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Abstract. The critical intensity inside plasma filaments gen-contributions to nonlinearity, and we shall average all relevant
erated in air by high-power, ultra-short laser pulses is estiguantities over the whole pulse. Consequently, we obtain a fil-
mated analytically and compared to recent experimental datament whose size and intensity are determined by the follow-
The result,l it ~ 4 x 103 W/cn?, is highly relevant for at- ing equation, which is a balance between Kerr self-focusing
mospheric applications. Angerr(neutral) and defocusing\n(plasma) contributions to

the nonlinear index of refraction [1]:
PACS: 42.50.H; 42.68; 42.65.R

Angerr(neutral) ~ An(plasma) Q)

When propagating in air, high-power femtosecond laseBoth changes in the indices of refraction depend on the laser
pulses produce self-guided high-intensity plasma filaintensityl:
ments, [1-4] the diameter of which could be as small as
100pm. These filaments are due to a balance between Kefz x | & Ne(1)/2Nerit 2
self-focusing, and defocusing due to the plasma generated . ) ) ) ]
inside the filament. Due to the small value of the nonlinear reln this expressionn; is the Kerr nonlinear index %f refrac-
fractive index of air i = 3 x 101cm?/W), the equilibrium  tion of the propagation mediumNeric = eo x M x w?/€? is
is reached for low plasma densities [5]. A precise descriptiofe critical plasma density, witm being the mass of elec-
of the filamentation process would need more experimentd(On. @ the laser angullar fraequenqy, aedthe elementary
data relating to parameters such as the intensity inside tH&argeNeri = 1.7 x 10%* cm2 for a titanium~-sapphire laser
filament. Such data would also be useful for atmospheric agith a central wavelength of 800 nm. The electron denisigy
plications such as lightning control [6] or Lidar [7, 8]. is given by ionization:

However, due to the very high intensities inside in the fil-
aments (at least 1®W/cn?), direct measurements are not dNe(z, t)/dt = R() x N(2) (3)
possible because any device used for that purpose, wheth

e e o e e a0=fiopagaton distance, andR(1) s the onzaton rte. The
» only ybep " results of Talepbour et al. [9] exhibit an effective power law

In this short note, we provide an estimation of the in- ependence of ionization as a function of intensity. This leads
tensity inside a filament generated in air by a femtosecon s to writeR as:

laser pulse, based on recent experimental data obtained by
Talebpour et al. [9]. It is well known [10] that the pulse self- r |y — R 1/11)% 4
focuses until photoionization sets in. Although the detailed 0 T (1/17) @)

propagation dynamics of the pulse may be quite complicatedyhere Ry and I+ are a pair of experimental values used as
its propagation and filamentation is dictated by an equiliby reference point. They can be estimated for nitrogen and
rium between the focusing Kerr effect and defocusing multl-oxygen from the ionization data shown in Fig. 1, adapted
photorytunnel ionization. (In the following, the word ion- from [9]. We choselt o, = ITn, = IT = 1083 W/cn?. The
ization will be used alone whenever possible for simplicity).corresponding ionization rates aRe N, =25 x 10*s~t and

It may be shown that diffraction may, to the first approxi- R , = 2.8 x 10°s™1, respectively. A'linear fit of the curves
mation, be neglected. We also neglect all non-instantaneoyes the slopesy, ~ 7.5 for nitrogen ando, ~ 6.5 for oxy-
~Comresponding athor gen for intensitied < 10 W/cn?. These values are lower
Present address LASIM, UMR CNRS 5579, Universi Claude Bemard tnan those expected from the number of photons needed for
Lyon 1, 69622 Villeurbanne Cedex, France multiphoton ionization, which are 11 and 8 respectively for
(E-mail: jkaspari@lasim.univ-lyon1.fr) nitrogen and oxygen at a wavelength of 800 nm, which is

here N(z2) is the density of neutrals as a function of the



878

10" > 100 —
10 - T ——O0,~ N,
10" - A
10" 80 i
1013 -
—_ \ e g
10" £ s
~ 10" 2 2= 60 7
2 4o y c s /
% 10° rl'éé % 2 \
c 10° P 2 2 40
g o yd ® 0, PPT model €3 / AN
5 10 ‘{ & A N, PPT model °5 /"
s 10 )é’fﬁl 0, linear fit 2% 20 A i AR
10 -~ N, linear fit o s
10°] - x3 s
10? - il T 0 e
1E13 1E14 1E15 1E13 1E14 1E15
Intensity (W/cm®) Intensity (W/cm?)
Fig. 1. Tunnel ionization rate of Nand G molecules as a function of laser Fig.2. Relative ion densities from,Cand N> with respect to the total num-
intensity, as calculated using the PPT model by Talepbour et al. [9] ber of ions in a laser-generated plasma in air, as a function of the laser

intensity after data from [9]. The small dips in the curves are due to dy-
o L namic resonances in the ionization process [18]
an indication of the occurrence of tunnel ionization [11]. We
should point out that the ionization rates of oxygen are not
much higher than those of nitrogen, even though the ionz-dependence oN and consider it as a constant, the lowest
ization potential of oxygen (12¢€V) is lower than that of intensity, or critical intensitylit, needed to maintain a fila-
nitrogen (156 eV) [9]. This is explained by Muth-Béhm et ment is the solution of (2):
al. [12] as being due to the nature of electron orbitals in
the two molecules. In oxygen, with an anti-bonding orbital, T

e . . Ny X lgrit =
electron waves ionized from the two nuclear sites interfere de->~ 't~ 2% Nerit

structively, leading to a significant reduction (suppression) of . an, . @0,

the ionization probability. In nitrogen, with a bonding orbital, (Nxz X R ¢ (ert/ 11)™2 + Nog X R0 X (lo/11)°2)
electron waves ionized from the two nuclear sites interfere (7
constructively. Consequently, the probability of ionization is

high. As such, in our estimation, we have to keep the contriThis equation cannot be solved analytically. For our parame-
butions to ionization from both £and N, and cannot totally  ters, witht; = 100 fs, a numerical solution taking into account
neglect the contribution of N both N, and Q@ gives |t = 4 x 1013 W/cn?. At this inten-

As long as the pulse duration remains shorter than theity, Fig. 2 shows that oxygen accounts for more than 80% of
typical collision time in air, which is about 1 ps in standardthe overall plasma. This value is in good agreement with the
conditions, only tunngmultiphoton ionization occurs, and value ofl = 4.5 x 10'*W/cn? estimated by Lange et al. [13]
collisional ionization may be neglected. The treatment gf O from the higher harmonics pattern.
and N, can therefore be decoupled. Equation (3) thus be- Alternatively, we can estimate the intensity in the filament

comes: by the following observation. The electron density measured
by several groups [5,14-17] has a wide range of values,
dNe(z, 1)/dt = dNe.n, (2, /0t +dNe. 0, (2, 1) /dlt ranging from 182cm=3 [14] to 3x 10'®cm~3 [15]. How-
dNe(z, 1) /dt = Nn, (2) x Rrn, x (1/17)"N2 ever, these discrepancies can be explained by the different
+ No,(2) x Rr.0, x (I/17)%°2 (5) experimental conditions. In the case of Schillinger et al. [14],

the density was averaged over a section with a diameter of

Here, Nn,(2) = 0.78x Nqi(2) and No,(2) =0.21x Nair(2) 11 mm, containing 16- 20 filaments. Taking into account
are the number densities of,Nand G molecules in air,  the fact that the plasma is only to be found in the filament,
respectively. At atmospheric pressure, this corresponds e equivalent plasma density inside the filaments is in the
NN, (2) = 2x 10%cm > and No,(2) = 5x 10°cm™, re-  order of 5x 101 cm~2. The results of Tzortzakis et al. [15]
spectively. The relative contribution of both terms, i.e.could have been overestimated because they have measured
(dNe N, (z. )/dt)/(dNe(z, 1)/dt) ~ and  (dNeo,(z.1)/dt)/  relatively near the focal point of their focusing lens. There-
(dNe(z t)/dt) as a function of the incident laser intensity fore, a reasonable range for the free electron density pro-
using (5) is shown in Fig. 2. Both terms have the same ordegyced by high power ultra-short laser pulses in air is about
of magnitude in the intensity range of interest, and their;gl4_105 cm=3, corresponding to probabilities of ionization
relative contribution to ionization cross each other aroungyf the order of 16°—=10-4. We can reasonably assume that
10" W/cn?. This means that in the general case the contrithe focal volume is approximately constant in the filament,
butions of both @ and N have to be taken into account. The gan(d that saturation of the ionization in Figs. 1 and 2 of [9]
electron density is therefore estimated from (5): corresponds to a full ioniszatior)1 of the gases. Therefore an ion-

_ ization probability of 10°—10" corresponds to an intensity
Ne = [Ry,(1) x N, () + Roy(1) x No, @ ] x 7 ©) of the order of 4—6< 103 W/cn? for oxygen as well as for
where 7, is a characteristic ionization time which is on nitrogen. This is in good agreement with the critical intensity
the order of the laser pulse duration. If we neglect thecalculated above. Due to the higtvalue for both N and G,



even considerable differences in the measured plasma density.

will not affect the inferred critical intensity substantially. 5

In conclusion, we have estimated the critical laser inten-
sity in the filaments of intense Ti:Saphire laser pulses propa-

gating in the atmosphere by two independent methods. Both7.

methods agree with each other and give an intensity in the
order of 4x 10'3W/cn?. This result is highly relevant for
the study of the propagation of high-power femtosecond laser
pulses in air, from a fundamental point of view as well for
atmospheric applications such as laser lightning and Lidar.
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