance
is not significantly high relative to the initial pulse energy.
However, most of the pulse energy is contained in the large
background of the beam as only a small percentage of the
total energy is channeled into the small core radius[compare
the size of the background in Figs. 5(b) and 5(c)]. We note
that after a certain propagation distance the number of fila-
ments decreases even without any energy losses. The reason
for this is the spatial transformation of the radiation from a

FIG. 5. The transverse fluence distribution demonstrating mul-
tiple filament competition in a 42-fs pulse propagating in water for
Ppeak/Pcr=4.023. Initial fluence distribution atz=0 (a); the two
independently developed parent filaments atz=0.2zd (b); the birth
of the child filament due to the interferencez=0.3zd (c),(d); dete-
rioration of one of the parent filaments atz=0.45zd (e); survival of
one filament atz=0.55zd (f). The color scale is the same for all plots
(a),(b),(c),(e),(f) and the white color corresponds to 0.144 J/cm2.
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Gaussian or nearly Gaussian to a higher order mode, for
which the critical power for self-focusing is larger than that
for a Gaussian mode. The decrease of the total number of
filaments due to both energy loss and spatial transformation
of the radiation and survival of one filament out of the group
are the third and the fourth stages of the filament competition
scenario, respectively. The decrease of the total number of
filaments due to both energy loss and spatial transformation
of the radiation is the third stage of the filament competition
scenario. Survival of one filament out of the group is the
fourth stage of the filament competition scenario.

Thus, the competition of filaments is a complicated dy-
namical process, which evolves in the direction of the pulse
propagation. The competition includes independent develop-
ment of the parent filaments from the initial perturbations;
interference of fields of the parent filaments, which leads to
the formation of the new perturbations; the birth of child
filaments from these new perturbations; redistribution of the
laser energy between all the filaments resulting in the sur-
vival of several filaments and disappearance of the others.

VI. FAVORABLE AND UNFAVORABLE CONDITIONS FOR
FILAMENT DEVELOPMENT

In the actual experimental conditions the location of inho-
mogeneities on the beam profile can vary from shot to shot.
To model this situation we considered the propagation in air
of the two pulses at the same input energy and, hence, the
same peak powerPpeak. The only parameter that was varied
was the separation distanced between the initial perturba-
tions, i.e., between the two maxima of the function given by
Eq. (8). In the initial pulse distribution(8) the radius of the
larger perturbation isa1=0.18 mm and for the smaller per-
turbation a2=0.045 mm. Their intensities were approxi-
mately the same,I1= I2<1013 W/cm2. We discuss two cases
of the relative location of the two perturbations:y1=−0.9a1,
y2=0.9a1 and y1=−0.75a1, y2=0.75a1, respectively. The
separation distances between the two maxima of the function
(8) are dlong=1.6a1=0.29 mm anddshort=1.15a1=0.2 mm
(30% less thandlong), respectively[Figs. 6(b) and 6(a)].

The chosen deviation of the distance between the pertur-
bations is close to the one observed in the experiment. In-
deed, the analysis of single-shot transverse fluence distribu-
tions at the output CaF2 window [see Fig. 4(c)] shows the
presence of several hot spots formed due to the enhancement
of the natural perturbations on the beam profile in the win-
dow. We have analyzedx andy cross sections of a group of
these fluence distributions and found that both cross sections
have the two major local maxima. The standard deviation of
the distance between the maxima from the mean value is
23%.

In the simulations, the 30% difference in distance between
the perturbations corresponds to the largest deviation ob-
tained from the analysis of the experimental data. We have
not performed random variation of this parameter with sub-
sequent statistical processing of laser shots since our model
describes the actual spatial inhomogeneities only qualita-
tively.

For the current case of propagation in air, the plasma con-
tribution to the refractive index was considered in the form

of Eq. (6) and the growth of electrons was found from Eq.
(7). During calculation of ionization rates, we used the val-
ues of the effective charges 0.53 and 0.9 for oxygen and
nitrogen molecular ions O2

+, N2
+, respectively. These values

provide the best fit to the experimental data on molecular ion
yield [34].

The ratio of the pulse peak power to the critical power for
self-focusing wasPpeak/Pcr=11 and the corresponding input

FIG. 6. The transverse fluence distribution for the shorter
dshort=1.15a1=0.2 mm (left column) and the longerdlong=1.6a1

=0.29 mm(right column) separation distances between the maxima
of the initial perturbations in a 42qfs pulse propagating in air. The
ratio Ppeak/PcrIeff is equal to 11.(a),(b) z=0; (c),(d) z=0.06zd; (e),(f)
z=0.08zd; (g),(h) z=0.1zd; (i),(j) z=0.13zd. The color scale is the
same for all panels(a)–(j) and the white color corresponds to
370 J/cm2.
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pulse energy was 5 mJ. Successive formation of multiple
filaments is shown in the fluence distribution(Fig. 6). Panels
(a),(c),(e),(g),(i) (left column) in Fig. 6 correspond to the
shorter separation distancedshort and panels(b),(d),(f),(h),(j)
(right column) correspond to the longer distancedlong. Larger
overlap of the initial perturbations for the case of the shorter
separation distancedshort leads to the earlier formation of the
first parent filament[z=0.06zd in Fig. 6(c)]. The propagation
distancez is scaled by the diffraction length of the first per-
turbationzd=ka1

2=25 cm.
In the case of a longer separation distance the two parent

filaments are formed nearly simultaneously atz<0.08zd, as
shown in Fig. 6(f). The birth of the child filaments occurs
earlier in the propagation direction for shorter distancedshort
than in the case of a longer distancedlong [Figs. 6(e) and
6(h)]. In the case ofdlong the first child filament is born
slightly beforez<0.1zd. One might notice that the ring struc-
ture of the perturbation located aty<−0.2 mm in Fig. 6(h) is
nearly undisturbed and only the edge rings “feel” the second
filament and participate in the child formation. Simulta-
neously, many interference strips are observed at the same
distance of 0.1zd for the case of shorter separation distance
dshort [Fig. 6(g)].

More intense interference results in the larger amount of
child filaments in panels(g),(i) in comparison with the pan-
els (h),(j). Moreover, for the farther location of initial pertur-
bations the region of the interference is smaller and the child
filaments are mainly located on the line connecting the cen-
ters of the two parent filaments[Figs. 6(h) and 6(j)[, while
some of the child filaments for the case of closer location of
initial perturbations are distributed in the wide region sur-
rounding the parents[Fig. 6(i)]. The latter would mean that
some child filaments would be born beside a parent filament
but not at a position along the axis between the two parent
filaments.

Thus, we can follow the first two stages of filament com-
petition scenario in Fig. 6: formation of independent fila-
ments in panels(c),(d),(f); birth of the first child in panels
(e),(h); further formation of child up to at leastz=0.13zd in
panels(g),(i),(j).

Temporally resolved dynamics of multiple filament for-
mation for the case of the shorter separation distancedshort is
shown in Fig. 7, where the equal-intensity contours are plot-
ted in the coordinatessy,td and the coordinatex is set to 0.
The propagation distance isz=0.12zd. The regions of the
contour condensation correspond to the filaments and show
their positions in space and time. We can see the formation
of at least nine developed filaments at this distance. The two
parent filaments aty=−0.14 mm andy=0.08 mm are formed
earlier in the pulse(t<−20 fs andt<−24 fs) and their de-
focusing rings start to interfere later byt<−16 fs. Within
the period −16 fs and till the central slice of the pulset
<0 fs six child filaments are formed and the seventh child is
born later on the intense wing of the parent filament att
<3 fs.

The evidence for the development of multiple filaments is
the presence of the plasma peaks corresponding to each of
them (see the left inset in Fig. 7). There is more plasma in
the parent filaments in comparison with the child filaments.
Different interference patterns in the two cases of larger and

shorter separation distances between the maxima of initial
perturbations lead to essentially different character of plasma
channels. We recall here that the electron density in air is
roughly proportional to the eighth power of the pulse’s peak
intensity. Thus, one might expect that even a slight intensity
variation in the interference pattern would lead to a notice-
able change in the plasma density and hence, in the fluores-
cence signal.

Maps of the electron density distribution in the plane par-
allel to the propagation directionsx=0,y,zd are plotted at the
end of the pulse in panels(a),(c) of Fig. 8. The panels(b) and
(d) show the transverse cross sections of the plasma atz
=0.15zd, and panel(e) demonstrates the linear electron den-
sity De, characterizing the total amount of free electrons in
the transverse beam section

Deszd =E
−`

`

E
−`

`

Nesx,y,zddx dy, s10d

whereNesx,y,zd is the electron density generated by the end
of the pulse.

In panels(a) and(b), corresponding to the shorter separa-
tion distancedshort, the peaks of the plasma density are higher
[see the plasma columns aty=−0.14 mm andy=0.08 mm in
Fig. 8(a)] and there is a larger number of secondary plasma
columns in comparison with the case shown in panels(d),(e),
especially in the range 0.08zd–0.11zd. The case of the shorter
distance between the initial perturbations is characterized by
the earlier start of the plasma atz<0.06zd instead of z
<0.08zd [compare Figs. 8(a) and 8(c)]. Thus, the larger
amount of free electrons in the beam cross section is ob-
tained at nearly all distancesz [Fig. 8(e)].

FIG. 7. Equal-intensity contoursIsx=0,y,td for the shorter
dshort=1.15a1=0.2 mm separation distance between the initial per-
turbations(right plot) and the corresponding electron density distri-
bution Nesx=0,yd at the end of the pulse. Propagation distancez
=0.12zd. Horizontal dashed lines show the plasma column corre-
sponding to each filament. The contours start from the minimum
contour Imin/ I0=0.7 and the interval between the contours is
DI / I0=4.0, whereI0=8.631012 W/cm2. N0 is the density of neu-
trals before the pulse. Horizontal dashed lines show the plasma
peak corresponding to each particular filament.
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VII. SIMULATIONS VERSUS EXPERIMENTAL RESULTS

The fluorescence signal recorded in the experiment de-
pends on the density of plasma and the length of the filament
[31]. Qualitatively, it might seem clear that the case of
shorter separation distance between the initial perturbation
on the beam profile results in larger amplified backscattered
fluorescence signal for two reasons: the earlier start of the
plasma and the larger number of the secondary plasma col-
umns formed by the child filaments.

The quantitative estimate of the backscattered fluores-
cence signalIBSF can be done on the basis of the following
equation[22], which describes the fluorescence amplification
in the plasma:

IBSFsx,y,Ld = Ispsx,y,l = 0dE
0

L

egsx,y,ldldl, s11d

where the distancel is measured from the end point of our
simulationsz=0.15zd sl =0d and l =L corresponds to the start
of the filament in the case of the shorter separation distance
sz=0.05zdd between the perturbations. In the absolute units
L=2.5 cm; therefore, the time of the backscattered signal
propagation along this distances0.08 nsd is less than the life-
time of the population inversion induced by electron-ion re-
combinations3 nsd and the integration(11) is valid over the

whole distanceL. For the simple estimate presented here, we
did not take into account the diffusion of electrons from the
filament region.

Under these assumptions the effective gain coefficient
gsx,yd is proportional to the plasma densityNesx,y, ld and
represents both absorption and amplification of the spontane-
ous emissionIsp

gsx,y,ld = aNesx,y,ldDS. s12d

In Eq. (12) a is the effective amplification per single electron
andnS is a unit area in the transverse beam section.

The effective amplification per single electrona can be
estimated from the effective gain coefficientg=0.3 cm−1

found as a fit to the experimental data in Ref.[22]. In the
estimate we assume that the electron density of 1016 cm−3 is
uniformly distributed over the area with the radius of 40mm
[38]. This givesa<6310−13. Substituting this value into
Eqs. (11) and (12) and using the simulated plasma density
Nesx,y, ld, we calculate the valueIBSFsx,y,Ld given by Eq.
(11). The fluorescence amplified from spontaneous emission
of multiple plasma channels is not coherent. Therefore, the
backscattered fluorescence signal measured experimentally is
proportional to the valueFBSFsx,y,Ld, obtained by integrat-
ing IBSFsx,y,Ld over the transverse aperture

FBSFsld =E
−`

`

E
−`

`

IBSFsx,y,lddx dy. s13d

The total energy of spontaneous emission in the channel is
given by

Fspsl = 0d =E
−`

`

E
−`

`

Ispsx,y,l = 0ddx dy. s14d

The calculated results are shown in Fig. 9, where in panel(a)
the aperture-integrated fluorescence signalFBSF is plotted as
a function of the distancel. In panel(b) the transverse dis-
tribution of the fluorescenceIBSF is plotted as a function of
the coordinatey for fixed x=0. The solid curves in both
panels(a) and (b) correspond to the shorter separation dis-
tance between the initial perturbations, while dashed curves
correspond to the longer separation distance. The larger in-
tegrated fluorescence signalFBSF is obtained in the case of
the closer location of the perturbations[Fig. 9(a)]. This stems
from the fact that transverse distribution of fluorescence fol-
lows the transverse plasma distribution and it is the strongest
at the positions of the most intense plasma columns[com-
pare the plasma density in Fig. 8(a) and the solid curve in
Fig. 9(b)]. For the closer location of perturbations the two
main peaks aty<−0.14 mm andy<0.08 mm are higher due
to the larger plasma density. Besides, the contribution of the
secondary plasma channels positioned in between the two
main peakss−0.12 mmøyø0.06 mmd is larger than in the
case of the longer distance between the perturbations[com-
pare the solid and dashed curves in Fig. 9(b)].

FIG. 8. Electron density distribution for the shorterdshort

=1.15a1=0.2 mm (a),(b) and the longerdlong=1.6a1=0.29 mm
(c),(d) separation distances between the maxima of the initial per-
turbations in a 42qfs pulse propagating in air. The ratio
Ppeak/PcrIeff=11. (a),(c) are the electron densityNesx=0,y,zd at the
end of the pulse.(b),(d) The transverse distribution of the electron
density Nesx,yd at z=0.15zd. The interval between the equal-
electron-density contours in panels(a)–(d) is 0.05N0; the minimum
electron density contour corresponds to the same value 0.05N0. (e)
The linear electron density at the end of the pulse[see Eq.(10)] for
shorter(solid curve) and longer(dashed curve) separation distances.
The linear density of neutralsD0 is given by D0=N0a1

2=8.75
31015 cm−1.
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As shown in the simulations, the two perturbations lo-
cated 30% closer to each other lead to the earlier start of the
plasma and the increase of the linear electron density by up
to a factor of 2 at some propagation regions[z
=0.09–0.12zd in Fig. 8(e)]. Electron density increase results
in the larger estimated backscattered fluorescence signal
(Fig. 9). The scenario of the filament competition is in this
case favorable for the formation of a longer and more intense
plasma channel and, as a consequence, a stronger fluores-
cence signal.

To find out the effect of the laser energy fluctuation on the
fluorescence signal, we have decreased the energy of the
input pulse given by Eq.(8) by 6% for the case of the shorter
separation distance between the initial perturbations. The
corresponding BSF signal integrated over the transverse ap-
erture closely follows the original signal[compare the solid
and dotted lines in Fig. 9(a)] and essentially exceeds the
signal for the longer separation distance[compare the dotted
and dashed lines in Fig. 9(a)]. The transverse fluorescence
distribution IBSF for the case of the decrease of 6% of input
pulse energy[dotted line in Fig. 9(b)] can hardly be distin-
guished from the case without energy decrease[solid curve
in Fig. 9(b)]. The difference between the curves is mainly

pronounced in the two highest intensity peaks located aty
<−0.14 mm andy<0.08 mm. Thus, the change of the sepa-
ration distance between the perturbations on the beam profile
has a much larger effect on the plasma distribution along the
filament and the resulting backscattered fluorescence signal
than the laser energy fluctuations.

The simulations are in qualitative agreement with the ex-
perimental results. Earlier development of filaments and,
hence, the plasma channel in some shots in the experiment
can be seen in Fig. 4 at a distance of 35 m from the com-
pressor.(The propagation distance of 35 m in the experiment
corresponds to 0.05zdIexp, wherezdIexp=ka0Iexp2=608 m is the
diffraction length of the experimental beam with the radius
of a0Iexp=0.88 cm ate−1 of intensity level.) Larger radius of
the conical emission rings in Fig. 4(b) is evidence of the fact
that the source of white light in this shot is located earlier in
the propagation than the case shown in Fig. 4(a). Qualita-
tively, the experimental shot shown in Fig. 4(b) corresponds
to the case of the shorter separation distance between the
initial perturbations in the simulations, and the shot shown in
Fig. 4(a) corresponds to the longer separation distance. The
larger halo surrounding the filament in Fig. 4(b) corresponds
to the larger radius of the white-light conical emission rings.
Since the conical emission angles are similar for any propa-
gation distance[7], larger ring radius indicates that the
source of the emission is located earlier in the propagation
direction. Thus, we can assume that the filament in Fig. 4(b)
started earlier in the propagation than the one in Fig. 4(a). By
comparing Fig. 4(b) with Fig. 6(e), one can see that for the
case of the shorter separation distance in the simulations the
earlier developed filament[Fig. 6(c), z=0.06zd] produces a
halo in Fig. 6(e), z=0.08zd. At the same time, for the case of
the longer separation distance we see just two hot spots in
Fig. 6(f) at the similar distancez=0.08zd. That means in the
simulations at the same propagation distance the existence or
the lack of the halo depends on the initial separation distance
between the perturbations. Hence, for the experimental shots
taken at the same distance, the shot with larger halo in Fig.
4(b) corresponds to the case of the closer location of the
initial perturbations, while the shot in Fig. 4(b) corresponds
to the farther location of the perturbations. Knowing that in
the simulations the closer located perturbations(Fig. 6, left
column) lead to the stronger fluorescence signal, we might
expect that the fluorescence signal in the shot shown in Fig.
4(b) would be larger than in the shot shown in Fig. 4(a).

Thus, random fluctuations of the distance between the hot
spots in the experiment lead to either a favorable or unfavor-
able situation for the plasma channel formation, which gen-
erates either strong or weak backscattered fluorescence sig-
nal from one laser shot to another as shown in Figs. 2 and 3.

VIII. CONCLUSIONS

In summary, we measured the backscattered fluorescence
signal from nitrogen molecules generated from a 42-fs pulse
centered at 800 nm with input energies ranging from
20 to 60 mJ/pulse in air. We found that the fluorescence
yield exhibits irregular changes from laser shot to shot that
cannot be explained by laser fluctuations. Images of multiple

FIG. 9. Fluorescence signal estimated from the simulated
plasma density.(a) Integrated over the aperture signalFBSFsld [see
Eq. (13)]; (b) transverse distribution of the fluorescenceIBSFsx
=0,y,Ld [see Eq.(11)]. In both panels(a) and (b) solid curve cor-
responds to the shorterdshort=1.15a1=0.2 mm and dashed curve
corresponds to the longerdlong=1.6a1=0.29 mm separation dis-
tance between the maxima of the initial perturbations in a 42-fs
pulse propagating in air with the ratioPpeak/PcrIeff=11. In both
panels(a) and(b) dotted curve corresponds to the shorter separation
distance and 6% of the energy decrease in the initial pulse. In panel
(b) dotted curve nearly coincides with the solid curve. The arrows
indicate the startsl =0d and the endsl =Ld of the fluorescence am-
plification region.
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filaments observed in the experiment indicate that the fila-
ment starting position and development is different for each
laser shot. The reason for this is that multiple filament com-
petition follows different scenarios depending on the dis-
tance between the perturbations on the beam profile, which
changes from laser shot to shot.

In general, the filament competition consists of several
stages including independent formation of filaments, the
birth of the child filaments from the interference of the ring
structures of the initially developed filaments, decrease of the
total number of filaments due to both energy loss as well as
the spatial transformation of the radiation, and the survival of
one filament out of the group.

We have studied the effect of the initial perturbations on
the beam profile on the filament competition scenario, for-
mation of plasma channels, and amplification of backscat-
tered fluorescence signal. In the case of the closer separation
of the initial perturbations, the interference of the ring struc-
tures leads to the formation of a larger number of child fila-
ments and, as a consequence, a more intense and longer
plasma channel, which gives rise to a higher fluorescence
signal. This conclusion was confirmed in a recent experiment
in which the diameter of the same laser pulse was reduced
3.3 times to about 7.5 mm by an inverted telescope. The
initial hot spots/filaments were thus closer to one another.
Indeed, the BSF signal from the full 100-m range was very
stable without any “fluctuation” of the type shown in Figs. 2

and 3. (The details of these results will be reported else-
where.) In the case of the larger separation distance between
the initial perturbations the plasma channel starts later in the
propagation and the number of electrons in nearly each cross
section is smaller as compared to the closer location of the
perturbations. The resulting backscattered fluorescence sig-
nal is thus much weaker. The change of the relative position
between the perturbations has a larger effect on the plasma
density and the fluorescence signal in comparison with the
laser energy fluctuations.

Finally, the understanding of the initiations of multiple
filaments, consequent propagation, and interaction dynamics
is important in the control of random fluctuations of the input
laser pulse that may lead to longer propagation distances,
which is particularly important for LIDAR applications.
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