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Few-cycle laser wakeeld acceleration on solid targets with controlled plasma scale length

We measure the emission of energetic electrons from the interaction between relativistic-intensity ultrashort laser pulses and a solid density plasma with tunable density gradient scale length. We detect an electron beam that only appears with few-cycle pulses (< 10 fs) and large plasma scale lengths (L > λ 0 ). Numerical simulations, in agreement with the experiments, reveal that these electrons are accelerated by a laser wakefield. Plasma waves are indeed resonantly excited by the few-cycle laser pulses in the near-critical density region of the plasma. Electrons are then injected by ionization into the plasma waves and accelerated to relativistic energies. In this laser wakefield acceleration regime, the plasma waves are rotated by the plasma density gradient which results in the electrons not being emitted in the same direction as the driving laser pulse.

I.

INTRODUCTION

Since the recent advent of ultrahigh intensity lasers, bright particle and radiation sources with femtosecond duration have been developed from relativistic laser-plasma interactions. These new sources are expected to find applications in various fields including medicine, imaging and ultrafast probing of matter [START_REF] Malka | Principles and applications of compact laser-plasma accelerators[END_REF][START_REF] Albert | Applications of laser wakefield acceleratorbased light sources[END_REF] . Laser wakefield acceleration (LWFA) is an efficient process for driving relativistic electron beams with few femtosecond durations [START_REF] Lundh | Few femtosecond, few kiloampere electron bunch produced by a laser-plasma accelerator[END_REF] and energies in the 100 MeV to multi-GeV range [START_REF] Faure | A laser-plasma accelerator producing monoenergetic electron beams[END_REF][START_REF] Wang | Quasi-monoenergetic laser-plasma acceleration of electrons to 2 GeV[END_REF][START_REF] Leemans | Multi-GeV electron beams from capillary-discharge-guided subpetawatt laser pulses in the self-trapping regime[END_REF] , or more recently in the few-MeV range with kHz lasers [START_REF] Guénot | Relativistic electron beams driven by khz single-cycle light pulses[END_REF][START_REF] Gustas | High-charge relativistic electron bunches from a khz laser-plasma accelerator[END_REF][START_REF] Salehi | Mev electron acceleration at 1khz with < 10mj laser pulses[END_REF] . In this scheme, the laser pulse ponderomotive force drives a high amplitude plasma wave that is able to trap and accelerate electrons over very short distances [START_REF] Esarey | Physics of laserdriven plasma-based electron accelerators[END_REF] . Usually, LWFA takes place in mm-scale underdense plasmas (gas jets) but is quite inefficient with solid targets. Indeed, for solid-density plasmas, the processes responsible for transferring the laser energy to particles and radiation are radically different. Understanding the pathways and mechanisms of energy transfer to the plasma electrons is a complex and fundamental question that has implications for ion acceleration [START_REF] Macchi | Ion acceleration by superintense laser-plasma interaction[END_REF] and high harmonic generation [START_REF] Thaury | High-order harmonic and attosecond pulse generation on plasma mirrors: basic mechanisms[END_REF] .

It is well known that the plasma density profile at the front surface is a key parameter that can dramatically transform the nature of the interaction [START_REF] Wilks | Absorption of ultrashort, ultra-intense laser light by solids and overdense plasmas[END_REF][START_REF] Sentoku | High-energy ion generation in interaction. of short laser pulse with high-density plasma[END_REF][START_REF] Mckenna | Effects of front surface plasma expansion on proton acceleration in ultraintense laser irradiation of foil targets[END_REF][START_REF] Kemp | Hot-electron energy coupling in ultraintense laser-matter interaction[END_REF][START_REF] Kahaly | Direct observation of density-gradient effects in harmonic generation from plasma mirrors[END_REF][START_REF] Scott | Optimization of plasma mirror reflectivity and optical quality using double laser pulses[END_REF] . When the plasma scale length is short compared to the laser wavelength (L < λ 0 /10), the physics is now fairly well understood. At moderate intensity, vacuum heating [START_REF] Brunel | Not-so-resonant, resonant absorption[END_REF] is the dominant mechanism for energy transfer to the electrons. At relativistic intensities, the physics becomes more complex: the laser field triggers a periodic push-pull motion of the front surface that follows the sign of the laser field [START_REF] Gonoskov | Ultrarelativistic nanoplasmonics as a route towards extremeintensity attosecond pulses[END_REF][START_REF] Thévenet | On the physics of electron ejection from laser-irradiated overdense plasmas[END_REF] . This nonlinear periodic motion leads to high harmonic generation via the relativistic oscillating mirror mechanism [START_REF] Lichters | Short-pulse laser harmonics from oscillating plasma surfaces driven at relativistic intensity[END_REF][START_REF] Baeva | Theory of high-order harmonic generation in relativistic laser interaction with overdense plasma[END_REF] and also results in electron ejection from the front surface [START_REF] Thévenet | On the physics of electron ejection from laser-irradiated overdense plasmas[END_REF][START_REF] Thévenet | Few femtosecond, few kiloampere electron bunch produced by a laser-plasma accelerator[END_REF]25 . These electrons are subsequently injected a) Electronic mail: neil.zaim@ensta-paristech.fr into the reflected laser field where they can directly gain large amounts of energy [START_REF] Thévenet | Few femtosecond, few kiloampere electron bunch produced by a laser-plasma accelerator[END_REF] . In this regime, electron emission has been reported to be optimal when the gradient scale length is on the order of ∼ λ 0 /10, with electron energies ranging from 100 keV to multi-MeV, depending on laser intensity [START_REF] Thévenet | Few femtosecond, few kiloampere electron bunch produced by a laser-plasma accelerator[END_REF][25][START_REF] Bastiani | Experimental study of the interaction of subpicosecond laser pulses with solid targets of varying initial scalelengths[END_REF][START_REF] Mordovanakis | Quasimonoenergetic electron beams with relativistic energies and ultrashort duration from laser-solid interactions at 0.5 khz[END_REF][START_REF] Tian | Electron emission at locked phases from the laser-driven surface plasma wave[END_REF][START_REF] Bocoum | Anticorrelated emission of high harmonics and fast electron beams from plasma mirrors[END_REF] .

For longer gradient scale lengths, interaction in the nearcritical density part of the plasma, which has also been investigated in the context of ion acceleration [START_REF] Yogo | Laser ion acceleration via control of the nearcritical density target[END_REF][START_REF] Henig | Enhanced laser-driven ion acceleration in the relativistic transparency regime[END_REF][START_REF] Bin | Ion acceleration using relativistic pulse shaping in near-critical-density plasmas[END_REF][START_REF] Powell | Proton acceleration enhanced by a plasma jet in expanding foils undergoing relativistic transparency[END_REF] , becomes significant. The physics gets extremely complex and there is no unified description of energy transfer and electron acceleration. There is a wide disparity of experimental results and various mechanisms have been proposed, including resonant absorption [START_REF] Li | Hot electrons in the interaction of femtosecond laser pulses with foil targets at a moderate laser intensity[END_REF][START_REF] Cai | Double-peak emission of hot electrons generated by femtosecond laser interaction with solid targets[END_REF] , J×B heating [START_REF] Malka | Experimental confirmation of ponderomotiveforce electrons produced by an ultrarelativistic laser pulse on a solid target[END_REF] , ponderomotive acceleration [START_REF] Zhang | Emission direction of fast electrons in laser-solid interactions at intensities from the nonrelativistic to the relativistic[END_REF] , stochastic heating [START_REF] Tommasini | Generation of monoenergetic ultrashort electron pulses from a fs laser plasma[END_REF][START_REF] Feister | Relativistic electron acceleration by mj-class khz lasers normally incident on liquid targets[END_REF] , acceleration by surface quasistatic fields [START_REF] Li | Observation of a fast electron beam emitted along the surface of a target irradiated by intense femtosecond laser pulses[END_REF] or direct laser acceleration [START_REF] Toncian | Non-maxwellian electron distributions resulting from direct laser acceleration in near-critical plasmas[END_REF][START_REF] Ma | Ultrahighcharge electron beams from laser-irradiated solid surface[END_REF] . However, it is still unclear what mechanisms actually arise in experiments and the precise experimental conditions under which they appear are not known. This may be due to the lack of control and measurement of the density gradients, which makes the interpretations difficult. In this article, we show that by using few-cycle laser pulses with durations as short as 3.5 fs, we find a regime where LWFA occurs in the near-critical density region of the plasma. Even though this mechanism was previously suggested to explain experimental results with thick solid targets [START_REF] Cai | Double-peak emission of hot electrons generated by femtosecond laser interaction with solid targets[END_REF][START_REF] Mao | Highly collimated monoenergetic target-surface electron acceleration in nearcritical-density plasmas[END_REF] , LWFA is here clearly identified by varying and precisely controlling the key parameters of the interaction, namely the gradient length and the pulse duration, and by performing PIC simulations with realistic plasma density profiles. We find that this regime, which results in the emission of a ≈ 25 • -wide stable electron beam, only occurs with few-cycle laser pulses.

II. EXPERIMENTAL SETUP AND RESULTS

The experiments are performed with the Salle Noire laser system at the Laboratoire d'Optique Appliquée (LOA). The laser delivers 2.6-mJ pulses at 1-kHz repetition rate with an extremely high temporal contrast (> 10 10 ) [START_REF] Jullien | Carrier-envelope-phase stable, high-contrast, double chirped-pulse-amplification laser system[END_REF] . The 800 nm, FIG. 1. Schematic of the experimental setup. The laser pulses interact at 1-kHz repetition rate with a fused silica rotating target. Inset: superimposition of the on-target prepulse (white) and main pulse (color) focal spots.

24 fs laser pulses are post-compressed in a helium-filled stretched hollow-core fiber [START_REF] Böhle | Compression of cep-stable multi-mj laser pulses down to 4 fs in long hollow fibers[END_REF][START_REF] Ouillé | Relativisticintensity near-single-cycle pulses at 1 kHz[END_REF] . The pulse duration can be tuned by changing the pressure in the fiber, thereby providing near Fourier transform limited pulses from 3.5 fs to 24 fs. The laser beam is focused down to a 1.75 µm FWHM spot resulting in peak intensities ranging from 2.3 × 10 18 W/cm 2 (a 0 1) for 24 fs pulses to 1.6 × 10 19 W/cm 2 (a 0 2.7) for 3.5 fs pulses. Here, a 0 is defined as the normalized amplitude of the peak laser field: a 0 = E MAX /E 0 with E 0 = m e cω 0 /e where ω 0 is the laser frequency, c is the speed of light in vacuum and m e and e are the electron mass and charge respectively. In this experiment, represented in Fig. 1, p-polarized pulses impinge on an optically flat fused silica (SiO 2 ) target with an incidence angle θ i = 55 • . A spatially overlapped prepulse, created by picking off ≈ 4% of the main pulse through a holey mirror, is focused to a much larger 13 µm FWHM spot (see inset of Fig. 1) in order to generate a transversely homogeneous plasma that expands into vacuum. The plasma density profile during the interaction is controlled by varying the delay, ∆t, between the prepulse and the main pulse. The density scale length is estimated experimentally using spatial domain interferometry and assuming isothermal expansion [START_REF] Bocoum | Spatial-domain interferometer for measuring plasma mirror expansion[END_REF] . Backward electron emission is measured using a Lanex screen, protected by a 13 µm thick Al-foil, which detects electrons with energies > 150 keV. The Lanex screen was calibrated prior to the experiment using a 3-MeV RF accelerator. The absolute charge is estimated from the electron energy spectrum obtained from the PIC simulations described below, combined with the known spectral response of the Lanex screen. The resulting uncertainty, of the order of 50%, is mainly due to the fact that the exact shape of the energy spectra was not measured. The angular electron distribution in the backward direction is recorded for -3 • < θ < 75 • and -15 • < φ < 15 • where θ and φ are the angles with respect to target normal respectively in the incidence and transverse planes.

Figures 2(a)-2(f) show the measured electron signal as a function of the delay between the prepulse and the main pulse for 5 different laser pulse durations. We first find a strong electron emission for short delays (∆t < 20 ps), corresponding to a sharp plasma-vacuum interface. This emission, detected for every pulse duration, is optimal for a delay ∆t ≈ 9 ps, i.e. L < λ 0 /5. In this regime, the push-pull mechanism mentioned in the introduction is responsible for the ejection of electrons from the plasma [START_REF] Thévenet | On the physics of electron ejection from laser-irradiated overdense plasmas[END_REF][START_REF] Thévenet | Few femtosecond, few kiloampere electron bunch produced by a laser-plasma accelerator[END_REF][START_REF] Bocoum | Anticorrelated emission of high harmonics and fast electron beams from plasma mirrors[END_REF] . A typical electron angular distribution in this case is displayed in Fig. 2(g), showing a broad divergence angle of ≈ 50 • .

As the delay is further increased, the detected charge drops (10 ps < ∆t < 30 ps), and then rises again for longer delays (∆t > 50 ps). This time however, electrons are only emitted when few-cycle pulses (≤10 fs) are used. Note that chirping a few-cycle pulse to increase its duration results in a similar decline of the electron signal, as can be seen in Fig. 3. This is thus a very distinct physical regime, in which the gradient length is much larger (L > λ 0 ) and the duration of the laser pulse plays a major role. In this case, the obtained electron beams have more charge and a narrower divergence angle of ≈ 25 • as is visible in Fig. 2(h). The electrons are emitted near the specular direction, with a slight shift towards the normal direction. The detected signal is very stable over a wide range of delays (50 ps< ∆t <200 ps), indicating that the electron ejection mechanism is not highly sensitive to the exact shape of the plasma density profile. Contrary to the emission of electrons for short delays (∆t < 20 ps) which is strongly correlated with high-harmonics generation 25 , we measure no significant high-harmonics signal at these longer delays (∆t > 30 ps).

III. PIC SIMULATIONS

To understand the origin of this new electron emission process, we turn to 2D Particle-In-Cell (PIC) simulations using the code WARP 48,49 coupled to the high performance PIC-SAR library [50][START_REF] Vincenti | Detailed analysis of the effects of stencil spatial variations with arbitrary high-order finite-difference maxwell solver[END_REF][START_REF] Vincenti | An efficient and portable simd algorithm for charge/current deposition in particle-in-cell codes[END_REF][START_REF] Vincenti | Ultrahigh-order maxwell solver with extreme scalability for electromagnetic pic simulations of plasmas[END_REF] . We use the same laser parameters as in the experiments (more details are given in the Supplementary Material). A moving window is started after the interaction in order to follow the accelerated electrons far from the plasma. We took great care in providing a realistic description of the plasma density gradient. First, the plasma is initially partially ionized (up to Si 4+ and O 2+ ) in order to model ionization by the prepulse. The initial ionization states are estimated from the prepulse peak intensity (∼ 10 15 W/cm 2 ) and the intensity thresholds for barrier-suppression ionization [START_REF] Gibbon | Short pulse laser interactions with matter[END_REF] in silicon and oxygen. Further ionization by the main pulse is also taken into account in the simulations. Second, the plasma density profile is obtained by performing hydrodynamic 1D simulations with the code ESTHER [START_REF] Colombier | Optimized energy coupling at ultrafast laser-irradiated metal surfaces by tailoring intensity envelopes: Consequences for material removal from al samples[END_REF] . Figure 4 shows the resulting profiles for 4 different values of the delay between the prepulse and the main pulse. Note that the density profiles are not always exponential in Fig. 4, contrary to results from models assuming isothermal expansion. The gradient appears to have an exponential shape only for short delays (i.e. for sharp plasmavacuum interfaces) but not for longer delays. The isothermal hypothesis, used to estimate the gradient scale length in the previously mentioned interferometric measurements [START_REF] Bocoum | Spatial-domain interferometer for measuring plasma mirror expansion[END_REF] , likely fails due to radiation and convection losses on these longer timescales. In our case, the electron beam appears for long delays ∆t and we therefore use the density profiles shown in Fig. 4 as inputs for the PIC simulations.

Snapshots from two different PIC simulations are shown in Fig. 5. Both simulations use the plasma density profile obtained with a delay ∆t = 80 ps (i.e. the red curve in Fig. 4), a value for which the electron beam is detected in the ex- periments. The pulse duration is either 5 fs or 24 fs, resulting in peak intensities of 10 19 W/cm 2 (a 0 = 2.15) and 2.1 × 10 18 W/cm 2 (a 0 = 0.98) respectively.

The first striking feature is the formation of high amplitude plasma waves in the wake of the 5-fs pulse. Their wavefront is bent by the density gradient, akin to the plasma waves generated by Brunel electrons in the coherent wake emission mechanism of high-harmonic generation [START_REF] Thaury | High-order harmonic and attosecond pulse generation on plasma mirrors: basic mechanisms[END_REF] . Even though these wakefields appear in the whole region where the 5-fs pulse propagates, inside which the density ranges from n c /1000 to n c cos 2 θ i ∼ 0.3n c 56 , they are completely absent in the 24-fs pulse simulation. This can be easily explained by the fact that wakefield excitation is optimal at the resonance condition, i.e. when the pulse duration is on the order of half the plasma wavelength 10 : τ λ p /2c. This gives a resonant density of n c /14 for 5-fs pulses, versus n c /300 for 24-fs pulses, explaining why large wakefields appear for the few-cycle pulse only (see also Supplementary Material). Some electrons, represented in green in Fig. 5, are trapped and accelerated by the plasma waves' strong electric fields, that reach up to 1 TV/m. The angular and energy distribu- tion of these LWFA electrons is shown in the green curves of Fig. 6(a) and Fig. 6(c) respectively. Their energy spectrum extends to ≈ 2.5 MeV and their total ejected charge is ≈ 7 pC/ µm. These electrons are emitted in the same direction as the electrons detected at long delays in experiments (see the red curve in Fig. 6(a)). Moreover, as in experiments, these electrons only appear for few-cycle pulses. We therefore conclude that the electron beam detected at long delays in experiments originates from LWFA. We may notice that the angular distribution of these electrons is significantly narrower in the simulation than in experiments. This is likely due to space charge effects during the propagation of the electron beam to the detector, which we expect to be important for a sub-MeV beam with tens of pC of charge. The electrons are indeed only propagated for tens of microns in the simulation while the Lanex screen is located ≈ 10 cm away from the target in experiments.

In the simulations, the LWFA electrons come from the Lshell of silicon. They have high binding energies (from ≈ 150 eV to ≈ 500 eV) and can therefore only be ionized by the huge electric fields inside the main laser pulse. The fact that only electrons ionized in the center of the pulse are accelerated suggests that injection by ionization, a well-known mechanism in underdense plasmas [START_REF] Mcguffey | Ionization induced trapping in a laser wakefield accelerator[END_REF][START_REF] Pak | Injection and trapping of tunnel-ionized electrons into laser-produced wakes[END_REF] , is responsible for trapping the electrons into the wakefields. Taking field ionization into account is therefore needed to properly describe the injection of electrons into the plasma waves and more generally to correctly model laser interactions with overdense plasmas when the plasma scale length is large.

Another family of electrons, shown in yellow in Fig. 5 and labelled "reflection electrons", is ejected from the plasma in the simulations. These electrons are accelerated at the reflection point of the laser, where the density is n c cos 2 θ i . Their angular and energy distributions are displayed in the yellow curves of Fig. 6. This family of electrons, which appears for both 5-fs and 24-fs pulses and has a very large angular divergence spreading across all directions, is not detected in experiments. This fact shows that our 2D PIC simulations do not accurately reproduce the ratio between the two populations. This second family of electrons would likely be attenuated in more accurate but more costly 3D simulations. However, this is not a major concern because the simulations explain the main experimental observations, i.e. a well-defined beam of LWFA electrons that appears only for extremely short pulse duration.

It is also worth noting that the same qualitative results are found when the simulations are performed with an exponential density profile with L = 3λ 0 , thus confirming our previous observation that the electron ejection mechanism is not highly sensitive to the exact shape of the plasma density profile. Another interesting point is that a similar trend can be found when the intensities are interchanged in the simulations (i.e. when the 5-fs simulation is carried out with a peak intensity of 2.1 × 10 18 W/cm 2 , while the 24-fs simulation is performed with a 1 × 10 19 W/cm 2 peak intensity). In this case, even though the laser pulse energy is 25 times lower in the 5-fs simulation, a very small number of electrons remain laser wakefield accelerated while there is still no plasma wave formation in the 24-fs simulation (see Supplementary Material). These simulations show a clear effect of pulse duration and confirm that the emergence of the electron beam is not simply due to the increase in intensity when reducing the pulse duration.

IV. PLASMA WAVE FORMATION AND ELECTRON ACCELERATION IN A TRANSVERSE GRADIENT

A unique feature of this acceleration regime is that the electrons are not emitted in the same direction as the driving laser pulse, as is usually the case with LWFA, even with similar laser parameters and plasma densities [START_REF] Guénot | Relativistic electron beams driven by khz single-cycle light pulses[END_REF][START_REF] Gustas | High-charge relativistic electron bunches from a khz laser-plasma accelerator[END_REF] . This is because the wakefields' wavefronts are rotated by the density gradient. To explain this rotation, we use a simple heuristic model based on the following assumptions: (i) the plasma wave is initiated at the temporal center of the laser pulse. This is formally equivalent to an infinitely short driving pulse and is reasonable if the pulse duration is much shorter than a plasma period. (ii) The plasma wave is longitudinal, i.e. the electrons forming it oscillate in the direction of laser propagation. This assumption is equivalent to an infinitely wide (1D) driving laser pulse and is valid when the laser transverse size is larger than a plasma wavelength. (iii) The center of the laser pulse travels at c, neglecting the decrease in group velocity. (iv) The phase of the plasma wave varies at each point at the local plasma frequency. This is valid if the gradient scale length is much larger than the plasma wavelength [START_REF] Thaury | High-order harmonic and attosecond pulse generation on plasma mirrors: basic mechanisms[END_REF] . With these assumptions, the phase ϕ of the plasma wave is:

ϕ(x, z,t) = ω p (x)(t -t 0 (x, z)) (1) 
Here, ω p is the local plasma frequency and t 0 = (z sin θ ix cos θ i )/c is the time at which the temporal center of the laser pulse excites the plasma wave. Plasma wavefronts obtained using Eq. ( 1) in an exponential density gradient are shown in Fig. 7. Even though this simple model is not perfectly valid for the considered experimental case, it can qualitatively reproduce the shape of the plasma waves. Physically, the rotation of the wavefronts can be explained by the density gradient seen by the laser, i.e. the fact that one side of the laser pulse excites a plasma wave with a higher frequency than the other. A given phase will therefore be reached quicker in the region of higher frequency, which results in rotated wavefronts.

We can also use this model to qualitatively explain the measured angular distribution. Let us consider an electron moving with an angle θ e with respect to the x-axis at a position where the wavefront of the plasma wave makes an angle θ w with respect to the z-axis (see Fig. 7(b)). We first note that since the plasma frequency only depends on x, the phase velocity of the plasma waves in the z-direction is (v ϕ ) z = c/ sin θ i . We can then, using the law of sines, calculate the phase velocity along the direction of electron motion:

(v ϕ ) θ e = sin θ w cos(θ e -θ w ) sin θ i c (2) 
If the electron is trapped in the wakefield, its velocity is mainly colinear with the electric field of the plasma waves, i.e. perpendicular to the wavefronts. In this case, we have θ e ≈ θ w and Eq. ( 2) is simplified to:

(v ϕ ) θ e = sin θ e sin θ i c (3) 
Trapping of electrons by the plasma wave is only possible if the phase velocity of the wakefield is lower than c, meaning in our case that electrons can only be emitted when θ e < θ i . Furthermore, electron acceleration to relativistic energies is efficient when the phase velocity is close to c. Equation (3) therefore indicates that the electrons should be emitted close to the specular direction with a slight shift towards the normal direction, in good agreement with experiments and simulations. Electrons directed closer to the grazing direction (θ e > θ i ) cannot be trapped as the phase velocity of the plasma waves in their direction is greater than c while electrons emitted close to the normal direction cannot reach high energies as they would quickly dephase from the plasma waves.

V. CONCLUSION

In conclusion, we detect an electron beam that only appears for few-cycle pulses and large plasma scale lengths. Particle-In-Cell simulations successfully explain the experimental results: the detected electrons are injected by ionization into wakefields formed behind the pulse. These plasma waves can only be efficiently excited by few-cycle pulses at these nearcritical densities, explaining why this new electron emission mechanism is only observed with extremely short pulses. A singular trait of this acceleration regime is that, due to the rotation of the wakefields induced by the density gradient, the electron beam is not emitted in the same direction as the driving laser pulse. This work offers a better understanding of the interaction between ultraintense laser pulses and solid targets and confirms that extremely short pulse durations and controlled plasma conditions provide access to new acceleration regimes.

VI. SUPPLEMENTARY MATERIAL

Supplementary material consists of 6 sections. In the first section, we present the experimental results obtained when reducing the main laser pulse intensity. In the second section, we provide detailed explanations regarding how fewcycle laser pulses are modeled in our Particle-In-Cell simulations. In the third section, we give more informations concerning the numerical parameters of the Particle-In-Cell simulations presented in the main text. In the fourth section, we present simulations performed with the other pulse durations studied experimentally. In the fifth section, we present more exhaustively the simulations with interchanged intensities that are mentioned in the main text. In the sixth section, we estimate the amplitude of the plasma waves generated in our experiments using the 1D nonlinear theory of wakefield generation.

VII.
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 2 FIG. 2. (a)-(e)Electron angular distribution integrated over the φ angle as a function of the delay between the prepulse and the main pulse for respective pulse durations of 24, 10, 7.5, 5 and 3.5 fs. (f) Total ejected charge as a function of the delay between prepulse and main pulse. (g), (h) Typical electron angular distribution obtained with 5-fs pulses respectively in the short (∆t = 9 ps) and long (∆t = 140 ps) plasma scale length regimes. The gradient scale lengths given in the top axis are obtained from interferometric measurements[START_REF] Bocoum | Spatial-domain interferometer for measuring plasma mirror expansion[END_REF] . The white lines in (a)-(e) represent the prepulse leads corresponding to the ticks in (f). The red lines and dots mark the specular direction.
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 34 FIG.3. Total detected charge as a function of pulse duration for a delay ∆t = 90 ps between the prepulse and the main pulse. The pulse duration is tuned here by chirping positively (red points) or negatively (blue points) the 3.5-fs driving laser.
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 5 FIG. 5. Laser magnetic field and electron density from PIC simulations with a large plasma scale length (∆t = 80 ps) and a pulse duration of (a)-(c) 5 fs or (d)-(f) 24 fs. The green and yellow dots show a sample of ejected electrons. T 0 is the laser optical oscillation period and B 0 = E 0 /c with E 0 defined earlier. See also videos for a more comprehensive view of the simulations.
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 6 FIG. 6. (a),(b) Angular and (c),(d) energy distribution of the two families of electrons that are ejected in the (a),(c) 5 fs and (b),(d) 24 fs simulation. The distributions are obtained at the end of the simulation, long after the interaction. The red dashed curve in (a) shows for comparison the experimental angular distribution integrated along the φ angle obtained with a 5 fs pulse and an 80 ps prepulse lead, in arbitrary units.
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 7 FIG.7. Wavefronts (darker lines) obtained using Eq. (1) during the propagation of a laser pulse (represented in blue and red) in a plasma with an exponential density profile (L = 3λ 0 ). Two consecutive wavefronts are separated by a phase of 2π.

ACKNOWLEDGMENTS

We would like to thank H. Vincenti for his help and expertise with PIC simulations and for insightful discussions. This work was funded by the European Research Council under Contract No. 306708 (ERC Starting Grant No. FEMTOELEC), the Région Île-de-France (under Contract No. SESAME-2012-ATTOLITE), the Agence Nationale pour la Recherche (under Contracts No. ANR-11-EQPX-005-ATTOLAB and No. ANR-14-CE32-0011-03), the Extreme Light Infrastructure-Hungary Non-Profit Ltd (under Contract No. NLO3.6LOA) and the LabEx PALM (ANR-10-LABX-0039). This work was granted access to the HPC resources of CINES under the allocation A0020506057 made by GENCI.