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INTRODUCTION

In the last years, picosecond and femtosecond (1 ps=1000 fs=10 -12 s) laser have created a renewal in many fields of science. To give an idea of what such a short duration is, we can say that during 100 fs, visible light travels about 30 µm in air and 20 µm in water, or that the duration of one electric field oscillation for visible light is about 2 fs. Ultra-short pulses offer the possibility to study ultra-fast phenomena in pump-probe experiments. In chemistry, time resolved spectroscopy techniques [START_REF] Rullière | Spectroscopic methods for analysis of sample dynamics[END_REF] allow one to follow stable and transient species formation on a picoseconde time scale [START_REF] Didierjean | [END_REF] or to determine structure of short-lived molecules state 3) . After the short duration, the second important property of picoseconde an femtosecond pulses consist on a high instantaneous power associated to a relatively low energy. Nowadays, instantaneous power densities of the order of PetaWatt.cm -2 (1 PW=10 15 W) are obtained with commercial systems. The high electric field created by a femtosecond laser allow to induce non-linear effect as multi-photon excited fluorescence and harmonic generation, offering new possibilities to biologists for in-vitro and in-vivo imaging 4,5) . Higher order effects as laser induced breakdown, XUV and X-ray emission with a growing interest in time resolved spectroscopy 6) . In scattering processes, the short duration induces a temporal separation of scattering modes, considering both scattering by an individual particle [7][8][9] or by a turbid medium 10,11,12) . Time resolved detection of scattering light is then a way to distinguish scattered photons depending on their trajectory in the scattering medium (single particle or particle cloud). Nowadays, optical techniques are widely used in particle characterization, using continuous or long-pulsed laser illumination. However, nearly all these techniques assume a single scattering assumption and are then limited to relatively low particle density. Several media encountered in biology, medical science are strongly scattering media (SSM), justifying the interest on ultra-short optical pulses to perform imaging through living tissues. SSM are also encountered in industrial processes such as rockets and cars engine in which high pressure sprays have to be characterized for pollution, consuming and efficiency optimization. In this paper and the joined presentation we present the main features of ultra-short optical pulses interaction with particles, through a review of our group last years work on the particular case of spherical particles and elastic interaction. In the first section, we describe what is an ultra-shot optical pulses and how to generate it. Next section is devoted to the Lorenz-Mie Theory extension to pulsed laser illumination. The last section is a selection of numerical results. Single scattering processes are more developed in this paper than multiple scattering ones to which a second paper, presented in this conference, is devoted.

ULTRASHORT PULSE LIGHT GENERATION

The first laser has been realised in 1960 by T. H. Maiman (Hugues, Malibu LA, California). The first picosecond laser (100 ps), based on a mode locking technique, appeared only 4 years later 13) . During the 40 last years, important progress have leaded to pulses always shorter and instantaneous power have considerably increased from MegaWatt to PetaWatt in the same period. In 1981 14) , the CPM laser (Colliding Pulsed Mode-locked dye laser) delivered sub-picosecond pulses and the same group 15) obtained a 6 fs laser pulse, which is a quasi absolute limit for visible light. Nowadays, Attosecond (10 -18 s) pulses are generated in XUV spectral domain 16) . The first Saphir Titan oscillator was built in 1991, which is also an important date because the use of Ti:Sa crystal have widely participate to the
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th International Congress on Optical Particle Characterization Kyoto, 1-5 August 2004 democratisation of femtosecond lasers, their arrival on the market and their use in science fields far from optic. An ultra-short pulse is characterized by a large spectral width, and the shorter the pulse duration ∆τ the larger the spectral width ∆ν. More precisely, these two pulse characteristics are related to each other by

K ≥ ∆ × ∆ ν τ (1)
where K is a constant depending on the temporal shape of the pulse (K=0.44 in case of gaussian profile and K=0.315 in case of sech profile). An optical pulse is then composed by numerous modes which are in phase accordance at a given time t=0 corresponding to the intensity maximum. Departing from this time, the phase accordance is progressively destroyed and the pulse intensity decreases (see figure 1). A perfect light pulse can then be viewed as an electromagnetic field oscillating at a given frequency (carrier frequency) and modulated by a temporal envelop (profile).

Figure 1 : schematic view of a short pulse of light. The pulse is composed by several frequencies (ν 1 , …,ν n ), in phase accordance at time t=0, leading to a maximum of intensity. Departing from t=0, and due to the small differences between the frequencies, this phase accordance is progressively lost, leading to a decreasing intensity with increasing departure time t, leading to the temporal envelop of the pulse.

To obtain an ultra-fast pulse, three main elements are needed, namely, a resonant cavity, an amplifying medium with absorption spectrum large enough to cover the pulse spectral width and a mode locking ensuring the phase accordance. The cavity modes are discrete frequencies verifying a resonance condition. The amplifying medium amplify any modes included in its spectral acceptance range and the mode locking device favour the mode locked regime with respect to any continuous (monochromatic) emission. Two kind of mode locking device are distinguished : active devices (acousto-optic for ex.) and passive device (saturable absorber for ex.). Oscillators then deliver pulses composed by discrete frequencies regularly separated by the cavity free spectral range (fsr). In time domain, discrete frequencies lead to pulses repetition with a repetition rate equal to the fsr (typically around 80 MHz in a standard Ti:Sa oscillator). Oscillators generally contain intra-cavity compressor 17) to compensate dispersion effects due to the large spectral width associated to short pulses. In association to oscillators, femtosecond systems are composed with one or several amplification stages. To reach important intensity, the main problem is the damage threshold of amplifying media. Amplifiers have been built, based on a "chirped pulse amplification" principle. One pulse issue from the oscillator is isolated, pass through a stretcher composed by two prism or two grating. The pulse
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th International Congress on Optical Particle Characterization Kyoto, 1-5 August 2004 duration is then increased and the power density is decreased. The phase relation between the different frequencies composing the pulse is modify in the stretcher but not destroyed. The travel path depends linearly on the frequency in the stretcher, ensuring a shorter path for the higher frequencies than for the lower ones. In other word, in a chirp pulse the instantaneous frequency is no longer constant but evolves in time. After the stretcher, the chirped pulse pass several times through the amplifying medium (inside a laser resonator in case of regenerative amplifier or a few passes in case of multi-pass amplifier). The high energy chirped pulse finally pass through a compressor in which the higher frequencies follow a longer path than the lower frequencies in order to retrieve the initial phase relation and then the initial pulse duration. A large product range is now available in the market, in term of pulse duration and repetition rate/energy per pulse, these two last characteristics being generally related. The last important parameter to control is now the carrier frequency. Ti:Sa Systems which are the most widely used ones generate light short pulse in the near infrared, around 800 nm.

Other crystals can be used as amplifying medium to generate pulse at different wavelength (as for Hyterbium for carrier frequencies around 1.05 µm), and harmonic generation, frequency summation or frequency difference can ensure frequency conversion. But Optical Parametric Amplification (OPA) has become these last years the best way to obtain frequency conversion in continuous range.

Commercial system composed by an oscillator, an amplifier and an OPA allow one to generate optical pulses from UV to IR in a continuous range providing a very complete tool for many applications.

MODELS FOR PULSED LASER SCATTERING The most rigorous theory to describe elastic interaction between laser light and spherical particles is the Lorenz-Mie theory 18,19) . Motivated by the increasing number of techniques and processes using laser light, generalization of this theory to different particle shapes and to focused laser beams have been developed this 20 last years 20) . These formalism as been recently extend to the case of pulsed illumination 21) , following previous works 22,23) dealing with the particular case of plane wave (infinite spatial extension). In ref. 21) all components of the electromagnetic field (E and H) are written as 

) ( ) 2 exp( ) ( ) , ( 0 τ τ πν τ g i r X r X s i i = ( 
) , ( ) ( ) 2 exp( ) , ( 0 1 0 ν ν ν πν τ + × = - r X G F t i r X cw i p i (3)
where G(ν) is the complex Fourier transform of g(τ), ) ,

( ν r X cw i such as ) 2 exp( ) , ( vt i r X cw i π ν
is the response of the particle to a continuous illumination F designate the inverse Fourier transform with t as ν conjugated variable and not τ as for the direct Fourier transform. Note that the term ) , ( ν r X cw i can be calculate with any electromagnetic theory, Generalized Lorenz-Mie Theory (GLMT) for example. In ref 21) the function g(τ) is real valued, assuming that the pulse is Fourier transform limited, but the formalism can be generalized to a complex function g, allowing to consider chirped pulses without any change in the final result (relation 3). The pulse envelop for a Gaussian profile can then be written as

) ) 1 ( ) 1 ( exp( 1 1 ) ( 2 2 4 2 τ β β β + + Γ - + = i t g (4)
ensuring a constant pulse energy and spectral width (Full Width at Half Maximum) equal to 2 ln 1 Γ = ∆ π ν (5) to be constant when the linear chirp parameter β is varing. β=0 corresponds to the case of a Fourier transform limited pulse with duration (FWHM)
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Γ = ∆ 2 ln 2 t (6)
Numerical codes based on this formalism allow one to compute scattered fields 7,8,24) or internal fields [25][26][27] by a single particle and the main feature of the interaction will be recall in the next section. To consider scattering by an assembly of particles, different models exist, relying on the radiative transfer equation or its approximations. Non stationary 2-flux method 11) , discrete ordinate method 28) or Monte Carlo method 10,29) have been used for strongly scattering media constituting by small particle. To our knowledge, only one referenced work 12) consider the time spent in each particle by introducing time dependent phase functions in a Monte Carlo code, allowing to deal with great particles with respect to the pulse length (light course during the pulse duration).

NUMERICAL RESULTS

Figure 2 displays the scattered intensity at 30° in far field approximation for a 35 fs pulse illuminating a 40 µm spherical water droplet (refractive index equal to 1.33). The Lorenz-Mie Theory (LMT) computation take the form of a peak series separated in time. Each peak corresponds to a different interaction mode (reflection, refraction, …) as demonstrate by comparison with Debye series computations and the time delay between is directly related to the particle size/refractive index. Debye series 30,31) is post-process on LMT, providing a separation of scattered light according to the number of interface crossing, due to differences in associated optical paths. In case of chirped pulse, the temporal profile of each scattered pulse become longer, following the incident pulse profile. Figure 3 displays internal intensity and scattered intensity at different time (-300fs, 0fs, 400fs and 700fs) for a 80 µm diameter water droplet illuminated by the same pulse than in figure 2. at 0fs, a part of the pulse is reflected in backward directions and a part is refracted inside the particle. At 400 fs, reflected light is visible all around the particle, except at Brewster angle. A part of the pulse is refracted from inside to particle to outside in forward direction and one part is one internally reflected. At 700 fs, the refracted part of the pulse is still in the figure area and the one time internally reflected light is partially refracted outside the particle and partially internally reflected a second time. Note that the light internally reflected is compose by a central part, and orbiting wave packets travelling near the limit angle of refraction, and then nearly trapped inside the particle 26) . Figure 4 in which other results for smaller particle size are presented. 3 intensity peaks clearly appear in the figure 4 diagram. These peaks have the same origin than peaks exhibited in single scattering results showing that particle size information could be obtained in dense media (important optical depth). law (exponential decreasing of intensity with medium length). So that techniques such as multiwavelength extinction technique failed, but a time resolved detection should overcome these problem in case of small particles. For greater particles, the information containing in time resolved single scattering processes seems to remain observable in a dense particle clouds. But correlations between measurement at different angle should be necessary. The last perspective and maybe the most obvious wasn't called in this paper. Applications of pulsed laser in other fields have shown that enhancement of non-linear effect by using ultra-short pulses can be exploited. The possibility to generate such effect in particles 32,33) minimising the medium disturbance (by thermal effect for example) represent an important way that we have to consider.

  in which ν 0 is the carrier frequency of the pulse and τ=t-z/c, with z the coordinate along the propagation direction and c the celerity of light. The function g(τ) is the pulse envelop, defining its temporal profile. The response of the particle (scattered or internal field) to the pulse illumination is then written as [ ]

Figure 2 :

 2 Figure 2 : far field scattered intensity at angle θ=30° by a 20µm diameter water droplet, illuminated by a 35 fs Fourier transform limited pulse. The pulse spatial extension is infinite, the carrier wavelength is 600 nm and the polarization is parallel. Results correspond to LMT and Debye series computation for p=0 to 9. p=0 correspond to the reflected light, p=1 to the refractive light, and other values to light experiencing p-1 internal reflections.

  Figure3displays internal intensity and scattered intensity at different time (-300fs, 0fs, 400fs and 700fs) for a 80 µm diameter water droplet illuminated by the same pulse than in figure2. at 0fs, a part of the pulse is reflected in backward directions and a part is refracted inside the particle. At 400 fs, reflected light is visible all around the particle, except at Brewster angle. A part of the pulse is refracted from inside to particle to outside in forward direction and one part is one internally reflected. At 700 fs, the refracted part of the pulse is still in the figure area and the one time internally reflected light is partially refracted outside the particle and partially internally reflected a second time. Note that the light internally reflected is compose by a central part, and orbiting wave packets travelling near the limit angle of refraction, and then nearly trapped inside the particle26) . Figure4corresponds to Monte Carlo simulation of transmitted light through a turbid medium composed by particle greater than the illuminating pulse length. The method used to obtain these results is close to the method used in ref 12) and detailed in a separated communication (paper no24) 
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 3 Figure 3 : internal and scattered intensity by a 80µm diameter water droplet illuminated by a the same pulse than for figure 2.

Figure 4 :

 4 Figure 4 : Transmitted light through a turbid medium composed by 100 µm diameter particles. The optical depth is 8. The illuminating pulse is 50 fs and intensity is plotted versus time and a dimensionless position corresponding to the distance of outgoing photons to the illuminating pulsed beam position. CONCLUSION Nowadays, more computations and experiments (planed) are needed to define configurations allowing us to measure the size distribution and concentration of strongly scattering particle clouds. However 2 different techniques are conceivable. The first one could be based on the exact measure of transmitted light flux, according to Beer-Lambert law. Indeed, in dense medium where multiple scattering is dominating, the flux detected in forward direction no longer corresponds to this simple