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Supercontinuum emission and enhanced self-guiding of infrared femtosecond filaments sustained
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The long-range propagation of two-colored femtosecond filaments produced by an irifRredtrashort
pulse exciting third harmonic§TH) in the atmosphere is investigated, both theoretically and experimentally.
First, it is shown that the coupling between the pump and TH components is responsible for a wide spectral
broadening, extending from ultravioldV) wavelengthg220 nmj to the mid-IR(4.5 wm). Supercontinuum
generation takes place continuously as the laser beam propagates, while TH emission occurs with a conversion
efficiency as high as 0.5%. Second, the TH pulse is proven to stabilize the IR filament like a saturable quintic
nonlinearity through four-wave mixing and cross-phase modulation. Third, the filamentation is accompanied by
a conical emission of the beam, which becomes enlarged at UV wavelengths. These properties are revealed by
numerical simulations and direct experimental observations performed from the Teramobile laser facility.
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I. INTRODUCTION above the critical power for self-focusin@.,). SPM sym-
@etrically increases the pulse spectrum to some extent, until
lasma generation comes into play. Self-induced ionization
en depletes the back of the pulse and keeps untouched its
leading edge, which creates a redshift in the pulse spectrum
14,15. This redshift has also been observed in dielectrics
ch as fused silica or sapphire samgles,17. It was ex-
lained by the same cause, namely, the occurrence of a steep
eading edge in the pulse temporal profisee, e.g., Agrawal
$%8]). According to the number of critical powers in the ini-

Femtosecond laser pulses are well known to propagat
over several Rayleigh lengths as robust filamentary channe
in the atmospherg1-3]. The basic principle of this self-
guiding relies on a delicate balance between the nonline
Kerr response of air, which focuses the beam and produc
optical intensities as high as *0W/cn?, and the defocusing
action of ionization of air molecules, which arrests the bea
collapse and excites a tenuous plasma with electron densiti
limited to 10°-10" cm™. Apart from this principle, addi- 31" pheam, femtosecond pulses can undergo distinct se-
tlonz_:ll mechanlsms,_ such as higher-order terms in thg_ nonling,ences of focusing/defocusing events, triggered by the re-
ear index of re_fractlon, have been proposed as stabilizers fq cusing time slicegback or fronj raising in the pulse. Such
femtosecond filaments, not only in the atmospHére], but  goqences favor multipeaked temporal profiles which partici-
also in various transparent medi. Plasma defocusing cre- 4te in enlarging more and more the spectra. In addition to
ates ring structures in the pulse spatial profile and damps thgeqe gistortions, there exists a significant broadening of the
latest time slices in the temporal profiles. Because of thisyng jar spectrum dictated by the spatial variations of the
complexity, several scenarios have been elaborated 10 €jise phase. These variations are responsible for conical

plain the nature of the filamentatior_l process, .such as th@mission(CE) [2,19 through which the beam diverges as a
self-channeling modd1,2,7], the moving focus pictur8],  .oncentric rainbow with colors ranging from red to green.

and the spatial replenishmefd]. Recently[10], it was pro- These two effects, i.e., spectral broadening and CE, con-
posed that the complex dynamics of filamentation couldsir te the key tools currently used for atmospheric remote
mainly be inferred from the latter scenario, the former ON€Sensing by ultrashort laser pulsi20—26§. Temporal varia-
clearing up intermediate stages in the filament formation acgons in the pulse profile indeed induce a very broad spectral
cordlng to the input beam power. ) ) continuum, spanning from the U¥350 nn) to the mid-IR
This filament process has been put in evidence both f°(~4.5,um) [20], so that the broadened laser beam is often

near IR[1-3] and UV wavelengthg§11-13. In the IR do- worbita i A g
main (800 nn), femtosecond pulses were shown to undergotermed as “white-light laser[21,22. Long-distance nonlin

. . ear propagation of terawafTW) laser pulses was found to
a strong spectral broadening caused by the following: In th%ignificantly enhance such a supercontinuum generation.
early propagation, the pulse is subject to self-phase modul

: - . . . ilamentation could be observed up to 2 km altitudes via a
tion (SPM) in regimes for which Kerr compressiofself- b

f 1o domi ) h b R I detailed analysis of the conical emission. Compared with
ocusing dominates, starting with beam powe(ig;,) we laboratory experiments limited to meter scales, the spectrum

intensity was found to be enhanced up to two orders of mag-
nitude in the IR domairi26]. This enabled the improvement
*Electronic address: luc.berge@cea.fr of Lidar (light detection and rangingperformances through
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white-light emission, as many important pollutants coverlarge wave-vector mismatct~5 cni?), harmonic genera-

large absorption band27]. tion acts on the pump field as a quintic saturation nonlinear-
So far, investigations on the self-channeling of femtosecity. Implications of these new results on the current modeling

ond pulses have mostly concerned the central component @f fs pulses in air are finally discusse8ec. VII).

infrared beams(800 nn). Only recently [29,30 has the

question of the coupling between this IR component and

self-induced third-harmonic generatigfiHG) been raised. !l MODEL EQUATIONS FOR ATMOSPHERIC THG BY

While THG is nowadays a well-known mechanig8,31, FEMTOSECOND IR PULSES

less attention has been paid to its implications in the propa-

gation of ultrashort laser pulses in the atmosphere. Amon . . :
the references available in the literature, we can mention thd€nerationTHG) from an infrared pump follows the classi-

works [32—35, where there has been considerable interest iff&! StePs when deducing nonlinear Schrodin@érS) wave
high harmonic generation using intense femtosecond lasé&duations for different optical componeiftss]. With the an-
pulses focused into gases.[82], a conversion efficiency as Satz
high as 0.1% was reported for THG in air. Higher conversion
efficiency, up to 0.2%, was measured 9,30 and the cou-

Pling of TH V‘,’,ith the pump IR. beam was shown to produce %or the complex field, we get two equations for the slowly
two-colored” femtosecond filament.

The former pioneering references, however, were limited’@rying envelopes’, and&;,,. These equations are coupled
to propagation distances never exceeding a few tens of cij& cross-phase modulatiofKPM) and four-wave mixing
and using tightly focused beams. It is thus worthwhile study(FWM) due to the cubic nonlinearity. Further on, we substi-
ing THG in the framework of long-distance propagation, in-tute &5, — &5,€%% taking into account the linear wave-
volving the development of femtosecond filaments over sevvector mismatch parameteérk=3k(w)-k(3w). After trans-
eral meters and beyond. In this respect, several pointforming to a reference frame moving with the group-velocity
deserve to be addressed, such as determining the spectiglw) of the pump wave, our propagation equations for THG
broadening promoted by THG, understanding the influencén air read
of the third harmonics onto the self-channeling characteris- . "
tics, and the incidence of THG on the conical emission. L2 _Re.2 2

In the present work, we numerically and experimentally ( 2t 2k0VL 2 (9‘>5‘”+ KoM ROE, + 28a./°E.
investigate third-harmonic generation in air and its incidence K,)
on the filamentation of femtosecond pulses over several +&2¢, - {(ﬁ_lﬁ) _i'Bw_|5 |2Kw—2:|g =0

. w “3w. p 0] 0} ’
meters. We report a new phenomenon: The supercontinuum 2p. 2 2
generation at UV-visible wavelengths produced by infrared 2)
ultrashort laser pulses in air. Implications of this UV continu-
ous emission are very important for white-light Lidar experi- (

The derivation of equations describing third-harmonic

E_— gwei[k(w)z-wt] + Eswei[k(3w)z-3wt] (1)

ments[27], as numerous atmospheric pollutaitEOx, SO, id,+iAv o, + ivi - %@2 - Ak)g&u

O3, benzene, toluene, xylene, PAHs, formaldehyde, Hg) etc. 6ko

have strong specific UV absorption bands. Aerosol fluores- " 3ko[n2‘°| Eau|2E, + 2|8, 2E, + n,E3/3]

cence is also excited in this regiga.g., for bioaerosol de- @ @ ¢

tection using amino acids as trac¢ps)). ko .03, _ g'jfw) K -2 _
The paper is organized as follows. The model equations “[\6p. Y pT, [€30|737% | €5, = 0,

are first derived(Sec. l). Emphasis is then given on the

superbroadband continuum in the UV-visible domain of
wavelengths admitting a cutoff as low as 230 nm and an IR .
tail as far as 4.5um. By means of numerical simulations, R(t) = %|5w|2+ %TQlJ e‘“‘t')’TK|€w(t’)|2dt’. @

3

long-distance propagation is shown to lead to a smooth con-

tinuous UV-IR broadening. This phenomenon is explained in

terms of SPM of the pump wave being amplified by the THThe physical parameters are defined K3y 27/ o= w, Ak
pulse, which is locked at the constamphase shift with the =-5 cnT?, while k! =0.2 f&/cm andkj,=1 fs’/cm are the
fundamentalSec. Ill). Effects of THG on conical emission coefficients for normal group-velocity dispersiaqGVD).

are also discusseBec. V). Both this spectacular broaden- Av=[vy(3w) ' -v4(w)]™'=0.44 cm/fs is the group-
ing and conical emission are experimentally reported fronvelocity mismatch responsible for temporal walk-off. The
direct measurements and analysis of the white-light laseterms induced by the coupling between the two components
formed by cm-waisted pulses delivered by the Teramobilénvolve self- and cross-phase modulations together with the
system[23] (Sec. V). An important consequence of THG is FWM, allowing energy transfer between fundamental and
moreover the stabilization of the two-colored femtosecondlH fields. Heren,=4x 1071 cn?/W denotes the nonlinear
filament, whose length is shown to be increased by almosterr index for the IR component, whilen3*=8

one meter(Sec. V). Long-distance propagation allows the X 107° cn?/W is that experienced by TH. The IR Kerr re-
beam to preserve part of its energy by converting the pumpponse of air, defined by E@), is composed of an instan-
wave into TH with an efficiency as high as 0.5%. With ataneous contribution and a delayed part with a relaxation
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time 7(=70 fs [12,14,3§. The free electron density in- 2P,
£,(2=0,,) = | —3e ot (6)
g

creases in time as
dwp= 2 (Pnt‘/O)U(|<j>|5j|2Kj +(a/UDplE", (B with powerP,,=4P,, waistw,=0.5 mm, and temporal half-
j=080 width t,=127 fs[=full width at half maximum(FWHM)
where the indeX refers tow and 3» components, respec- durationA2 In 2]. The beam is launched into the atmosphere
tively. In Eq. (5), K; and o, denote the number of photons [N & collimated way(no focusing lens At z=0, there is no
for IR (800 nm,K,=8) and UV wavelength§266 nm,Ks,, third-harmonic component&;,=0). Figure 1 summarizes

_ ; ; ; P the results of the numerical simulations. Figurgs) land
=3), and their respective multiphoton ionizatigdPl) rates . e

o(gz:2.88>< 10799 sPl Cmie/ W, p0'(3)=1.91>< 10(12" S_i cmf/  1(b) show the pea}k intensities of the fundameriia) and.
W2 [13]. Plasma response has been completed by inclusio H (o) p_uls.es. .F|gures(+m) and2 1d) rezpresent the on-axis
of avalanche ionization with the inverse bremsstrahlun luence d|str|b_ut|on[]-‘:f_oo(|£w| *|E3.) )_(r:O,z,t)dt] and
cross  sections ¢,=5.44x100cm?  and  o5,=6.044 he mean radius of the two-co_lored f|_Iament taken as the
% 102 crr?. Only oxygen ionization with gap potential, _FWHM of the flugnce, respectively. .Flgure$e)L and i)
=12.1 eV is considered for a neutral medium with density/lluStrate the maximum plasma densitsnaxp) excited by
p=5.4% 108 cn3; p,=1.8x 107 cmi 2 is the plasma criti- ionization of air molecules and the energy loss upon the
cal density defined at 800 nm. Because avalanche ionizatigffoPagation axis, computed throughout the entire simulation
is weak for pulse duratior:1 ps, MPI is the principal actor P0X. All dashed curves refer to the same quantities plotted
in generating an electron plasma. Multiphoton absorptiorfOr @n IR pulse only, i.e., while maintaining,,=0 along the
(MPA) intervenes _ through ~the - coefficientss " Zaélrso.m these figures, a couple of important features can
=hoKipnoy) r::;eldi?g BY=31x10 %8 emi¥W’ and g5 N dy be emph%sizea P P

=2.31xX10% cnP/ W=, X

X . (i) The ratio of peak intensitied,/ls, (I;=|&[%;]
This system of equations resembles that proposed by . . > y )
Akdzbeket al.in [29], apart from the following points: First, ~,30) mostly remains=50. This observation can be ex

plasma generation by avalanche and related absorption hax?leamed by the large phase mismatsk between the pump

been included. Second, in the equation for the IR pump, th hd TH components: The characteristic cohere.nce length
Raman-delayed Kerr respongbd.3§ has been taken into o=/|AK ~0.63 cm is rather small, so the evolution of the
account. We assumed a zero delayed response for the U peak intensity almost follows that of the fundamental.

componert, a5 chosen 4329, i, MPI and MPA for  CeTErled T led experinces douriconyersion afer o
the TH component have been tuned on their appropriat propag 9 ' g y

. 3) . the growth of its intensity over larger distances.
Cross sectiontKy, 03, 3,,), while SPM, XPM, and FWM (i) There is a noticeable enlargement of the filament

cpntributions in Eq(3) possess different nonlinear Kerr in- range in the presence of THG: Self-guiding is enhanced by a
dices. ) o _multiplicative factor of~1.5 compared with the case where
_These c;hanges are, however, minor and preliminary simury is omitted. Note the smoother decrease in energy when
lations using the pulse parameters of RE9] restored a  poth |R and UV components couple, which allows the fila-
propagation dynamics close to that commented on in thi$yent 1o survive over longer distances and stay clamped with

reference. In addition, we verified that simulations performed, longer plasma channel reaching a peak electron density
with halved nonlinear coefficients for XPM and FWM, and _1q6_ 107 o3

involving alsoR(t) in the 3 component, led to results com- |4 order to get a deeper insight into the nonlinear dynam-

parable with the coming ones. ics of the two-colored filament, we display in Fig. 2 infor-
mation related to the on-axis temporal distortions undergone
Ill. METER-RANGE PROPAGATION OF FUNDAMENTAL by the two componentfFigs. 2a) and 2b)] and by an IR
AND TH PULSES IN PARALLEL GEOMETRY pulse only[Fig. 2c)]. Here, the red zones correspond to

¢ intensity levels 60 TW/CR | =80 TW/cn?, while yel-
0low and green zones correspond to lower ones, i.e.,
0 TW/cn?<I,,,,<60 TW/cnf. Some temporal profiles
re illustrated in Fig. @) at different propagation distances.
igure 2e) supplies information about the dephasing
=3¢,— ¢, between the components at two different in-
stants, namelyt=0 andt=t,,,, when the pulse intensity is
maximum. Figure &) finally shows the energy conversion
efficiency between the fundamental and the TH pulses, in-
side a contour of 30@&m in diameter around the filament
core (dashed lingand over the whole simulation bagolid
line). This conversion efficiency is defined by the ratio be-
tween the energy in the TH component and the energy of

To start with, we first solve Eq$2)—(5) for an input pulse  both components. It attains values as high as 0.5% over 5 m
having a Gaussian shape of propagation.

Equationg2)—(5) are numerically integrated by means o
a parallel radial code for pulses propagating in collimate
geometry, in order to produce femtosecond filaments keepin
a quasiconstant diameter over several meters. Two inp
beam configurations are investigate@d Sub-mm pulses
(wp=0.5 mm) conveying a ratio of input power over critical
Pin/P,=4 and(b) broader beams with waist;=0.25 cm
containing 50 critical powers. The critical power for self-
focusing is defined b)Pcr=)\§/27-rn2 and it takes the value
P.,=2.55 GW at\(=800 nm.

A. Femtosecond pulses with moderate powers
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FIG. 1. (a) Peak intensities for the fundamental gyl TH components(c) fluence distribution(d) mean radiusFWHM of the fluence
distribution), (e) peak electron density, arf) energy losses for a Gaussian pulse Wh=4P,,. Dashed lines represent the same quantities

without THG.

Again we may underline important points revealed byment to center to the Raman-delayed Kerr response, which
these computations. smooths the back of the pulse and lowers the number of
(iii) Temporal walk-off, which should promote the dis- peaks arising at positive timg87]. When both IR and UV
placement of the TH component to positive times comparedomponents couple, we rediscover this temporal evolution,
with the fundamental pulse profile, is negligible. The walk-up to ~2 m only. Next, the dynamics changes: Temporal

off length, L,,~66 cm, is about 100 times higher than the fluctuations develop in the pulse profile zt2.2 m. Two
coherence length.~0.63 cm, so the TH component is lo- new cycles of focusing/defocusing events occur, connected
cated at the instants when the pump field develops. with the oscillations seen in Fig(d). These new events go
(iv) Following the *“spatial replenishment dynamics” on feeding the interplay between the leading and trailing
model[9], when a single component propagates, plasma geredges in the pulse, before only one temporal peak is confined
eration defocuses the back of the pulse and thereby forms &oundt=0 at the distance=3.24 m. When the pulse tem-
leading edgdt<0). Afterwards, plasma partly turns off and poral profile relaxes to a single peak, it exhibits a typical
provokes the refocusing of the trailing edge>0). This  duration=<t,/10.
standard scenario is refound in FigcR Note that the trail is (v) The phase difference is quasiconstant and keeps the
here directed t6=0 atz=2.5 m. We attribute this reconfine- value A¢= 7 almost all along the self-guiding range, up to
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FIG. 2. (Color) Image plots of
the temporal distributions for

1 4P, mm-waisted pulses(a) fun-
50 | z=137m (d) damental pulsetb) TH pulse;(c)
T a0 "? | z=324m . 108 IR component aloneid) temporal
g ili E profiles from the coupling be-
E 30 i E e tween both components at
- i S loa =1.37 m andz=3.24 m (TH in-
I 20 i 3'1,8 ' tensity must be read on the right-
-° l"\ I =" lop hand side axig (€) dephasing\ ¢
19 ) "J\&A N ' at t=tyay (solid line) and t=0
0 R A AP A 0 (dashed ling (f) energy conver-
-100 -50 0 50 sion efficiency around the filament
t[fs] core (dashed curvyeand over the
entire  simulation box (solid
6.28 curve.
Ad (r=0,1) © @
S ]
w
[T
w
>
=
)
o
=4
w
0 1 2 3 4 5 BRE
z[m]
few intervals inz. '_rhis property, f_irst discoverec_i {29] upon %a ZAéw o~ — konzAiAsw Sin(Ag). (10)
a few cm only, is hence confirmed for collimated beams ) .
propagating over meter-range distances. The demand that the Spatlal prOflIeS of both COUpIed compo-

To understand this latter point, we may follow the proce-nents remain steady-state in the self-channeling regime sug-

dure proposed if29]. We decompose the pump and TH gests sim¢=0. Hence, the dephasing\¢=3¢,~ 3,
fields in phase and amplituc(éj:Ajei¢i, j=w,3w). Discard- should be close to either 0 at. The fact that only a dephas-

ing transverse diffraction, walk-off, and GVD in regimes ing of 7 is possible follows immediately from,A¢~0: At
mainly driven by the nonlinearities that involve relatively leading orderA¢ satisfies

weak lossegsee Fig. 1f)], we find Akop A3
IAG = Ak=— = = B[ 2A, = R(O)] = konz . cosAg),
Pc Bw
0
Guba == 52 KGR + 288, + A s, COSAB], (7 an
C
where one may further approximate the Kerr respoR@e
kop " by identifying the timet,,,, for which the temporal depen-
dppae =~ — Ak = 0. BKkoN5AS, + 3kon, dencies in Eq(4) are maximum atz=0 [43]. For instance,
Pe . when t,=127 fs, this instant isty,=13fs aflfnd yields
A R(tmad = 0.83A2, i.e., the effective Kerr indexpS", is equal
2 w ma W 2
X(ZAw * 3Aq, COS(A@)' G 0.83, in this approximation, so thatA? —R(t) =1.17A2,

Setting coAp=-1 (A¢p=~ ) is then necessary to reach a
1. .2 3 _ balance between the mismatch parameter-5 cnt! and
20:R, = Koo AL Ag, SINA @), 9) the nonlinear contributions. At certain instants, Fige)2
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intensity spectrum

intensity spectrum
=
T

I
B Ez.ﬁl,.,;';‘n"(;!l{p i

intensity spectrum

FIG. 3. (a) Intensity spectra up to 500 nith) Same spectra, but extended ta.éh. (c) Spectra enlarged to &m atz=3.24 m with(solid
curve) and without(dashed curveTHG.

shows that this balance, however, drops inside short longittemergence of a leading edge in the pulse temporal profile
dinal intervals. Visual inspection of the numerical results recreated by plasma defocusirig=1.37 m). Then, the spec-
veals that here eithe€;,=0 or £,=0. Such zero-valued trum is continuously enhanced into a hump of wavelengths
components cannot support the previous phase balance the UV-visible domain(z=3.24 m). At larger distances,
These rapid drops of-phase shift are responsible for a sig- this hump persists, although the UV components become
nificant decrease in the energy conversion efficief@ge  more dampedz=3.63 m. These spectral distortions amplify
Fig. 21f)]. oscillations mainly caused by constructive/destructive inter-

Let us now emphasize one of the most important resultference between different temporal peaks emerging in the
of this analysis: The supercontinuum induced by third-pulse profile and altering consequently the Fourier transform
harmonic generation. (wosc™ 27/ At, whereAt is the interpeak interval

Figure 3 shows the intensity spectra of the~previous pulse. These three phases can briefly be explained by the el-
The plotted quantity is the spectral intensityr,\), ex- ementary theory for SPM18], predicting that a Gaussian
pressed in Fourier space and integrated over the diffractiopulses,(L,t)=&,(Ly,t)e*"! keeping a nearly constant tem-
plane. Three characteristic stages of pulse broadening in thgoral profile will undergo spectral broadening characterized
presence of plasma generation are illustrated. After a Kery a maximum phase shif.,~ (I"%71,) X (L/Ly.), where
induced SPM stagéot shown herg a redshift signals the L,\,L:(kongﬁlo)‘l is the nonlinear length scaléy, ~13 cm;
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l,=2.6 TW/cnf). The frequency variationd w=w- w, dic- B. Broad pulses with high power
tating the spectral enlargement are given dy=-d¢/ ot To prove that the supercontinuum generation revealed in

with maximal value Awma=0.86pma/ T, Where T is the  Fig. 3a) is generic, we briefly examine the dynamics of a
pulse duration kept quasiconstant along the propagatioBroader Gaussian beam, starting with the input datém
lengthL. Applying these estimates to Fig. 3, we find that thenaying the bigger waist;=2.5 mm and containing 50 criti-
competition between Kerr focusing and MPI forms a “con-cal powers. The other pulse parameters are kept unchanged.
stant” leading spike witil ~t,/10 atz~1.3 m, wherelya  Again, the build-up of UV-visible wavelengths appears over
attains 20 times, over the distanc& ~0.5 m. This leads to g couple of meters, as displayed by Fig. 4. Figu@ puts in
the frequency broadenindwma=5% 10" Hz, with a pro-  evidence two different stages in the spectral broadening at-
nounced redshift. Further focusing/defocusing sequences oggined at high power levels, for which the nonlinear focus is
curring fromz=2 m and achieved by the formation of a formed atz=1.5 m. The same “spectral” dynamics charac-
central spike close to=0 induce a more symmetric enlarge- terizes these propagation scales: The TH component widely
ment(z=3.24 m. The UV components amplify this spectral proadens towards its red direction z£2.4 m, as plasma
dynamics asi s, ~ 30¢,(Aws,~3Aw,). generation defocuses the back of the pulsezA4.2 m, a
Spectral broadening in wavelength follows the same dissignificant “symmetric” enlargement of both pulses results
tortions in the proportiom\;=-\Aw;/(2mc), wherec is  from a distorted temporal distribution mixing leading and
the speed of light in vacuum. Deviations in wavelengths arerailing peaks. Spectral enlargements strongly superimpose at
found to attainAN,=2 um for the IR pulse andA\;, this distance and promote a salient hump in the wavelength
=AN,/3=0.6 um for the TH one. Az=3.24 m, the devia- domain 200 nn&\ <500 nm. The temporal evolution of the
tions A\; overlap in the region separating the»3and w  pulse profile along the axis can be followed in Fig. ().
spectra, which become the locus of an important superimpover this propagation range, the dephasihg is again
sition of wavelengths. This results in an UV-visible super-clamped around the value, as seen in Fig. (4).
continuum generation in the domain 200 s <500 nm From Fig. 4b), one can notice how the temporal pulse
revealed by Fig. @). Figure 3b) extends the same spectral profiles become distorted at large distances. We must, how-
evolution, up to 2um, while Fig. 3c) depicts the complete ever, keep in mind that spherically symmetric filaments
spectrum az=3.24 m with and without THG. From this lat- keeping 50 critical powers during their early propagation are
ter figure, one can conclude that, actually, the hump in wavenot very realistic, as the focal spot should break up into
length below 500 nm is caused by THG. Moreover, the IRmultiple filaments at powers=20P, [38]. Figure 4 shows,
content of the spectrum reaches 48, in agreement with nevertheless, that supercontinuum generation occurs over a
experimental observatiorg0]. few meters in the UV-visible domain, even for broad beams
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pulse intensity [£,(K, ,w)+Es,(K, , )2 from which the
half-angle of propagation at given wavelengkh is 6,

=k, /k, X (360/2rw) (degreep wherek,=2=/\. For wave-
lengths above 400 nm, an “inner” bright curve occurs in the
plane(6,,\), which is caused by the fundamental pulse. At
smaller wavelengths, a second “outer” curve arises because
of the influence of THG. Fok=500 nm, this angle reaches
the value 0.12°, in agreement with available experimental
data[2,19. Figure §b) illustrates the CE for the same pulse
without THG (&;,=0), for which 6, slightly increases with
decreasing\, but with an angular growth limited t®,
~0.15°. In contrast, when TH is generated, CE is noticeably
enhanced by about 0.1°. The divergence is steeply aug-
mented to 0.23°-0.25° in the range 200w <400 nm, as

the angular contribution from the pump wave becomes more
and more extinguished. This angular growth is linked to ad-
ditional (FWM) nonlinearities coming from the coupling
wl3w (d,¢3,~30,¢,) and making the TH spectrum ik,
wider than the fundamental.

8

0. [degrees]

6, [degrees]

A

015
A fum]

o 15, 2, G Nemercaly compue CE o e Ao IS¢, ExpERIENTAL LIDAR SENSING REVEALS UV
' ' - ’ VISIBLE SUPERCONTINUUM GENERATION

conveying initially an important ratio of input power over

critical Since supercontinuum generation in the UV-visible wave-

length domain was numerically evidenced over meter-range
propagation scales for mm-waisted beams, we may expect to
IV. CONICAL EMISSION detect the same phenomenon over several hundreds of

If spectral broadening is linked to the temporal variationsMeters by using cm-waisted pulses. With this aim, experi-
of the pulse phase, the conical emission, which manifests d8€ents were performed by means of the Teramobile laser sys-
an angular emission of shifted radiation at specific wavetem [23], delivering pulses with waisty, as large as 5 cm
lengths, is currently justified by the spatial variations of thefrom the laser exit.
same phase. As examined [ih9], CE originates from the The Teramobile system is the first mobile femtosecond
SPM of an IR pulse. Its half-angle of divergendg, is gen- TW-laser based Lidar systerf23]. It involves a chirped
erally measured as the ratio of the radius of a given coloregulse amplified CPA) Ti:sapphire laser source that delivers
ring to the distance from the middle of the CE source to thes TW pulses(70 fs, 350 my at 10 Hz repetition rate. The
screen. This angle does not depend on the longitudinal posiaser pulses are sent vertically into the atmosphere using an
tion where it is measured. Whereas CE has been observedi-reflective beam expand€B). The photons backscat-
many times for various waists in the range of wavelengthsered from the atmosphere are collected by a 40-cm-diam
500 nm=A=<800 nm[2,19, little information has been re- telescope, which focuses the light onto a spectrally resolved
ported for the complementary domain 200sM  detector. The Lidar returns are recorded as a function of the
=500 nm. photon flight time using a 500 MHz digital oscilloscope,

Since CE originates from the nonlinear phase shifts in ongvhich provides distance resolution. The initial chirp of the
filament, it is worth computing it from the mm-waisted beam pulse can be modified by varying the grating distance in the
(Wo=0.5 mm) simulated in Sec. Ill. For any pulse compo- compressor, in order to limit the initial optical intensity and
nent, CE follows from the broadening of the angular specto compensate for group-velocity dispersi@\VD) in air as
trum defined byk, =|d¢/dr|, which is mainly driven by the the laser beam propagates. This allows us to modify the dis-
spatial variations of the plasma density|dp/ar|). Along  tance at which the onset of filamentation occurs.
the self-focusing process, radial compression and longitudi- The UV-visible content of the supercontinuum was mea-
nal steepening occur simultaneously at the pulse front, whickured at different altitudes by using the Lidar arrangement
results in a salient increase of the nonlinearities interplayin@nd by scanning the spectrometer. The wavelength increment
in the phasdsee, e.g., Eq(7)]. For TH generation, CE is was 10 nm from 230 nm to 600 nm. For each spectral inter-
reinforced by the FWM source contribution for the 8om-  val, averaging over 1000 shots was performed. The white
ponent. This angular divergence is plotted in Fig. 5zat light intensity was optimized by changing the initial chirp
=1 m, where the pulse intensity attains its maximum in bothand geometrical focusing. Optimal white-light emission was
components. Figure(& shows the angular divergence com- found for an initial GVD precompensation chirp of
puted from the spatio-temporal Fourier spectrum of the totat-150 fs(t,=127 f9 and a linear focusing of=10 m. De-
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convolution of the spectral dependence of the apparatus rc 10”3
sponse was applied. Correction over the Rayleigh-Mie

backscattering/extinction efficiencies was performed by ana 2
lyzing the individual Lidar returns. Moreover, correction 5 10°3
over the ozone absorption, present in the atmosphere at g 3
concentration of 10Q.g/m?, was applied to the spectra. 2
Lidar signals contain information about the intensity pro- §10"—
[ =4

file in a cross section of the beam depending on the altitud
[39]. Because of the Lidar optical arrangement, the overlaj .
between the laser beam and the telescope field varies wir  10® —T —T . -
altitude and strongly depends on the laser divergence. In pa 0.2 0.25 03 0.35 04 045 0.5
ticular, Lidar signals become very sensitive to this overlag wavelength (um)

function at low altitude. To correct this function, the whole
detection system geometry, including the collecting tele- . ; : , , ,
scope, the monochromator, and the detector, has been ¢ 20 | =, = exporimental data i
signed in three dimensions in order to calculate the geometr lw " ]
cal compression, and hence the overlap function. Thi¢ o2s - .
function was integrated over the whole beam section. In thie— ; -

integration, following the results df25], we modeled the
laser beam profile at each wavelength as a central emissicg 1 " .
peak, surrounded by conical emission bearing 70% of th& es "eel ]
energy. The divergence angle of the conical emission at eac I B T
wavelength, as well as the laser angle relative to the tele °' ] 1
scope axis that could not be measured directly, were left a 0.20 0,25 0.30 0.3 0.40 0.5 o.50
free parameters. These parameters have been determined vy wavelength (Wm)

fitting the Slmulated_ signal as a function of the altitude at FIG. 6. (a) Spectral evolution measured at different propagation
each wavelength with the experimental ones. The Strongegfstances. Intensity at 500 nm is fixed at 4073 times the intensity

weight in this fit was given at the lowest altitudes, where the he fundamenta[40]. (b) Conical emission experimentally re-
geometrical compression effect is higher, and, thereforeported at 200 m altitude fax <500 nm.

where the signal is more sensitive to the parameters. This fit
allowed us to access the white light spectrum at low altitude
(100 m—200 m and the supercontinuum divergence relatedmation in a very recent investigatiga4], where UV spectral
to conical emission as a function of the wavelength. measurements were performed on a single filament over
The results at 105 m, 135 m, and 195 m altitudes aréaboratory scales and restored a supercontinuum similar to
shown in Fig. 6a). At 105 m, SPM widely broadens the Figs. 3a) and 4a) over a few meters of propagation only.
fundamental laser spectrum and THG appears as a band of Figure §b) shows the conical emission detected from the
some 50 nm around 265 nm. At 135 m, however, the obsame experimental setup. The observed divergence can be
served spectrum changes into an ultrabroadband and continexplained as the convolution of CE from each filament in the
ous UV-visible plateau down to 230 nm. At 195 m, TH spec-bundle(overall beam and the linear divergence of the Tera-
tral contribution relaxes to some extent, while the hump aimobile bundle itself25]. This latter angle corresponds to the
visible wavelengths still persists. whole beam divergence governed by geometrical optics, due
This spectral dynamics agrees with the previous numerito the 10-m focusing geometry. It is determined by subtract-
cal results. Some discrepancies, however, deserve special the CE angles known from the literature in the domain of
comments. First, experimental and numerical spectra are00—600 nm from the global divergence of the beam. The
quite similar, up to the oscillations created by interferenceresulting value is then used to deduce the CE angles at lower
between different peaks appearing in the pulse prefie  wavelengths, which are presented in Figh)gsquares Ba-
Fig. 3). Such oscillations are smoothed in the experimentakically, the conical emission in the UV-visible wavelength
spectra, measured with a resolution of 10 nm, and averagegbmain prolongs almost linearly that known from IR pulses
over 1000 shots. Second, differences also occur in the longat relatively larger wavelengthd9]. This behavior is true,
tudinal scales. Whereas our numerics emphasizes a spectg) to an important deviation of the half-angtg at UV
dynamics taking place over 2.5 gsee Sec. ll, identical  wavelengths\ <350 nm. This deviation increases the CE by
spectral distortions develop over several tens of meters in theiore than 0.1° and reaches 0.28° at 250 nm, which reason-
experiments. We attribute these discrepancies to the largsbly agrees with the simulations of Sec. IV.
increment(=10 m) limiting the number of available experi- Note that, whereas IR and UV components are connected
mental data, where the build-up in wavelengths arises as ia Fig. 6(b), they look disconnected in Fig(&. We believe
cumulative effect from all filaments in the entire laser focalthat this discrepancy originates from the lack of higher-order
spot. A majority of filaments should indeed be aligned on thedispersion and space-time focusing terms in our model equa-
same spectral profile to modify noticeably the overall lasettions. These effects are indeed awaited to match the two
spectrum, which can happen after several tens of meterspectral components by increasing their own angular diver-
along the propagation axis. This conjecture received confirgence(see, e.g., Ref45)).

o CE (

0,20 - - -1
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VI. THG IS A NONLINEAR SATURATION MECHANISM
FOR THE PUMP WAVE

=|&,/%, when it becomes saturated by MPI takes the value
e = (2005 I toor )png Y™ =48 TW/cn?, wherens"

As revealed by Fig. @), THG enables the two-colored =0.831,. In _the abse_nce of THG, the typical length for self-
filament to propagate further by keeping a quasiconstarft’@nneling is then given by
waist of ~100 um. This phenomenon is compatible with the )
weaker energy loss undergone by the filament when TH is Azypp ~ (K‘“)(T
emitted, compared with the propagation of an IR pulse alone Bo o
[Fig. 1(f)]. By computing the continuity relations for the |f we now consider the role of TH in the limi€ — 0, the
wave densities, Eqg9) and (10) indeed show that genera- third harmonics couples with the fundamental like an effec-
tion of third harmonics takes place by FWM through up- andtive »® nonlinearity[4] with related coefficienn,,
down-conversion cycles, which, on the whole, do not affect 5
the global energy content. Converting part of the fundamen- n, = n2ko ~ 2 513% 10733 cmf/W?2
tal energy into TH thus limits the energy loss undergone by 47 |AK| ' ’

lasma formation. L .
P a‘ls'o 3n8ers?;gd the self-channeling enhancement, we ¢ ‘Hh'Ch is about a quarter of _the value often proposed in the
first notice the order of magnitude of the wave-vector mis- lterature(see, e.g.[4]). I.n spite of th? smallnesg mf‘." one
match parametefak|=5 cnTL This parameter is large com- can see that such quintic nonlinearities are active in stabiliz-

pared with the typical “nonlinear wave vector” associated "9 the filament for the foIIowmlg reason.

with the peak intensity of thew component: nzkoAi _ When we analyze the eff(_actwe nonlinear index of refrac-
<2.5 cnit. More precisely)Ak| has an order of magnitude tion associated with Eq(13), i.e.,

comparable with the XPM and FWM contributions of Eq. AN =nyR(1) = NylE,1* = pmard 20¢

(3), so that we can apply the so-called “cascading” limit
which consists in settindk equal to the leading-order non-

~1.1m. (14)

)Km—l

(15

linearities, i.e.,

_ Ko &
|AK| + Bkon,AZ "

As long asA? <|Ak|/6kgn,=2.7x 101 W/cn?, the approxi-
mation &3, =~ —Kkon,£3/|AK| holds. Once Eq(12) is plugged
into the pump wave equation, E(R) simplifies at leading
order into

83(1) = (12)

i L e 4
I 0= 5 Vi€ FKAE Ko ROE,

[ ko -(Tw) ﬁqu“') 2K, -2
—i\ =i |pEy = =& T E
<2Pc 2 pPCy 2 | (u| w

€l

koo
|tz "

- ik0n2|: m

where C=6kgn,/|Ak|. The TH nonlinearities thus combine
into a defocusing quintic saturation, which becomes itself

saturated at high enough intensitilg — I7®). Therefore,

tpo'(8)pnt| K,
20,

the combination of nonlinearities can be rewritten as
17

=ng", - nyl% - (16)

ey (1 -y o™ = ay).

Here,y=1,/1"%ps, and azlﬂﬁp,llfx(s) involves the satura-

tion threshold owing to TH-induced quintic saturation,

eff

n
I g = —% =1.32x 104 W/cn?.
w, X n4

An=nj§

(18

Even higher than'3/;, quintic saturation still plays a sig-
nificant role in lowering the overall intensity threshold. Com-
puting the zeros oAn, for which MPI andy® nonlinearities
both saturate Kerr focusing, no longer yields the solution
=1, but insteady=0.94, which lowers!]*®* below 4.5

X 10" W/cn?. The self-guiding length is then enhanced ac-
cordingly,

2

K _
BY eyt

AZMPA ~ ~1.63 m. (19)

THG acts in the sense of “delaying” the collapse of the pumpt becomes augmented by the multiplicative fagtof~ 1.5,
wave and stabilizes the self-guided filament to some extentwhich agrees with Fig. (t).

A similar phenomenon was earlier discovered4d] for cw

Figure 7 shows the peak intensity(a)], mean beam ra-

beams without plasma generation: At large, negative misdius[7(b)], temporal distributiori7(c)], and averaged spectra
match value\k/ (nkyA2) < -1, THG promoted the arrest of atz=3.24 m[7(d)] from the input bean(6) used as an initial
beam collapse and contributed to fot?-like spatial soli-  condition for Eq.(13). In Figs. 1a) and 1b), the dashed
tons(C— 0) characterized by periodic oscillations. Such os-lines report the peak intensity and mean radius plotted in Fig.
cillations, which anticipate the convergence of nonlinearl(a), while the dotted curve represents the same quantities
beams to solitary-wave structures over long rar@é$, are  computed from Eq(13) in the purex® limit, C—0. Re-
visible in Figs. 1c) and Xd) from z=1 m. In the present markably, this equation restores nearly the same pulse dy-
context, they decrease in amplitude until MPA dissipates th@amics as that observed in Figga)l 1(b), and 3c). Even
filament. though THG is “formally” not existing in Eq(13), its corre-

Let us estimate the intensity threshold for thecompo-  sponding quintic saturation promotes close temporal distor-
nent resulting from the interplay between MPI and Kerr fo-tions [Fig. 7(c)]. It helps in symmetrizing the pulse spectra
cusing. The order of magnitude of the laser intensify, and in enhancing spectral enlargement towards the blue side,
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FIG. 7. (Color) (a) Peak inten-
sities for a 0.5 mm-waisted pulse
with 4P, taken as the input con-
dition for Eq. (13) (solid curve,
for Egs.(2) and(3) (dashed curve
and in the purey® limit C—0
(dotted curve (b) Mean FWHM
radius of the same solutiongc)
Temporal distribution correspond-
ing to the dynamics described by
Eq.(13). (d) Averaged spectrum at
z=3.24 m computed from Eq.
(13) (solid curve and from Eq.
(2) without THG (dashed curve

20

intensity spectrum

z[m]

compared with an IR pulse undergoing plasma defocusingvhich becomes three times more enlarged in frequency. This
alone [Fig. 7(d)]. These last numerical results reproducemechanism finally results in a superimposition of the blue-
spectra resembling those depicted in Fig. 3, apart from thehifted IR spectrum with the strongly redshifted UV one and
UV broadband earlier excited by THG which is, of course,to the build-up of novel wavelengths in the intermediate
absent here. They suggest that, even if current models @ginge 200 nm=\ <500 nm. This phenomenon was experi-
pulses propagating in air may not account for TH excitationmentally confirmed by atmospheric sensing experiments per-
and discard integration of Eq3), they should at least in- formed with the Teramobile laser facility. By means of
clude a saturated quintic nonlineariiast term in Eq(13)]  chirped(150 f9, cm-waisted pulses delivering several TW in

with the effectiven, given by Eq.(15). power, vertical shots in the atmosphere allowed us to display
evidence of this supercontinuum generation starting from the
VIl. CONCLUSION deepest UV wavelengths.

Next, we analyzed the conical emission induced by the

In summary, we have investigated the influence of phasespatial variations occurring in the nonlinear phase of the two-
locked propagation of TH pulses on the white-light con-colored filament. Numerical computations of the CE re-
tinuum spectrum generated by the fundamental IR pulse overealed that the angular divergence still increases at decreas-
meter-range propagation distances. From numerical comping wavelengths going down to the UV region, in the same
tations supported by theoretical estimates, we demonstratggtoportions as inside the Teramobile bundle. A steep angular
that the third-order harmonics significantly contributes to thedeviation of 0.1° produced at~ 250 nm was revealed by
supercontinuum generation. As already expectef2$30Q, both the experiment and numerical computations, which
TH is generated and maintains the beam energy and intensityearly proves that the TH component undergoes a more im-
over long distances within a two-colored filament. In thisportant spectral diffraction. Increase of the CE angle at UV
filament, the IR pulse is subject to SPM which broadens thavavelengths is also a consequence of#hghase locking. It
spectrum asymmetrically towards the red direction, causedan also be attributed to the additional saturable nonlinearity
by the early plasma defocusing of the back of the pulseoriginating from THG, which reinforces the defocusing ac-
Simultaneously, the UV spectral region undergoes a widgion of MPI.
broadening, as the dephasing between the two components In connection with this point, the last—but not least—
stays locked af\ = all along the self-channeling process. important result consisted in the partial stabilization of the
This property, discovered ii29] over a few cm, has been put two-colored filament by THG, whose principal effect on the
in evidence upon several meters of filamentation. ThdR pulse dynamics is to introduce a quintic, defocusing non-
m-phase locking guarantees that SPM of the dominant IRinearity at large wave-vector mismatch values. This extra
pulse has a direct incidence on the UV part in the spectrundefocusing contribution arises as a saturating nonlinearity in
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the form ny|&,|*E .,/ (1+6kgn,|E,|?/|AK]), which lowers the 800 nm for di-oxygen molecules. Our present investigation
maximum intensity threshold reached by thecomponent clearly shows that THG can be a key player in stabilizing
and, thereby, enhances the self-guiding range by an efficiefiemtosecond filaments in air by acting likey&® defocusing
decrease of the MPA damping of the filament. Even weaknonlinearity with a quite definitey, coefficient proposed in
this stabilization mechanism participates in making SPM-Eq. (15). Further models of femtosecond pulse propagation
broadened spectra more symmetric and prolonging the lifein air should be modified accordingly.
time of the filament.

The question of knowi_ng whethgf® saturation is impor- ACKNOWLEDGMENTS
tant or not was raised in several recent papsee, e.g.,
[4,5]), where quintic saturations were suggested to influence The authors thank Professor Falk Lederer and Professor
the propagation dynamics. However, no precise evaluation dfilif Peschel for fruitful discussion. Experiments were real-
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