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Competition of multiple filaments during the propagation of intense femtosecond laser pulses
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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 spotdilamentg in between, and thus give the appearance of ftigon or
branchingof filaments.
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I. INTRODUCTION 300-420 nm[16,21]. Recent observation proved that this

The propagation of intense femtosecond near-ir lasefluorescence is amplified along the filamgRe].
pulses in the atmosphere has been the subject of interest both N & terawatt peak power laser pulse which corresponds to
experimentally and theoretically during the last few yearsseveral hundred times the critical power for self-focusing in
due to its potential applications such as atmospheric remotair, breakup of the laser beam into multiple filaments is un-
sensing and lightning discharge contf@]. The propagation avoidable in practicesee, e.g., Ref§l1,23-25.) The genera-
of intense femtosecond laser pulses in bulk transparent opttion of multiple filaments may originate from both laser fluc-
cal media is complicated in general since it involves thetuations as well as index variations inside the optical
strong reshaping of the spatial and temporal profile of thenedium. Experimental studies on multiple filament forma-
laser pulse through a combined action of linear and nonlinediton from two large-scale initial perturbations revealed that at
effects. These effects include group-velocity dispersionrmoderate pulse energi¢s—5 mJ in 50-fs pulses centered at
(GVD), linear diffraction, self-phase modulatio(SPM), 800 nn) two hot spots developed from each of the perturba-
self-focusing, multiphoton/tunnel ionization(MPI/TI), tions which subsequently coalesced into one central lobe
plasma defocusing, and self-steepenii2g-6]. These pro- [26]. At higher input pulse energyl4 mJ in 42-fs pulses
cesses result in the formatigperception of a so-called fila- centered at 800 nyreach of the two hot spots on the initial
ment with high spatio-temporal localization of the light field beam profile evolved in two interacting filamen7]. The
and complicated dynamic structure of rings surrounding thignteraction between the two filaments manifests itself as an
localized radiatior{7-9]. The filamentation process depends interference of transverse ring structures from each filament.
mainly on two competing processes. First, the spatial intenThe region of the interaction between the filaments was
sity profile of the laser pulse acts like a focusing lens due tdarger if the filamentation started earlier in the propagation.
the optical Kerr effect. This causes the beam to self-focus]he initial stage of the interaction associated with the devel-
resulting in an increase of the peak intensity. At high peakopment of the perturbations into multiple filaments can be
intensity, multiphoton ionization of the medium sets in anddescribed on the basis of the stationary self-focusing theory
creates a low-density plasma, causing the beam to defocu27,2§. However, when the collapse initiated by self-
The dynamic balance between self-focusing and plasma déecusing occurs, only nonstationary theory with time-
focusing repeats itself, giving the appearance of a stable filadependent ionization, which stops the collapse, can describe
ment [6]. In the course of filamentation, the pulse self- further transformation of the pulse into filaments, etc. In Ref.
transforms into a white-light chirped laser pulse known ag29] the evolution of the pulse with initialegular modula-
supercontinuum generatiof8CG [10-13. The maximum tion across the beam profile was studied in the framework of
pulse intensity in air is of the order of 6103 W/cn?  the(x,y,z,t) propagation model. In most real-life conditions,
[13-15. Under such high peak intensity, atoms and mol-the initial perturbations on the beam profile and the refractive
ecules with an ionization potential of up te16 eV can be index of atmospheric air aieregular. In a terawatt pulse the
ionized and/or excited through MPI/TL6-2(. Subsequent starting position of filaments can vary within 10 m due to
collisional electron-ion recombination as well as radiativerefractive index fluctuations induced by atmospheric turbu-
decay gives rise to a nonlinear fluorescence signal, which fdence [30]. Thus, multiple filamentation caused by the ran-
the excited nitrogen molecules and ions i in the range of dom formation of multiple filaments and their subsequent
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interaction is of a random character. As a result, the accom- Protwdiode o Filter
panying plasmaionization channel and the associated non- M3 wrrvYYTYYITT, Y
linear nitrogen fluorescence signal are not stable. The unden__Lidar rTYYYYVYVLS 4 > D
standing of the fluctuations of the fluorescence signal is  PMT Fluorescence Beam
essential for femtosecond light detection and randinlg osc.| M M radiation stop
DAR) type of applications. .
In this work, we study the backscattered fluorescence
(BSH) 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 bac_kscattered signals varied significantly fro_m Ti'S Laser system
shot to shot despite the stable laser pulse energy. Numerice 42 fs, 800 nm
simulations show that this variation is due to the competition
bations on the beam profile. The scenario of multiple fila-are dielectric mirrors.
ment competition is very sensitive to the relative location of
the initial perturbations. As a result, the plasma channels angl
the amplified backscattered fluorescence signal strongly deff
pend on the intensity fluctuations in the beam profile and on
the relative distance between hot spots.

Pipe
10m

its only the UV region, covering the major spectral lines
om 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
Il. EXPERIMENTAL SETUP monitor the occurrence of the white light propagating in the

) ] forward direction and, hence, the occurrence of filaments.
The versatile multibeam femtosecond laser system used iBne 800-nm dielectric mirror and a green filter are used in

this experiment was built by Spectra-Physi&P/Positive  front of the photodiode to observe a single color of the white
Light. It consists of a regenerative amplifier SystesP, spit-  jight. The PMT and photodiode are connected to a 1-GHz-
fire) based on a Ti:sapphire oscillat@P, Tsunami, pumped pandwidth oscilloscopéTektronix TDS 7254, 2.5-GHz sam-
by Millennia). A beam with a repetition rate of 10 Hz is pling rate having a 50€) input impedance. Another photo-
extracted from the 1-KHz output of the regenerative ampli-giode is put behind one of the reflection mirrors in the TW
fier using a pulse slicer. This beam is sent to a four-'pasEump beam path in order to trigger all channels. Since the
Ti:sapphire amplifier, pumped by the second harmonic Okjgnals from the first two detectors will arrive with different
two Nd:YAG lasers(SP, GCR-350, 10 Hz, 900 mJ/pulse gelay with respect to the trigger channel, a special data ac-
Finally, the pulse is compressed to 4AFVHM) measured  qyisition program is developed usingBviEW software to

using a single shot auto-correlai@tositive Light SSA. The  ¢qjiect data arising from the same pulse.
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. For each laser energy, we recorded successive waveforms
The pulse energy can vary from a few mJ to 85 mJ after thecquired from the oscilloscope for 300 shots. The experiment
compressor. The beam is then guided to the corritborgth  was done with different energies of the laser pulse. Figure 2
101 m) through a 10-m vacuum pipe with a 1.5-cm-thick shows four representative waveforms of the signal for laser
CaF, window. The pipe is linked directly to the compressor, pulses with an energy around 40 mJ/pulse. The relative fluc-
which is vacuumed to I8 Torr. This is to avoid self- tuations of laser energy from shot to shot are within 6% for
focusing in air before the pulse enters the corridor. positive deviation from the average value and 2.5% for the
The top view of the experiment setup is shown schematinegative deviation. In all panels froa) to (d) the first peak
cally in Fig. 1. The BSF is detected by a PMMamamatsu is due to the scattering of the pump pulse from the last mirror
R7400P, with 1-ns response time; gainxI(®) through a in the setup(M3), and the last peak is from the beam stop
LIDAR system. The latter consists of a Newtonian telescopehat is fixed at the end of the corridor. The middle peaks are
with a spherical mirro$=16.5 cm of focal length 90 cm  due to BSF signals. A close analysis of the BSF signal dis-
and a small flat mirro¢=3 cm) mounted 10 cm before the tributions shown in Fig. 2 demonstrates that the fluorescence
focal point of the spherical mirror with 45-deg angle to re-signal is very irregular along the filameffigs. 2a) and
flect the collected light onto the PMT mounted at the side2(b)]. The irregularity is not the differences in the signal
The field of view of the telescope is equal to 20 mrad. Twoprofile but that in certain shots no significant signal is de-
broadband dielectric mirrors reflecting around 800+25 nntected at all. When a strong signal is detected it can be seen
are put in front of the PMT to eliminate any backscatteringthat it is made up of many peaks along the propagation di-
of the fundamental laser light. Also, a bandpass f{lté¢& 11, rection where the amplitude of the peaks decreases in general
4 mm thick, passing 200 to 400 nris set between the PMT with propagation distance. The fluorescence yield changes
and the 800-nm dielectric mirror. This bandpass filter transrandomly from shot to shot without a correlation with the

I1l. BACKSCATTERED FLUORESCENCE SIGNAL

033802-2



COMPETITION OF MULTIPLE FILAMENTS DURING.. PHYSICAL REVIEW A 70, 033802(2004)

Z(a
0.8]
0.6]
0.4]
0.2]
0.0

BSF signal (arb. units}

(o

0.8
0.6
0.4]
0.2
0.0

BSF signal (arb. units)

(c

0.8 vy ¥
0.6
0.2

' ' ' ' ' ' ' FIG. 3. Three hundred shots of BSF waveform detected by
MPT. The laser energy was fixed at 40 mJ/pulse.
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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
FIG. 2. Four typical BSF signals detected by PMT using athe signal. Natural refractive index fluctuations, which are
LIDAR technique. The first peak is due to the last mirror in the typically not larger than 1®, could not lead to the observed
setup(M3) and the last peak is from the beam stopper that is fixedfluorescence signal disappearance.
at the end of the corridor. The middle peaks are BSF signal. The Under the current laser pulse parameters, multiple fila-
laser energy ia) 39.4 mJ;(b) 42.4 mJ;(c) 39.4 mJ;(d) 424 mJ.  ments were observed. Figure 4 shows two arbitrary images
of the filaments for two different shots with the same input
Il]aser energy of 40 mJ 35 m away from the LIDAR system
where multiple filaments start to develop. These images are
ken by an ordinary digital came(@anon A40Q looking at
the surface of a white paper intercepting the beam. The speed
Figs. ab) and 2d)]. of opening of the diaphragm is set at 1/10 s in order to take

The physical origin of the irregular fluorescence signal isﬁlngle—tshc_)rth|m.ages S‘.'nff on;r Iakl]ser operatef at 1|0'H.Z rlepetl—
the following. The variation of the peak intensity and trans-r'lo? ra et. N m;]age n 'g'f[. ) S ovﬁ sevetra Onear%/ St'm' at[ .
verse intensity distribution inside the filaments strongly af- ot Spots, each representing a filament. ©ne not Spot 1S

: : : P brighter than all the others. In another shot one filament
fects the spatial plasma density and its distributj@r81]. . . . )
The fluorescence signal originating from the ionization Ofdomlnates the otherfFig. 4b)]. A bright halo of conical

nitrogen molecules is proportional to the amount of electron$MISSIoN around this filament Is the ewdgnce that this dom'.’
in the plasma. Therefore, there is a close correlation betwe hating f|Iamgnt has been developeq earlier than the others in
the plasma density and fluorescence signal. This was sho th shotgFigs. 4a) and 4b)]. It is important to note that

in our previous work on the feasibility of using the backscat—mUIt'plgtg”amin:hformfﬁ'on e;litheady started_ as theh P“'S_e
tered fluorescence signal to measure the plasma filamefiftSS€d througn the window OT th€ vacuum pIpe€ as shown in

length and longitudinal distributiofidl]. In the course of 9. 4(c), Wh'c.h was taken right after the exit \(v[ndow. In our
multiple filamentation the amount of free electrons in thecurrent expenmentall setup, there was no trivial way yet to
plasma channels depends on the filament interaction WhicﬂvOld the effect of window25].
would lead to the observed fluctuation of the BSF signals.
In Fig. 3 the 3D graph of al[ 390 shot; at 40 mJ/pulse is IV. NUMERICAL SIMULATIONS
presented. In this graph theaxis is the direction of propa-
gation of the beam that is calibrated from the time scale of In order to reveal the physical reason for the instability of
the oscilloscope, and thg axis represents the laser shot the fluorescence signal, we performed numerical simulations
number. of multiple filamentation and the formation of plasma chan-
In some of the shots, as shown in Figs. 2 and 3, the signaiels in the pulse with initial perturbations on the beam pro-
is too weak to be detected. First, we suspected that there wéife. Assuming that pulse propagation occurs alongztagis

08 TNV v
06 ‘ no filamentation and hence, no white-light continuum gen-

BSF signal (arb. units)
o
S

0 20 40 60 80 100 120
Distance (m)

laser energy fluctuations. For example, in Figs) 2nd Zc)
the pulse energy is the same, while the signal exists only i
the distribution shown in Fig. (2). At the same time the
increase in energy above the average level of 40 mJ does n
necessarily leads to the appearance of the sifg@hpare
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with the group velocity,, the equation for the slowly vary-
ing amplitude of the electric fiel&(x,y,z,t) is
(dE 10E\ &PE PE 2K?
2ik —— =

—+ =—+—+—(Ang+ Any)E - ikaE,
gz vgdt) R oy ng (ANt ANpE ke
1)

where the first two terms on the right-hand side of Eq.
describe diffraction. In the third term we take into account
the nonlinearity of the medium. Following R¢27], we rep-
resent the Kerr contributionAn, in the form Any(t)
=nyer(t)|E(1)[%, where

t

1
N erft) = 5N, 1+|E(t)|‘2f H(t-t)|E)[%dt (. (2)

—0

The response functioH(t) was defined in Ref{3]. For the
Gaussian pulse with 42-fs duratigf@at FWHM), nye(0)
=0.57n, and the effective critical power for self-focusing
Pcr eff:11-8 GW

The plasma contribution to the refractive indéx, is
given by

2
Any=—— B (1—i"°), 3)
2ng(w” + vy) 1)

where wp:\“““47-re2Ne/rne is the plasma frequencyy is the
laser central frequency corresponding x&=800 nm, v,
=Ngveo is the effective electron collision frequency with the
root-mean-square electron velocity and the electron colli-
sion cross sectiom., Ny is the density of neutral molecules
(20% oxygen and 80% nitroggen

The free-electron densify«(x,y,z,t) depends on the spa-
tial coordinates and time according to the kinetic equation

%Ne = ROED(No - Ng) + iNq - BN, (@)

whereR(|E|?) is the ionization rate of neutrals amglis the
radiative electron recombination coefficient. The avalanche
ionization frequency is

1 =

e i 5
W2m(? + 8 ©

Vi

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
frequency v, is much smaller than the laser frequeney
[32], and Eq.(3) for the plasma contribution to the refractive
index takes the form

2
w

An,= - —25. 6
P 2n0(1)2 ( )

FIG. 4. (a),(b) Two different images obtained from the filament [N addition, the avalanche ionization frequengys less than
evolution and development at 35 m away from the telescope, wherthe inverse pulse duration /[32]; therefore, the avalanche

multiple filaments started to develog) Image of the beam, inter-
cepting with a white paper at the exit of the window.

does not develop in atmospheric density air. Equai@can
be rewritten in the form
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N (0,y1,0), a;» are the amplitude, position, and radius of the
76 =R(E)(No—No), (7) first (second perturbation.

By introducing two deterministic inhomogeneities in the
whereR is the ionization rates for oxygen and nitrogen mol- heam profile, we study the effect of one parameter, namely
ecules. o ) the distance between the perturbation maxima, on the fluo-

To calculate the ionization raR(|E[?) in Eq.(4) we used  yrescence signal amplification. Statistical analysis performed
the model based on Perelomov, Popov, and Tere®&) o the basis of the actual intensity distribution is a problem
[33] for the ionization of a hydrogen-like atom in the linearly \yith many random parameters such as geometrical positions
polarized electric field. The values of the effective charges 5 ransverse size of hot spots, the value of the local fluence
of oxygen and nitrogen molecular ions are taken from Refy55ima the total pulse energy, etc. All of these values are
[34] in order to fit the experimental data on ion yields. fluctuating from shot to shot. In order to obtain a quantitative

The last term on the ngh_t-h_and_ side (@) describes the ._analysis to this stochastic problem it would be necessary to
energy losses due to the ionization, where the absorption

Coeinta--miolon ). e gt of et o0, 2, M7, Caro methe i the numericl siulatn
photon process|=cny|E|?/87 is the laser pulse intensity, ’

andk=2mn,/\ is a wave number reveal the underlying physical mechanism of the observed

For the particular purpose of studying the effect of initial Signal instability. Our main goal in this paper is to provide a
spatial perturbations on multiple filamentation and the for-Simple physical explanation of this phenomenon. As shown
mation of plasma channels in condensed medium by the exXRelow, the model given by E8) is sufficient to capture the
ample of water and in atmospheric air, we have neglected thénderlying physical mechanism of the fluorescence fluctua-
terms associated with self-steepening and material dispersidtn-
in Eq. (1). It is shown that these higher-order nonlinear ef- The value ofry=25 fs corresponds to the pulse duration
fects mainly influence the temporal dynamics of the pulse agsed in the experiment and equal to 42 fs at FWHM. The
well as the white-light continuum conversion efficiency and,peak power of the pulsg) was calculated as
to a lesser extent, the spatial dynamics of the pulse intensity
[35]. The shortest duratiom; of the front part of the pulse cho
after steepening is in the order of 8 fs and 3 fs for water and Poeak= —f f |E(x,y)[%dx dy. (9)
air, respectively. Therefore, the characteristic dispersion 87
length f/k:u is 2100um and 56 cm, respectively. At the
same time, the filament radiws in water is approximately In the simulations the ratio of the peak poweg.fRdefined
5 um and in air 40um. The corresponding longitudinal in Eq. (9), to the critical power for self-focusind®,, . was
scale of spatial transformaticke? is 190 um in water and  varied from 1.5 to 20.

1.25 cm in air. For both water and air the characteristic scale The system of Eqs(1)<(5) was solved on a grid with

of spatial transformatiolka? is much shorter than the char- nonequidistant grid steps along batandy coordinates. The
acteristic scale?/k’ of the temporal changes. Thus, the spa-size of the grid steps was dependent on the step number and
tial effects, which dominate the dynamics of multiple fila- was decreased in the region of inhomogeneities. The overall
mentation, develop faster than the temporal effects. grid size was(450x 450 in the transverse plane and 512

The analysis of single-shot transverse fluence distribuequidistant steps in the time domain. This is the maximum
tions at the Cafwindow of output of the vacuum system possible size that could be processed on our comgatdD
[see Fig. 4c)] shows the presence of several hot spotsathlon™ MP 1900+, 1 GB RAM. The number ofz steps
formed due to the enhancement of the natural spatial pertutaried from 500 to 1000 and was larger for the larger ratio of
bations in this window. In order to understand the effect ofthe pulse peak power to the critical power for self-focusing
the input beam profile on the fluorescence yield, we shalin the medium. To check the validity of the simulations we
discuss a simpler model with two spatial inhomogeneities inested the phase growth between the current grid point and
the input beam. This approach opens up the possibility tehe neighboring points in the directionx,y,7) at each
find out the physical mechanism of the emergence of thigropagation step along the coordinateThroughout all the

instability in the fluorescence signal. To model the inhomo-calculations this phase growth did not exceed 0.3 rad.
geneities on the beam profile at the laser system output, the

initial distribution of the electric field complex amplitude

o o

—00 —00

was taken as the sum of the two Gaussian functions V. SCENARIO OF THE FILAMENT COMPETITION

E(x,y,z=0,7) :e—#/zTgE(X y) Laser pulse filamentation during the propagation of ul-
o ' o trashort high peak power laser pulses is a universal phenom-
where enon that occurs in gases, liquids, and condensed matter. Due

(y—yp)2+ X2 to the lower order of multiphoton process in watd-
E(x,y) = E; exp - 1—2 photon in comparison with aig8-photor), spatio-temporal
2a ; i E ;
1 gradients of the electric field envelope in water are smaller

(y—y2)2+x2} than in air. This allows us to follow the multiple filamenta-
+Eyexpl ————|,

o2 (8)  tion process from the beginning, associated with the birth of
2 a first filament, till the end, marked by the survival of the last
where 7=t-z/vy is the retarded time coordinateg; ,, filament out of the group. Therefore, we first consider water
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The fluence distribution at the laser system oufzzt0)
has two weakly pronounced maxima along the haed [Fig.
5(8)]. Up to z=0.2z,, Wherezd:ka§:38 cm, initial perturba-
tions evolve into two independent developed filamdfig.
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/
TIl, 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. ®) prove that each of the
filaments is developed. With further propagation the radii of
transverse rings increag8] 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 from
=~ 0.2z, the system of rings diverging from the filament lo-
cated at(x=0, y;=-0.22 mnm) interacts with the system of
rings diverging from the second filament &=0, vy,
=0.22 mm and creates perturbations within the region
y1<y<Y,. By z=0.3, the “child” flament 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 sd&lig.
5(c)] and as a surface pl§Fig. 5d)]. The ring at the top of
FIG. 5. The transverse fluence distribution demonstrating multhe larger perturbatiofy; =—0.22 mm shows clear asymme-
tiple filament competition in a 42-fs pulse propagating in water forry re|ative to the filament axis, which is due to the radiation
Ppead Por=4.023. Initial fluence distribution at=0 (a); the two coming from the smaller perturbatiofy,=0.22 mn). The
independently developed parent filamentza0.2zq (b); the birth iy filament located between the two parent filaments is a
of the child filament due to the interferenze 0.2 (,C)'(d);. dete- developed filament itself since it has formed its own plasma
rioration of one of the parent filaments &t 0.45 (e); survival of . . P -

: _ : column and is surrounded by rings. The indication for this is
one filament az=0.55 (f). The color scale is the same for all plots the slightly pronounced local minimum at the top of the
(a@),(b),(c),(e),(f) and the white color corresponds to 0.144 J?cm middle peak of the child filamerEig. 5d), y=~0]. The for-

mation of the child flament due to the interference of the

as a representative example to study multiple filamentatiofing systems produced by initially independent filaments is
and the interaction dynamics with relatively lower input the second stage of the competition scenario. Here, we note
powers (Ppead Po=4.02. This will allow us to understand that the interference of the divergent fields of filaments de-
the physical mechanism of multiple filamentation and inter-veloped earlier in the propagation initiates the formation and
action dynamics and its dependence on the initial laser pulsgefines the position of new filaments.
parameters. We will discuss multiple filamentation in air in  Further in the propagation the geometrical configuration
the next section. In the simulations the Kerr and plasma nonef the interference pattern of the two parent filaments leads
linearities arising in water were calculated according to Eqsto splitting of the third filament into two by=0.4%, [Fig.
(3)5), where the avalanche ionization is taken into account5(e)]. However, by this distance the pulse l0se20% of its
The detailed description of all of the constants used in thesgitial energy mainly due to the plasma heating. Therefore,
equations can be found in R¢B6]. the necessary condition for the development of the fourth

The transverse fluence distribution is a quantity that camature filament(Ppead Po=4, see, e.g., Ref[37]) is no
be measured in most experiments for femtosecond lasetnger valid and there is not enough energy to feed four
pulse propagation. Therefore, in Fig[Banels(a) to (f)] we  filaments. The result of this competition for energy is the
represent the scenario of filament competition by plotting thelisappearance of one of the parent filamgsé the deterio-
fluence distribution as a function of propagation distance usration of the peak at the positiop=0.2 mm,x=0 in Fig.
ing an initial pulse duration of 42 fs propagating in water.5(e)]. Finally, at z=0.55, only one filament survives the
White solid curves show the profile of the fluence distribu-competition[Fig. 5f)]. The total energy loss at this distance
tion along they axis (x=0). Panel(a) shows the beam at the is not significantly high relative to the initial pulse energy.
entrance to the mediurfsee Eq.(8)]. The radius, position, However, most of the pulse energy is contained in the large
and peak intensity of the larger perturbation as¢  background of the beam as only a small percentage of the
=0.22 mm, y;=-0.22mm, and l,=c|E,>ny/87=1.1 total energy is channeled into the small core radasnpare
X 101° W/cn?, respectively, and the same values for thethe size of the background in Figs(bp and 5c)]. We note
smaller perturbation area,=0.055 mm, y,=0.22 mm, |, that after a certain propagation distance the number of fila-
=c|E,|?ny/8m=4x 10° W/cn?. The resulting separation dis- ments decreases even without any energy losses. The reason
tance between the two maxima of E®) is d=1.1a,. for this is the spatial transformation of the radiation from a

05 0
X (mm) X (mm)

033802-6



COMPETITION OF MULTIPLE FILAMENTS DURING.. PHYSICAL REVIEW A 70, 033802(2004)

Gaussian or nearly Gaussian to a higher order mode, for b
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 poweP ... The only parameter that was varied
was the separation distancebetween the initial perturba-
tions, i.e., between the two maxima of the function given by
Eqg. (8). In the initial pulse distributior{8) the radius of the
larger perturbation i®;=0.18 mm and for the smaller per-
turbation a,=0.045 mm. Their intensities were approxi-
mately the samd,=1,~10"W/cn?. We discuss two cases
of the relative location of the two perturbationg=-0.%,,
y,=0.9, and y;=-0.7%,;, y,=0.75,, respectively. The
separation distances between the two maxima of the function
(8) are dipng=1.62;=0.29 mm anddgpe=1.1%=0.2 mm
(30% less tham,,g), respectivelyfFigs. &b) and Ga)].

The chosen deviation of the distance between the pertur-
bations is close to the one observed in the experiment. In- 05 0 O
deed, the analysis of single-shot transverse fluence distribu- X (mm)
tions at the output CaFwindow [see Fig. 4c)] shows the
presence of several hot spots formed due to the enhancementFIG. 6. The transverse fluence distribution for the shorter
of the natural perturbations on the beam profile in the win-dshor=1.1%7=0.2 mm (left column) and the longerdong=1.68;
dow. We have ana|yzexj andy cross sections of a group of =0.29 mm(rlght columr) separation distances between the maxima
these fluence distributions and found that both cross sectior®d the initial perturbations in a 42fs pulse propagating in air. The
have the two major local maxima. The standard deviation of&tio Ppeay Per eff is €qual to 11(a),(b) z=0; (),(d) z=0.0&z;, (€),(f)

the distance between the maxima from the mean value & 0-0%: (9).(h) 2=0.1z; (i),(j) 2=0.1%. The color scale is the
230, same for all panelg§a)—j) and the white color corresponds to

5

-0 5

'5X(H?m)0'

In the simulations, the 30% difference in distance betweer?© Jlert.
the perturbations corresponds to the largest deviation obsf Eq. (6) and the growth of electrons was found from Eq.
tained from the analysis of the experimental data. We havez). During calculation of ionization rates, we used the val-
not performed random variation of this parameter with subyes of the effective charges 0.53 and 0.9 for oxygen and
sequent statistical processing of laser shots since our modgitrogen molecular ions 9, N,", respectively. These values
describes the actual spatial inhomogeneities only qualitaprovide the best fit to the experimental data on molecular ion
tively. yield [34].

For the current case of propagation in air, the plasma con- The ratio of the pulse peak power to the critical power for
tribution to the refractive index was considered in the formself-focusing waspe.d P,=11 and the corresponding input
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pulse energy was 5 mJ. Successive formation of multiple
filaments is shown in the fluence distributidfig. 6). Panels
(a),(c),(e),(9),(i) (left column) in Fig. 6 correspond to the
shorter separation distandg,,and panelgb),(d),(f),(h),(j)
(right column) correspond to the longer distandg, . Larger
overlap of the initial perturbations for the case of the shorter
separation distanagy;,,leads to the earlier formation of the
first parent filamenfz=0.06z, in Fig. 6(c)]. The propagation
distancez is scaled by the diffraction length of the first per-
turbationzy=kai=25 cm.

In the case of a longer separation distance the two paren
filaments are formed nearly simultaneouslyzat0.08,, as
shown in Fig. ). The birth of the child filaments occurs
earlier in the propagation direction for shorter distadgg,
than in the case of a longer distandg,y [Figs. Ge) and
6(h)]. In the case ofdy,g the first child filament is born
slightly beforez~ 0.1z;. One might notice that the ring struc-
ture of the perturbatlon located yat= _O'Z,mm "‘n F'?' 6h) is urbations(right plot) and the corresponding electron density distri-
r}early und'Sturbed, "?md on.Iy the edg.e rnngs fe_el the, Secong,ion Ne(x=0,y) at the end of the pulse. Propagation distance
filament and participate in the child formation. Simulta- - 12, Horizontal dashed lines show the plasma column corre-
neously, many interference strips are observed at the sam@onding to each filament. The contours start from the minimum
distance of 0.24 for the case of shorter separation distancecontour I,,,/1,=0.7 and the interval between the contours is
dshort [Fig- 6(9)]. Al/15=4.0, wherel ;=8.6x 102 W/cm?. N, is the density of neu-

More intense interference results in the larger amount ofrals before the pulse. Horizontal dashed lines show the plasma
child filaments in panelgg),(i) in comparison with the pan- peak corresponding to each particular filament.
els(h),(j). Moreover, for the farther location of initial pertur-

bations the region of the interference is smaller and the child,gter separation distances between the maxima of initial
filaments are mainly located on the line connecting the cenpatyrhations lead to essentially different character of plasma
ters of the two parent filamen{§igs. Gh) and &))[, while  channels. We recall here that the electron density in air is
some of the child filaments for the case of closer location of, ghly proportional to the eighth power of the pulse’s peak
initial 'perturbatlons are dlstrlbuted in the wide region SUr-intensity. Thus, one might expect that even a slight intensity
rounding the parentgFig. &i)]. The latter would mean that \4riation in the interference pattern would lead to a notice-

some child filaments would be born beside a parent filamenip|e change in the plasma density and hence, in the fluores-
but not at a position along the axis between the two parentspce signal.

filaments. , , Maps of the electron density distribution in the plane par-
Thus, we can follow the first two stages of filament com- 4| 1 the propagation directidix=0.y,2) are plotted at the
petition scenario in Fig. 6: formation of independent fila- 5,4 of the pulse in pane{g),(c) of Fig. 8. The panelgb) and
ments in panelgc),(d),(f); birth of the first child in panels ) show the transverse cross sections of the plasma at
(e),(); further formation of child up to at leag=0.1%4in  —g 15 and panele) demonstrates the linear electron den-

panels(g),(i),()- , L sity D,, characterizing the total amount of free electrons in
Temporally resolved dynamics of multiple filament for- the transverse beam section

mation for the case of the shorter separation distalygg is
shown in Fig. 7, where the equal-intensity contours are plot-
ted in the coordinate§y, 7) and the coordinatg is set to O.

The propagation distance B5=0.12,. 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 twahereNg(x,y,2) is the electron density generated by the end
parent filaments at=-0.14 mm and/=0.08 mm are formed of the pulse.

02 01
NN,

1 (fs)

FIG. 7. Equal-intensity contour§(x=0,y,7) for the shorter
shor=1.158;=0.2 mm separation distance between the initial per-

De(2) = J f Ne(X,y,2)dx dy, (10

—00 —00

earlier in the pulsér=~-20 fs andr=-24 f9 and their de-
focusing rings start to interfere later by=-16 fs. Within
the period -16 fs and till the central slice of the pulse

In panels(a) and(b), corresponding to the shorter separa-
tion distancelg,,, the peaks of the plasma density are higher
[see the plasma columnsyat —0.14 mm and/=0.08 mm in

~0 fs six child flaments are formed and the seventh child ig-ig. 8@)] and there is a larger number of secondary plasma

born later on the intense wing of the parent filamentrat
~3 fs.

columns in comparison with the case shown in patadlge),
especially in the range 0.88-0.11z,. The case of the shorter

The evidence for the development of multiple filaments isdistance between the initial perturbations is characterized by

the presence of the plasma peaks corresponding to each
them (see the left inset in Fig.)7 There is more plasma in

ibfe earlier start of the plasma at=0.06z; instead ofz
~0.08, [compare Figs. @ and &c)]. Thus, the larger

the parent filaments in comparison with the child filamentsamount of free electrons in the beam cross section is ob-
Different interference patterns in the two cases of larger anthined at nearly all distances[Fig. §e)].
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whole distancé.. For the simple estimate presented here, we

—_ e %;__’_g ® . 036 did not take into account the diffusion of electrons from the
E o e | ¢ vy  Tlament region.
- — S g @ ‘ Under these assumptions the effective gain coefficient
% : °2  g(x,y) is proportional to the plasma densil(x,y,l) and
-0.2 B . - .
: : [ 024 represents both absorption and amplification of the spontane-
0.2 — 3156 ous emissior,
e @
E, ol ] 016 g(x,y,1) = aNg(x,y,1)AS. (12
- - 0.12
. 008 In Eq.(12) « is the effective amplification per single electron
-0.24 i and ASis a unit area in the transverse beam section.
. 010 01 004 The effective amplification per single electrancan be
- 00124@ X (mm) oo estimated from the effective gain coefficiegt0.3 cni?
go.ooe—j found as a fit to the experimental data in Rgf2]. In the
0.0 ] . estimate we assume that the electron density &f @02 is
0.05 0.10 0.15 uniformly distributed over the area with the radius of 4t
z/z4 [38]. This givesa=~6X 10713 Substituting this value into

_ o Egs.(11) and (12) and using the simulated plasma density
FIG. 8. Electron density distribution for the shortelg,q Nq(X,y,1), we calculate the valubsse(x,y,L) given by Eq.
=1.1%,=0.2mm (a),(b) and the longerdipng=1.6=0.29 MM 19y The fluorescence amplified from spontaneous emission
(€),(d) separation distances between the maxima of the initial perg¢ 1 jtinje plasma channels is not coherent. Therefore, the
turbations in a 4Plfs pulse propagating in air. The ratio backscattered fluorescence signal measured experimentally is

Ppeald Per ef=11.(8),(C) are the electron densify(x=0,y,2) at the - . . i
end of the pulse(b),(d) The transverse distribution of the electron _proportlonal to the valu€as(x,y, L), obtained by integrat

density Ng(x,y) at z=0.154. The interval between the equal- ing lgse(x,y, L) over the transverse aperture
electron-density contours in pané®—(d) is 0.09N,; the minimum o o

electron density contour corresponds to the same valué\g.(0&)

The linear electron density at the end of the pykee Eq(10)] for Fesel) = J f lgse(X,y,)dx dy. (13
shorter(solid curve and longerdashed curveseparation distances.

The linear density of neutral®, is given by DO:N0a§:8.75
X 10 em L,

—o0 —0

The total energy of spontaneous emission in the channel is
iven b
VII. SIMULATIONS VERSUS EXPERIMENTAL RESULTS 9 Y
The fluorescence signal recorded in the experiment de-
pends on the density of plasma and the length of the filament Fsol=0) = f f lsp(X,y,I = 0)dx dy. (14)
[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 backscatteregdhe calculated results are shown in Fig. 9, where in péel
fluorescence signal for two reasons: the earlier start of thehe aperture-integrated fluorescence sidhalr is plotted as
plasma and the larger number of the secondary plasma cok function of the distanck In panel(b) the transverse dis-
umns formed by the child filaments. tribution of the fluorescenchssr is plotted as a function of
The quantitative estimate of the backscattered fluoresthe coordinatey for fixed x=0. The solid curves in both
cence signal sk Can be d_one on the basis of the fol_lpwmg panels(a) and (b) correspond to the shorter separation dis-
equation[22], which describes the fluorescence amplificationtance between the initial perturbations, while dashed curves

—00 —00

in the plasma: correspond to the longer separation distance. The larger in-
L tegrated fluorescence signagse is obtained in the case of
the closer location of the perturbatiofidg. Aa)]. This stems
lgse(X,Y,L) = lsg(X,y,1 = 0) j edtyig), (11)  from the fact that transverse distribution of fluorescence fol-
0 lows the transverse plasma distribution and it is the strongest

at the positions of the most intense plasma coluifoosn-
where the distanckis measured from the end point of our pare the plasma density in Fig(aé@ and the solid curve in
simulationsz=0.1%, (1=0) andl=L corresponds to the start Fig. 9b)]. For the closer location of perturbations the two
of the filament in the case of the shorter separation distanceain peaks ag~-0.14 mm and/=~0.08 mm are higher due
(z=0.0%y) between the perturbations. In the absolute unitso the larger plasma density. Besides, the contribution of the
L=2.5 cm; therefore, the time of the backscattered signasecondary plasma channels positioned in between the two
propagation along this distan¢@.08 ng is less than the life- main peakg-0.12 mm<y=<0.06 mn) is larger than in the
time of the population inversion induced by electron-ion re-case of the longer distance between the perturbaficomm-
combination(3 ng and the integratioiill) is valid over the pare the solid and dashed curves in Fith)P
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pronounced in the two highest intensity peaks locatey at
~-0.14 mm and/=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,

171
-3

1.008+
1.006+
1.004
1.002+

Integrated fluorescence signal F,_/F

1.000- X . .
, : hence, the plasma channel in some shots in the experiment
/=1 0.08 012_0 can be seen in Fig. 4 at a distance of 35 m from the com-
2/z, pressor(The propagation distance of 35 m in the experiment
corresponds to 0.@ ¢y, Wherezg ¢,,=kag ex2=608 m is the
1.16 ® diffraction length of the experimental beam with the radius

of 8 ¢xp=0.88 cm ate™ of intensity level) Larger radius of
the conical emission rings in Fig(l¥) 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).4Qualita-
tively, the experimental shot shown in Figh4 corresponds
to the case of the shorter separation distance between the
NN initial perturbations in the simulations, and the shot shown in
00 01 02 03 Fig. 4(a) corresponds to the longer separation distance. The
y (mm) larger halo surrounding the filament in Figbh# corresponds
) ) ) to the larger radius of the white-light conical emission rings.
FIG. 9. Fluorescence signal estimated from the simulatedgince the conical emission angles are similar for any propa-
plasma densitya) Integrated over the aperture sigi@dsel) [see  oaiion gistance[7], larger ring radius indicates that the
Eq. (13]; (b) transverse distribution of the ﬂuor.escen%F(x source of the emission is located earlier in the propagation
=0.y,L) [see Eq(1D)]. In both panelsa) and (b) solid curve cor- direction. Thus, we can assume that the filament in Fib) 4
responds to the shortefy,,~=1.15,=0.2 mm and dashed curve started e.arlier i,n the propagation than the one in Fig). By
corresponds to the longet,,=1.62;=0.29 mm separation dis- ComDali . . . .
paring Fig. &) with Fig. 6(€), one can see that for the

tance between the maxima of the initial perturbations in a 42-fs f the sh ion di in the simulati h
pulse propagating in air with the ratiBpeadPe; er=11. In both case of the shorter separation distance in the simulations the

panelsa) and(b) dotted curve corresponds to the shorter separatiorfrlier developed filamerjfig. 6(c), z=0.0&] produces a
distance and 6% of the energy decrease in the initial pulse. In pan&l0 in Fig. &e), z=0.0&,. At the same time, for the case of
(b) dotted curve nearly coincides with the solid curve. The arrowsthe longer separation distance we see just two hot spots in
indicate the starfl=0) and the endl=L) of the fluorescence am- Fig. &f) at the similar distance=0.08. That means in the
plification region. simulations at the same propagation distance the existence or
the lack of the halo depends on the initial separation distance
As shown in the simulations, the two perturbations |o-between the perturbations. Hence, for the experimental shots
cated 30% closer to each other lead to the earlier start of thi@ken at the same distance, the shot with larger halo in Fig.
plasma and the increase of the linear electron density by uf{P) corresponds to the case of the closer location of the
to a factor of 2 at some propagation regiofg Initial perturbations, while the shot in Fig(l# corresponds
=0.09-0.12, in Fig. &e)]. Electron density increase results t0 the farther location of the perturbations. Knowing that in
in the larger estimated backscattered fluorescence signHle simulations the closer located perturbatiofig. 6, left
(Fig. 9). The scenario of the filament competition is in this column lead to the stronger fluorescence signal, we might
case favorable for the formation of a longer and more intens€XPect that the fluorescence signal in the shot shown in Fig.
plasma channel and, as a consequence, a stronger fluorééb) would be larger than in the shot shown in Figay
cence signal. Thus, random fluctuations of the distance between the hot
To find out the effect of the laser energy fluctuation on theSPOts in the experiment lead to either a favorable or unfavor-
fluorescence signal, we have decreased the energy of tieble situation for the plasma channel formation, which gen-
input pulse given by Eq8) by 6% for the case of the shorter €rates either strong or weak backscattered fluor_escence sig-
separation distance between the initial perturbations. Thgal from one laser shot to another as shown in Figs. 2 and 3.
corresponding BSF signal integrated over the transverse ap-
erture closely follows the original signgtompare the solid
and dotted lines in Fig. (8)] and essentially exceeds the
signal for the longer separation distarjcempare the dotted In summary, we measured the backscattered fluorescence
and dashed lines in Fig.(&®]. The transverse fluorescence signal from nitrogen molecules generated from a 42-fs pulse
distribution | g for the case of the decrease of 6% of inputcentered at 800 nm with input energies ranging from
pulse energydotted line in Fig. )] can hardly be distin- 20 to 60 mJ/pulse in air. We found that the fluorescence
guished from the case without energy decre@sdid curve  yield exhibits irregular changes from laser shot to shot that
in Fig. Ab)]. The difference between the curves is mainly cannot be explained by laser fluctuations. Images of multiple

1.124

1.08

1.044

Fluorescence signal IBSF/I,lp

Y

004 —eid
0.3 0.2 0.1

VIIl. CONCLUSIONS
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filaments observed in the experiment indicate that the filaand 3.(The details of these results will be reported else-
ment starting position and development is different for eactwhere) In the case of the larger separation distance between
laser shot. The reason for this is that multiple filament comthe initial perturbations the plasma channel starts later in the
petition follows different scenarios depending on the dis-propagation and the number of electrons in nearly each cross
tance between the perturbations on the beam profile, whickection is smaller as compared to the closer location of the
changes from laser shot to shot. perturbations. The resulting backscattered fluorescence sig-
In general, the filament competition consists of severahal is thus much weaker. The change of the relative position
stages including independent formation of filaments, thébetween the perturbations has a larger effect on the plasma
birth of the child filaments from the interference of the ring density and the fluorescence signal in comparison with the
structures of the initially developed filaments, decrease of thé&aser energy fluctuations.
total number of filaments due to both energy loss as well as Finally, the understanding of the initiations of multiple
the spatial transformation of the radiation, and the survival ofilaments, consequent propagation, and interaction dynamics
one filament out of the group. is important in the control of random fluctuations of the input
We have studied the effect of the initial perturbations onlaser pulse that may lead to longer propagation distances,
the beam profile on the filament competition scenario, forwhich is particularly important for LIDAR applications.
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- We would like to acknowledge Dr. G. Roy for the design
ments and, as a consequence, a more intense and longerd construction of the LIDAR system. Also, we acknowl-
plasma channel, which gives rise to a higher fluorescencedge the technical support of M. Martin. This work was sup-
signal. This conclusion was confirmed in a recent experimenported in part by NSERC, DRDC-Valcartier, Canada Re-
in which the diameter of the same laser pulse was reduceskearch Chairs, CIPI, FQRNT, and NATO. O.G. Kosareva,
3.3 times to about 7.5 mm by an inverted telescope. Thé&l.A. Panov, and V.P. Kandidov are supported by the Euro-
initial hot spots/filaments were thus closer to one anothempean Research Office of the U.S. Army under Contract No.
Indeed, the BSF signal from the full 100-m range was veryN62558-03-M-0029 and the Russian Foundation for Basic
stable without any “fluctuation” of the type shown in Figs. 2 Research, Grant N 03-02-16939.
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