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Abstract. We review recent dedopments in the field of femtosecolagerfilamentation

1. Introduction

We review recent developments in the field of femtosecond filamentation. In a first part, we describe

the physical effects contributing to induce filamentation during the propagdtiotense short laser

pulses through transparent media. The importance of group velocity dispersion is illustrated in the case
of fused silica. In the normal dispersion regime, the pulse evolution during propagation is complex and

depends critically on ing parameters such as the beam convergence, pulse duration, laser intensity.

By contrast, a simple reproducible behavior is obtained in the anomalous dispersion region. The
filamentary pulse ishenclosely parented to a lossy spat@nporal soliton.

In a second part, we discuss the interaction between two air filaments in the normal dispersion
regime. Interference between the fields of the crossing pulses leads to the formation of a plasma
grating. We show how one can characterize the plasma densitgcdy and the mechanism for this
decay. Both ambipolar diffusion and plasma recombination play a role in molecules, whereas the
decay is dominated by ambipolar diffusion in atoms. We show how energy can be exchanged between
two crossing filaments due teatering by a moving plasma grating. We also discuss the interaction
between two countgrropagating filaments. The two filaments act as a +atflecting mirror: a third
probe pulse of same frequency, incident at an arbitrary angle on this, nsirra@ro-reflected with a
spectacular improvement in beam profile quality and contrast ratio (ratio between precursamndight
the pulse peak intensity).

In a third part, we discuss two applications making use of filaments in air. The first concerns the
geneation of THz pulses. A laser pulse undergoing filamentation emits a radially polatzegdulse
alonga forward oriented cone. We discuss the origin of this effectdeadribemethods to enhance
the THz emission by several orders of magnitude. Thisided the application of an electric field,
either static or opticor the constructive THz emission from several filaments. The second application
is the triggering of guided electric discharges by filaments and their use as RF antennas.

2. Filamentation in the normal/anomalous dispersion regime

Ultrashort, intense laser pulses are now commonly available, thanks to the development of laser
amplifiers systems based on: Bapphireas the active medium and chirped pulsed amplification
(CPA) technique Pulses aB0O0 nm emitted by such lasers have typically a duration between 10 and
100 fs. A strongly non linear propagation regime sets in when such pulses, even with a modest energy
of a few nillijoules, are launched through atmosphefé&is nonlinear propagation isomplex and
involves a subtleinterplay betweemmany effects.No analytical or sermanalytical treatment can be



usedto describe it Onemustresortto a numerical treatmenthis is usually dondy solving an
extended non linear Schroédinger equationtfa evolution of the pulse envelope treated as a scalar

guantity. It allows a proper description in the paraxial approximation for rapid temporal changes,

down to the single optical cycle limit, but fails to describe &psttial changes, on a scale coraxe
to the wavelengthwWe refer to referenced,[2] for a description of the numerical coded its limits

Figure 1. (a) Beam width of a collimated femtosecond la
pulses during filamdation propagation in air, obtained fro
numerical simulation. (b) The corresponding plasma densit
a function of propagation distance.

Figurel shows the result of a simulation fibre propagation in air ain initialy collimated pulse
of Gaussian profile (pulse duration: 100 fs, pulse ggneb mJ, beam diameter: 40 mm, wavelength:
800 nm).The first effect commig into playis the optical Kerr effecit inducesa change of the medium
refractive index according to the law:

J JFJl +NPa (1)

This leads to beam self focusing, bemahe index is largearoundthe beam centewhere the
intensity is highest than on the wingsand thereforebends the pulse wavefronThe effect is
cumulative upon propagation because the focusing reinforces the changdioh in turn increases
theintensity. This self focusing overcorad¢he defocusing effect of diffraction and lsad a collapse
of the beam upon itselif, the initial pulse peak power exceeds a critical v&y¢3-5] where

sl uytQ zeld,Je 2
In the example givenhe initial region dominated by the optical Kerr effenttend over a distance
of 6 meters at which point the beananheter decreasesbruptly and the pulse intensitgicreases
correspondingly.
When the collapsing pulse intensity reaches a vahoyel0™ W/cm2, multiphoton ionization of
air molecules de in. The creation ofree electras leads to a defocusing effect. Indetbe, refractive
index decreasescarding to the law:

I LS ®




where é: N&P, is the density of free electrons an@/ AmeZ /e’ the critical plasma density above

which the plasma becomes opaque &nd e denote the electron mass and chargée plasma of
highest densityis createdat the center of the beaand acts thereforeas a defocusing leng.he
combineddynamic interplay betweeneamself focusing and defocusing leads to the formatioa of
contracted pulse withn intense ionizing corthiat maintaing radius of ~ 50 prover large distances
The filament core is surrounded by a reservoir of laser energy that sustains the sopplpyg an
inflow of energy. Figurel(b) illustrates the action of the plasma. It surges arsitagirevent collapse
when the pulse intensityeaches ~ 16 W/cm? It first gives rise toa continuousmeter longplasma
string, followed by a quagieriodic cycles of focusing and defocusing. At larger distances, plasma
surges only intermittentlyln the regions betweeand beyondhese occasionalurges of ionization,
the nonlinear propagation is dominated bydgnamic competition between self focusing and
diffraction (bright channels formation)t should be stressed th&ietbehavior showm figurel is not
genericbut depends on initial beaonditions (beansize and convergence, pulse energy, pulse
duration etc) With multi TW lasers, ontinuous plasmatringshave been observed atistanceof 1

km with the plasma stringxtendng over more than 50 f§®]. Bright channelpersistover severakm.

[7-8]

There is a profound restructuringtbke pulse time profileluring filamentationFigure2 shows the
calculated evolution of an initiadonvergingpulsewith initial Gaussian profileipon propagationn
Argon. A complexpulse splitting pattersakes placewhich evolves during propagation and leads to
the fortuitous emergence folatedcompresseghulses at certain distancdaulses of initial duration
35 fs have been shown tmmpressdown to 5 fs during filamentatiomm Argon [11]. It should be
stressed agaithat the location andduration of such shortestisolated pulses depends on initial
conditions.

z=95 cm

z=112 cm

Figure 2. Calculated evolution of an initial converging femtosecon
pulse with initial Gaussian profile upongpagation in Argon.

A spectacular effect of filamentation is beam profdelf-cleaning It occurs in the region
dominated by the Kerr effectiuring the catastrophic collapse. The filameaote acquires a Townes



mode profile that is retaindd thebright channels emerging after the end of the ionization r¢@n
13].

We now address the influence abgp velocity dispersionn the filamentation proces®©ne can
readilyunderstandvhy it plays an important rol€Consider the evolution dhe pulse speatm in the
self-focusing region. Because of seliase modulatiorilf], instantaneous frequencies areated that
shift to the redblue)the ascendingdescendingpart of the pulseaccording to th&llowing formula:

(t) ﬂt) p, ko, WD &)

c wit

In the normal dispersion region, red frequencresve fasterthan blue frequencieand theréore
there isa detrimentalpulse stretchingduring propagationin the anomalous dispersion region, by
contrast, red frequencies have a slower \gidban blue component3.he generated frequencies are
swept back to the main pulse. As a consequence, one expects lower threshold for filamentation and
more stabldilamentary pulseg the region ohegative group velocity dispersi¢@VD).
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Figure 3. Numerical calculation of the pulse evolution durin
filamentation in silica for a femtosecond pulse with a centr
wavelength al.6 um (a) and at300 nm(b).

Experimental verification of the role of the dispersion regime would be difficult to achieve in
gases, because of the lack of extended regions of negative group vél@igparent solids such as
fused silica offer a compact system where it can be experimentally vddifigdindeed,there isa
wide frequency range of anomalous dispersitarting around 0.97 um and extending beyond 3.85
pm in SiO,. The critical powelin SiG; is a few MW instead of GW for gasestigure 3 shows a
comparison between the calculated filamentation in both dispamsipons With positive GVD the
behavior iscomplex, showingomplexpulse breakinganalog to what happens in ailith negative
GVD, a singlecompressed pulge formed after 0.5 cm of propagatiofihe slightly subluminal pulse
then conserves its diameter and duratiear the remaining length tfie3 cm thicksample.

Figure 4. Sidephotography of the blue fluorescence of SiO2 induced |
self-guided laser pulse at 1.9 pm with P = 30 Pcr. The laser pulse is fo
on a 70 pm spot (FWHM) at the left surface of the 3 cm thick sample



Experiments confirm thessimulations Figure 4 shows a side image of the blue luminescence
emitted by the samplat high intensity 10" W/cm2. The 20 pm wide filamentis formed after 0.5
cm and is maintainedver the rest of the sampl&igure5 compaes the beam profile emerging from
the sample to the profile measured at an equivalent distance in the absence of Raispleelf
cleaning a signature of filamentation is manifeas well as beam contractidieasurement of pulse
duration of the pulseexiting the samplds shown infigure 6. In agreement with the numerical
simulations, the pulse contracts in time and keeps the contracted value over the sample length. From
the numerical calculations, one deduces that the filament core has a duratisn Dd@ether with its
surrounding reservoir, the pulse duration becomes 25 fs, in agreement with the measuhengetite
central core and its reservoir aret resolvedThus, thdilamentation process the anomalous region
leads to the formation of pulse that isalmost invariant with propagation and is therefolesely
parented to a spatiotemporal soliton. It must be underlmaeeverthat the pulse is lossy since the
pulse consumes energy to ionize the medium. Alad, of the light energy is slipated in the form of
a conicalemission. 16]

a) Initial pulseA
A
filament pulse
0. _ after 1.7 cm
= e N
filament pulse
after 2.3 cm
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Figure 5. Beam profile of the laser pulse at 1 Figure 6. Measurement of th&.9 umpulse
pm (@) with filamentation and (b) without temporal shape afterrgpagation in the
filamentationin the fused silica sample. Intensity sample performed with a WIZZLER

scale is normalized

3. Interaction between two filaments

Interaction of filaments has been observed to give rise to many interesting phenomenon such as energy
exchangebetween filamentsenhanced third harmonjd7-19], plasma grating formatiof20-22],
molecular lensing effedt23], coherent control of filament fusion or repulsif#-25], etc.In the

following we discuss several aspects of the interaction between lamaefits that enable to extract
properties of the plasma created during filamentation, to exchange energy between crossing filaments
and to improve spectacularly a third pulse probe pulse of same wavelength.

3.1. Plasma grating

3.1.1. Temporal dynamic foa plasna grating.Field interference of two crossing filamentary laser
pulses give rise to laser intensity spatial modulation in the overlapping area. As a result, a strong
modulation of the plasma density is created due to the highly nonlinear nature of iopiication.

This modulated plasma structure, i.e. plasma grating, is formed instantaneously, on the time scale of
the pulse duratioryy On the other handts subsequentlecay idong and can last for several hundreds



of picoseonds in atomic gases. & importantto analyzethis decayin view of possibleapplications.
Recently, we measured the decay process of the plasma grating in different molecular and atomic
gasesln the experiment, we employed a probe pulse at 400 rpnapagating with one of thgump

pulse. This 400 nm probe pulse is expected tditfi@ctedinto the propagation direction die other

pump pulse in the presence of thensinusoidalplasma grating. Therefore, the measured 400 nm
signal as a function of the temporal delay betwdsenprobe pulse and the two synchronized pump
pulsesallows characterizinghe temporal evolution of the plasma grating. More details of the
experimental setup can be found in 128][

It was found that in molecular gases like &hd Q the plasma grating decays rapidly, with a
lifetime about 120 ps(Figures7(a) and 7(b)). However, in atomic gases such as Ar and Xe the
plasma grating persisfer more than 300 pé~igures7(c) and 7(d)). The decayof a plasma grating
process is expectad bedue tofree electromecombination and ambipolar diffusion. To obtain insight
on the respective importance of the two effeats varied the crossing angle of the two pump pulses.
The resulting variation of grating period leadsatohange of the abipolar diffusion while the free
electron recombination remains the sarieom suchexperiments, we conclude that the grating
evolution is ruled by ambipolar diffusion in atomic gases and by a combination of ambipolar diffusion
and collisionassisted freeelectron recombination in molecular gases. From the systematic
measurements, electron diffusion and recombination coefficients are extracted for Ne, Ar, Ki, Xe, N
0O,, CO; and air at 1 ba27].
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Figure 7. Normalized intensity of diffracted prelsignal as a functiol
of the delayWjps) for crossing angledof 7°, 14° and 90 different
gases(Air, CO,, Ar and Kr) Measurements are represented by d
Calculations are represented by solid lines

3.1.2. Energy exchange between filameiristhe presence of travelling plasma gratinthe first
experimental observation energy excharggtween two filamentwas reported in 2009 bgernstein
et al. [28]. They demonstrated an energy exchange ratio of 7% between two fHéormaiig pulses
with slight frequency differencén their work, a travelling refractive index grating is formed due to
the Raman effect of air molecules. As a result, the classicabéam coupling (TBC3chemeapplies
[28-29] and laser energy transfers frahe high frequency pulse tthe low frequency puls. This
provides a control over filamestpropagation by modifying their characteristio flight.



Recently,we observed a new regime of energy exchange where laser energy transféng foem
frequency pulse tehe high frequency oneThis new ype of energy exchange was also found in
monatomic noble gases such as Ar and Xe, excluditigditional TBC mechanismbased on a
retarded optical Kerr nonlinearityVe attributethis new energy exchange tioe effect ofa moving
plasma grating formed dhe crossing point of the twilamentarypulses. Due to its plasma nature,
this refractive grating can sustain very high laser intensity. With tightly focused laser pulses, we have
demonstrated energy exchange efficiency of 50% in air. The result is@ese figure8 [22].
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Figure 8. Energy exchange between two filaments crossed"
an angle of 20°

3.1.3. Plasma gating in motion To detect the movement of a plasma grating, we employed an
experimental setup similar that in3.1.1.exceptthat therewas a difference in the wavelength of the

two pumppulses[30]. We spectrally analyskthe diffracted400 nm pulse with a spectrometer. The
movement of the plasma grating impaat frequency shift on the probe palowing to the Doppie

effect. Figure9 presents the spectrum gravity of the reflected 400 nm signal pulse as a function of the
time delay (frequency difference) between the two pump puldds linear chirp The central
frequency of the signal pulse shifisoportionalto thefrequency difference between the pump pulses,
i.e., to the velocity imparted to the gratigcalculationof the measured frequency shifised on the
classical Doppler effect agrees well with this resBO.[
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Figure 9. Spectruncenter of gravity ofthe signal pulse as a
function of the time delay between the two pump pulses



3.2. Filaments mirror

A special geometry is obtained when two filaments meet hed@1pnThe encountering filaments
form a mirror to a thirgorobepulse of sam frequency impinging at an arbitrary angl&hemirror has
special properties because tieflection occurs in the retrdirection. In addition, the reflected beam
profile and pulse contrast ratio is dramatically improvE@yure10 shows the bearfiuenceprofile of
the probe pulse before and after reflectiodne can understand ishspectacular propertby
considering the plasma grating formed by either pump with the probe pulse. As shown inZéciion
the other pump will diffract into the direction of the incomiprobe. Therefore, the reflected pulse is
replaced by a fraction of the pump puwseth self-cleaned beam profileThe profile fitsindeeda
Townes mode profile, as expected if the redignal corresponds to a diffraction from the filamets.
addition the small size (48Dpm°) acts as a pulse cleaner removing distortions in the phase profile of
the incoming probe pulse.
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Figure 10. Fluence profile of a femtosecor Figure 11 Reflectivity as a function ofthe
pulse before (a) and after (b) reflection the pump pulses energy.Probe pulse has energy of
filament mirror, as recorded ia single shot 160 and 340 pJ and is incident at an angle
with a CCD camera 90°. The thre pulses are coincident in time

Figure 11 shows thereflection of the filament mirror as a function of pump laser interfsitya
probe incident at 90° from the filaants Before the onset of ionization, the reflection is very small,
because no plasma grating is present. There is a very steep increase of the reflection once the threshold
for pump beam filamentation is reached, due to the-bider dependence of theriation rate with
intensity, followed by a near saturation, with a reflection efficiency é8@ reflecting the intensity
clamping inside a filament]. At an incident angle of 30°, the reflection increases to 40%.

This leads tahe possibility oftemporalpulsecleaningby removinglight precursors.Indeeq if
the chronology of the pump and probe pulses is adjusted such that they all meet at the same time, any
precursas present inlte pump and probe pulsesll not be reflected because no plasma mirror is
formed at the time atheir encounter due to the corresponding lower intensityhetime profiles of
the incident and retroeflected pulsdave beemmeasured with ¢hird order Z2 Zcrosscorrelator. No
precursor was detectéd the reflected pulswithin the dynamic range of the detegtas shown in
figurel2.
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Figure 12. Temporal contrast of the probe (in black) and of
reflected beam (red) measured with third order cross
correlator

4. Applications of femtosecond laser filaments

Intrigued by the spectacular effects accompanying fitdat®n process, researchers have
demonstrated plenty of scientific applications of the filaments such as triggering and guiding of
lightning [32], Light Detection and Ranging Technique (LIDARB3, few-cycle light pulse
generation 34], virtual antenna 35], micromachining in transparent solid36], Terahertz (THz)
pulses generation3]], control of aerodynamic flows3g], water condensation39] and snhow
formation[40]. Some applications such as feycle pulse generation are already quite matured, while
others like THz generation have just been discovered and require further investigation. In the
following two subsectiors, we will detail two applications: THz wave generation by filaments and
control of electric discharges with filaments.

4.1. THz generation by one filament, two filaments
, Q ii& et al. reported a forward THz pulsed radiation stenmgrfrom a femtosecond laser

fllament in air[37]. They observed that the THz is radiated in a holbmne structure in the laser
propagation direction, with a radial polarizatiseefigure 13). The authors developed a Transition
Cherenkov model which peoduced the above observed featudH.[In this model, theheavily
dampedongitudinalplasmaoscillationproducel in the wake of the propagating pulse is at the origin
of the THz pulsed emissianTeraherz (THz) radiationproduced by ultrashotaser pulses in air
attracted much attention in recent years, sincedtsbme unique propertie$he THz sourcecan be
positioned at the proximity of a remote target by displacing the onset of filatioentT hissolvesthe
long-standing problem of thpoor propagatiorof THz through atmosphere due $trongabsorption
by water vapor.In contrast to other THz generation techniques with short laser pulbese is no
obvious limit to the laser power that can be used, since there is no material in thetpathulse that
can be damaged

However,the energyconversion efficiencyrom laser to THz radiation bgsingle filament is low,
on the order of 18[42]. Therefore, it is desirable improvethe conversion efficiency and control the
physical properties of this Terahertz radiati®&veral techniques have been develadedg this line

In a first scheme an external electric fields applied on the filamengither longitudinal or
transverseA THz enhancemertty 3 orders of magnitudes obtainedwith an appliedfield Ecx ~ 10
kV/cm (figure13). At the same time, the radiation pattern and polarization property of this amplified
emission keep the same as that of the pure trangiimmenkov THz radiatiofd3]. This amplified
THz pulse is of particular significance since a radially polarized THz wave has been demonstrated to
be compatible with the propagating mode of a metal wire THz wavegidfleAlthough, this method



of enhancement suffers from the fact that the electrid fiaist be applied on the plasma region of the
filament, not an easy task for staoff THz applications.
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Figure 13. Amplification of the transitiorCherenkov THz
emission. The pure transiti@bherenkov THz (E: = 0 kV/cm)
is multiplied by a factor of 200 for visibility

For most THz applications, BHz beam with maximum intensity on the axis is preferable. This
requires the presence of a transvergeett in the filament and an orthogonal electric field should be
able to fulfill this task. In the experiment, we applied an external electric field perpendicularly to the
filament axis.With the increasef the externalelectric field strength, the asynetrical radiation
pattern becomemore and more symmetrical (figutd). As a result, a THz beam with above desired
feature was obtained whén,; exceeds 3 kV/cm. More importaithe THz intensity was enhanced by
3 orders of magnitude with respect to thensitionCherenkov THz withE., = 9 kV/cm. Concerning
the THz polarization, we found it is linear polarized and the polarization plane is dictated simply by
the direction of the external field. In addition, we demonstrated that the polarity of theahHze

easily controlled by the direction of the electric figld)].
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Another approach is to use an oscillating transverse field, by combining a short IR pulse at 800 nm
with its harmonic generated in a thin BBO crystadter the first demonstration of this twaolor
method #6], it has been extensively studied with a millimeter scale long filament (CHz) [47-52].
It was found that the optical biased at second harmonic frequency can lead to a THz amplitude
enhancement by two orders of magnitude compared to the air plasma driven by just 800 nm
femtosecond las pulses 47, 49]. The relative phase between the fundamental laser field and its
second harmonic was found to be critical for the yield and polarity of the THz radid#ipb3].
Recently, this method was also extended to long aimalds >> OTHz) obtained in the filamentation
regime p4-55]. For such long filaments, it was confirmed that the-twtor scheme is more efficient
than just a pulses at 800 nm. But, the temporal separation of then8@hd 400hm pulses during
their prgagation inside the long filaments due to group delay dispersion of air sets a limit of
interaction length (~ 2 m) and results in a strong THz yield decrease for standoff THz gen®&shtion [

One advantage of the filameriased THz source lies in the fact thas laserdamagereedue to
its plasma natureand one can expect high energy THz radiation with powerful incident femtosecond
laser pulses. Howeveit is well known thatmultiple filamentation forms when the incident laser
power well exceeds the critical power for sifusing in airPy (~ 5 GW [1]). The underlying
mechanism of multiple filamentation is the imperfection of the laser beam spatial peofilell as the
turbulence in air during propagation. As a result, the process of multiple filamentation changes from
shotto-shot, which hinders the usage of multiple filaments as a stable THz source. Is there possible
solution?

Inspired by the phasl antenna array in the RF domain, we recently proposed and demonstrated
experimentally the coherent synthesis of THz radiations of an array of organized fil§s&gntg/e
find that the THz intensity scales up wi provided that proper filament separatand laser pulse
time delays are chosen. Moreover, the THz radiation pattern can be controlled, which is a useful
property for many gglications. For example, in figure5 we presented the THz radiation patterns
obtained from two filaments separated by statice of 2.4 mm for increasing time delay between the
two pulses. Upon increase of the delgljthe radiation pattern becomes asymmetric. Wj# 3.7 ps,
the radiation is totally directed along one lobe. This is particular interesting for applications where
irradiation of targets with intense laser pulse should be avoided. Our simulations drmaskd
CherenkovTransition model reproduced well our experimental observations.

Figure 15. Evolution of emission diagrams of the THz radiation from two neighbourir
filaments as a function of the temporal delay between the two laser pulses. THarnveots
are separated by d = 2.4 mm. Top row: experimental results. Bottom row: calculatic



We further extrapolated the simulation to a higher number of flaments. We have calculated the
THz radiation distribution folN = 4, 6, 8, 9, 12, 16 filaents organized in a square grid. With a
properly optimized delay, the total THz energy can be channeled towards a preferential direction. With
two filaments and zero delay, a butterfly wing pattappears in the XOZ plane (figui® (a)). A
single leaf rdiation pattern is obtained withyl= 3.5 ps figure 16(b)). For a larger number of
filaments, similar leaEhape radiation pattern appear with properly chosen pulse delaygsasted
for 16 filaments in figurel6(c), where its peak intensity is found to be ~ 250 times that of a single
filament.

Figure 16. Calculated THz radiation diagram from two parallel filaments separated by 2.
without time delay (a) and with a time delay= 3.5 ps (b). (c) Calculated THz radiation diagr:
from 16 filaments with proper time delays

4.2. Contrd of electric discharges with laser filaments
Plasmastrings produced by femtosecond lafilerments proved to be patrticularly useful for remote
manipulation of high voltage dischargé&he physicalmechanism is the followin§s7-58]. In the
presence ofa static electric field, free electrofermed during filamentatiomelease their kinetic
energy in the gas bydle heatingleading tathe appearance of a depressurized channel at the center
of the filament pathThe resulting low density d@amn offers a privileged path falischarge $9-60].
In parallel,a fraction of the freelectronsdoes not recombine on the parent ions but become attached
to neutral oxygen molecules. Suldosely bouncelectronscan be easily released byrrent heating,
leading to a decrease of tleder inception voltagél]. As a consequenca, filament decreasghe
breakdown voltage in a gas by more than 30% and gthéealischarge over the perfectly straight path
defined by the laser.

Femtosecond filamentan trigger and guide megavolts discharges over several nG2es4][ carry
high DC currents with reduced lossé5][or deviate arcs from their natural pa@®][ These properties
areof great inerest for applications such as the laser lightning[83}] virtual plasma antennas for
radiofrequency transmission, plasma aerodynamic control or high voltage switch.

4.2.1.High current spark gapA previous experiment had shown that plasma filammesmre able to
initiate high currentDC discharge with reduced lossggb]. To analyse further this propertyew
studied the triggering of atmospheki& spark gap by laser filamentatifgi’]. The beam (300 mJ, 700

IV DW D FHQWULB@0Z amvhe iddRskEWiK air with a 5 m focal length lens leading to a
guasthomogeneous plasma column with an effective length of 2 m and a diameter of ~ 3 mm. The
experimental spark gap was installedhie middle of the plasma columifigure17 gives a schematic
overview of the experimental setuplectrodes with a central hotgptimized the contact between the
laser created plasma column and high voltage The high voltagéup to W, ” N Yvas applied to

the spark gap set in parallel with a 5@ esistance by activating a conventional switch T. It created on
the spark gap electrodes a voltage pulse with rise time {H%) ~ 50 ns and exponential decdy



5& 8 r-t¥is cag the laser triggered discharges yégld currentmaximal amplitude readg
~12.5 kA with a 30 kV charge.
An important parameter of the spark gap is the jitter, which is usually defined as the standard
deviaton of the switching time delayigure 18 presents the measured jitter for different gap lengths
D as a function oU,om, the breakdown voltageormalized tdhe sel-breakdowrnvoltagethreshold in
static regimeOne can see that it is possible to have a jitter eDM2ns in the region 0.7 <k}, < 1.2
with a 10 mm gap. The measured jitter is close to the time resolution of the oscilloscope (1 GHz and
10 GSa).

Figure 17. Schematic view of the experiment Figure 18. Jitter of theswitchas a function
setup with a pulsed voltage applied the axial of normalized voltage fogapsof 6, 8 and
gap switch. The laser beam passes through 10 mm.

axial holes in the electrodes

Triggering via filamentation has several advantages. Since filament generated plasma column can
be created at a distance of seveamahdreds of meters from the laser, remote triggering can be
achieved. Because filaments have a near constant longitudinal electron density over several meters,
they connect the two electrodes gdastantaneously, circumventing the complex process ratjirire
the case of an initial localized plasma, and reducing thereby the jitter. Thus, this spark gap combines
the advantages of large intelectrode air gaps capable of switching high voltages and the low jitter of
narrow spark gaps or $hlled cells. The long and uniform plasma channels formed by the filament
also offer the possibility to trigger simultaneously several spark gaps with an excellent
synchronization.

4.2.2. Tesla coil discharges Experiment on triggering and guiding ddrge scale (0.5+3 m)
discharges by use of lasieduced ionized filament have been performed so far with unipolar pulsed
or DC high voltage sources, where the electric field direction remains constant, typically with MARX
geneators pl]. Recently demonstration of large discharge triggering and guiding by femtosecond
laser filaments using a Tesla coil generator has been reported by our group and by Hehrlkson
[68-69].

The Tesla coil generator is basically altage elevator transformer, where the coupling of two
resonant R L C circuits allows obtaining voltage buddtsoltage oscillationsOur system delivers
voltage pulses oscillatingt 100 kHzwith peak amplitude- 350 kV. The particularity of our Tesla
transformer is that it can be symohized with an external TTL signal with a temporal jitter below 20
nanosecondst he laser beam is focused in air producing a continuous plasma column about 2 m long,
touching tangentially the two spherical electrodes connected to the Tesla output.



Figure 19. Photography of a Tesla guided discharge of 1.7
The lasebeam comes from the left.

The discharges can be triggered and guided with 100 % success; however successful operation
requires a precise timing of the trigger with respect to trex lasgival time. Optimum repeatability is
achieved when the laser initiates the discharge during a maximum of the oscillatory voltage at the
output of the TeslalNo electric discharge is produced by the Tesla generator in the absence of laser
when the elertodegapis larger than 32 cm. Guided discharges activated by the filament are obtained
up to an inteelectrode distance &f00 cm corresponding to a decrease of 80 % of the breakdown
voltage.With optimal laser parametersgproducible guided dischargeél meter at a repetition rate
of 10 Hzweredemonstrated

Measurement of voltage and discharge current allows an estimation of the plasma column

UHVLVWDQFH DURXQG NY 7KLV UHVLVWDQFH DSSHDUV WR LQF!
of the laser input energy on the triggering and guiding effect is also studied showing that the
multifilamentation regime significantly increases the probability to trigger long discharges.

4.2.3.Virtual RF antennaAn application of long laser guided etdc discharge is the virtual plasma
antenna 35]. Plasma antennas, where plasma replaces metal as the conducting element, have long
been known and used(. However, most designs use kpressure plasmas confined inside solid
dielectric vesselsWe experimentally demonstrated a functional plasma antenna in air, which brings
about many advantages like tunability in a large frequency range (100 MH2Hz), stealth when
de-activated and quick reconfiguration capabilities.

In this experiment wused the filameninducedhigh-voltage electric discharge generatedthy
compact Tesla cods a plasma antenna at atmospheric pressbeeguided discharge had a length
about 100 cmRadicfrequency (RF) power was injected in the plasma by mearm éohductive
coupler in the form of a hollow metallic cylindrical cavity, fed by a 35 W sstlide RF amplification
chain. Radio emissiorwas then detectedising a remotepatch antenna with a 100 MHz1 GHz
bandwidth(see setup ifigure 20). As shown inthe example given in figur2l, when the coupler is
excited at 990 MHz and no plasma is present, there is no signal observed at this frequency (black
curve), whereas a clear emission peak appears when the laser guided discharge is generated (red
curve). FE energy coupling in the plasma has consequently been achieved, which resulted in the
plasma column behaving as amiting antenna. fie emission level from a copper rod with a length
similar to that of the plasma is approximately equal to four times thema signal strength,
demonstrating the applicability of this technology in real situations.



Figure 20. Experimental setup used for Fk Figure 21. RF signal strength with (red) ¢
coupling in the plasma without (black) the plasma column when t

coupler is excited at 990 MHz. The ins¢
corresponds to a zoom of the highlight
region around 990 MHz.

5. Conclusion

In summary, the physics underlying femtosecond laser filamentation has been introduced. Several
examples of interaction between filaments have been described. Finally we have discussed
applications of femtosecond filamentation to the generatiohHz pulses in air and to the initiation

and control of high voltagdischarges
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