K Ardaneh 
  
R Giust 
  
B. Morel P-J Charpin 
  
F Courvoisier 
  
Electron heating and radiation in high aspect ratio sub-micron plasma generated by an ultrafast Bessel pulse within a solid dielectric

When propagating inside dielectrics, an ultrafast Bessel beam creates a high aspect-ratio cylinder of plasma with nanometric diameter that extends over several tens of micrometers to centimeters. We analyze the interaction between the intense ultrafast laser pulse and the plasma rod using particle-in-cell simulations. We show that electrons are heated and accelerated up to keV energies via transit acceleration inside the resonance lobes in the vicinity of the critical surface and compute their radiation pattern.

INTRODUCTION

Ultrafast lasers are ideal tools to deposit energy within the bulk of transparent materials [START_REF] Gattass | [END_REF]. This has applications for laser micromachining, for the generation of new material phases as well as for the generation of warm dense matter. Thanks to the nonlinear ionization, the infrared radiation of the laser can generate, early in the pulse, a plasma of electrons and holes in the bulk of transparent dielectrics [2]. The interaction of the trailing part of the laser pulse can heat the plasma if proper conditions are met. Then, depending on the energy density that has been deposited within the plasma, phase change can occur, even at sub-picosecond time scale via non-thermal melting if the ionization rate of the solid is sufficiently high (only few %) [3,4]. In this case, the material can quickly reach the warm dense matter regime, in which the material is at solid density but with temperatures on the order of 1-10 eV [5,6] . This is a challenging state still under study which is relevant for the modeling of many astrophysical objects [7]. The phase change triggers also a series of physical phenomena in the material such as shockwave emission, void formation [8], densification around the void [9]. In the densified regions around voids formed within the bulk, the extreme temperatures and pressures reached within a short time can lead to the formation of new material phases as it has been observed in sapphire and silicon [10,11]. Finally, the formation of voids inside the material has useful applications for laser cutting or drilling of transparent materials. High-speed (typ. 1 m/s) cutting of glass with the stealth dicing technology is one of the most relevant examples [START_REF] Mishchik | Frontiers in Ultrafast Optics: Biomedical, Scientific, and Industrial Applications XVI, Proc. SPIE 9740[END_REF][START_REF] Meyer | [END_REF][14][15].

In these three domains of applications, it is clear that a challenge is to reach the largest energy density as possible over the largest volume possible. However, it is well-known that nonlinear filamentation of Gaussian beams prevents reaching extreme energy densities inside dielectrics. In contrast, we recently demonstrated that it is possible with Bessel beams [START_REF] Ardaneh | High energy density plasma mediated by collisionless resonance absorption inside dielectrics[END_REF].

Zeroth-order Bessel beams, also called "diffractionfree" beams, constitute a propagation-invariant solution to the wave equation [START_REF] Durnin | [END_REF]. They are featured by a conical flow of light directed toward the optical axis. The conical interaction creates an interference pattern, characterized by an intense central lobe surrounded by several other circular lobes of lower intensity. Importantly, when propagating inside transparent solids, an ultrafast laser pulse shaped as a Bessel beam can generate a nano-plasma rod with a length that is adjustable independently of the diameter. Recent work has shown that the length of this plasma rod can be scaled from tens of micrometers to 1 cm [15].

We have recently demonstrated that 100 fs Bessel beams can generate elongated plasma rods with over critical plasma density in sapphire Al 2 O 3 [START_REF] Ardaneh | High energy density plasma mediated by collisionless resonance absorption inside dielectrics[END_REF], in the regime corresponding to the formation of high aspect ratio nanovoids [18]. In contrast with the case of the Gaussian beam, all the pulse energy in the Bessel beam impinges with a relatively large incidence angle toward the plasma rod generated early in the pulse along the optical axis. This configuration is ideal to trigger resonance absorption. In reference [START_REF] Ardaneh | High energy density plasma mediated by collisionless resonance absorption inside dielectrics[END_REF], we have demonstrated the occurrence of resonance absorption inside sapphire by comparing experimental results to particle-in-cell (PIC) simulations. The strong energy transfer between the laser wave to the core of the plasma opens the possibility to reach the warm dense matter regime and to produce temperatures on the order of 10 eV. This explains the opening of high aspect ratio nano channels inside several dielectrics upon Bessel beam femtosecond illumination. Importantly, the conical geometry of Bessel beams is invariant along the propagation. This implies that results obtained with Bessel beams of only several tens of micrometers in length can be extrapolated to several centimeters.

A key question is the understanding of the microphysics of the interaction of the Bessel beam with the sub-micron plasma, at moderate intensities (typically 10 14 W/cm 2 ). For this, we have used Particle-In-Cell (PIC) simulations to investigate the electron plasma wave generation, particle heating and acceleration, as well as the radiation emitted by the accelerated particles.

SIMULATIONS

Our PIC simulations are based on the interaction of a Bessel-Gauss beam [19] with a preformed plasma. The 100 fs laser pulse, with a central wavelength of 800 nm, is polarized along x-direction. We assume that nonlinear ionization has produced early in the pulse a plasma and we model the interaction of the most intense part of the laser pulse with this pre-plasma. We used the numerical code EPOCH [20], without ionization, and the numerical scheme is detailed in reference [START_REF] Ardaneh | Femtosecond laser-induced sub-wavelength plasma inside dielectrics: I. field enhancement[END_REF]. We maintained the numerical heating at a negligible level over the duration of the simulation (320 fs). The pre-plasma is a plasma rod extending over the whole longitudinal length of the box (because of the invariance of the Bessel beam), and its transverse cross-section is elliptically-shaped. The profile is Gaussian and is the same as the one matching our experimental results, as shown in reference [START_REF] Ardaneh | High energy density plasma mediated by collisionless resonance absorption inside dielectrics[END_REF]: the critical radius is 190 nm along the polarization direction (x axis) and 380 nm in the other direction, as shown in Fig. 1(a). The peak intensity of the pulse is 610 14 W/cm 2 , for a pulse duration of 100 fs.

FIELD AMPLIFICATION AND PARTICLE ACCELERATION

Figure 1(b) shows the evolution of the E x component of the electric field in time, on a segment placed along the x direction at the propagation distance corresponding to the highest intensity reached in the Bessel-Gauss beam [START_REF] Boucher | [END_REF]. We first observe the field enhancement in the region where the permittivity decreases because of the presence of plasma ( |x| < 190 nm). A strong field amplification occurs on the critical surfaces, that are indicated with dashed lines in Fig. 1(a). The field reaches a maximum value of 1 GV/cm. This corresponds to an amplification factor of approximately 7 in comparison with the input laser field.

At the critical surface, the resonance absorption takes place. The wave conversion phenomenon creates electron plasma waves. We plot in Fig. 2(a) the density of electrons at the peak of the pulse, in x -z plane. The white line shows the contour at the critical density. We see plasma oscillations taking place. To allow a clearer visualization of the plasma waves, we computed the electrostatic field, that is shown in Fig. 2(b). It has been derived from the density ρ using Gauss's law in the Fourier k-space, E ES x = -jkρ(k)/k 2 / 0 . We can observe that, in the sub-critical region, outside the plasma, the electron plasma waves are quickly damped. This arises from the efficient Landau damping. In the over-critical region, the field oscillations are due to electron sound waves [START_REF] Ardaneh | Femtosecond laser-induced sub-wavelength plasma inside dielectrics: I. field enhancement[END_REF]23]. They penetrate relatively deeply into the overcritical region and we observe that they are curved. The propagation of these waves into the overcritical region is attributed to the fact that the temperature is highly inhomogeneous in the plasma. This is also the reason of the variation of the spatial period along x, hence the variation of the apparent curvature of the fringes. This structure will have a strong impact on the acceleration of electrons as we will see below.

The heating of the particles has been investigated in Ref. [START_REF] Ardaneh | High energy density plasma mediated by collisionless resonance absorption inside dielectrics[END_REF]. In summary, the wave particle energy exchange is very efficient: we observe the heating of the electron population mainly around the critical surfaces. In Fig. 2(c), we show the particle distribution in the phase space x -p x after the pulse (135 fs). We evaluated the main component temperature to be 1.3 eV, and a hot electrons component at 70 eV. In addition, we observe in Fig. 2(c), two tails expanding outwards, at high momentum, outside the plasma.

These tails correspond to highly accelerated particles with energies up to 7 keV. Figure 1 provides a glimpse on the physical mechanism of the acceleration. We have selected out 1000 of the most energetic particles and have traced their trajectories. In Fig. 1(b), we have plotted a selection of 8 representative trajectories. Two of them show highly accelerated particles that escape from the plasma. The other 6 are accelerated by the same mechanism, but remain trapped by a static electric field generated by a double layer formation that will be explained later. The acceleration mechanism is the same in all cases: in the different sub-figures 1(c-h), we see that the particles undergo transit acceleration, which occurs when a particle travels through a highly non-uniform electromagnetic field [24][25][26]. The electrons gain energy by riding on the electron plasma wave, that is curved in the x -t space. The effective acceleration occurs on a distance of less than 60 nm, when crossing the high resonance field. Depending on the exact position of the particle with respect to the plasma wave, the acceleration is more or less efficient. We see that the curvature of the plasma wave is a key to obtain a progressive acceleration of the particle while it remains on the peak of the wave.

Particle acceleration and heating transfer a fraction of the electrons away from the main plasma, as it is also apparent on the x -p x representation of Fig. 2(c). This generates a so-called double layer on either sides of the plasma. These double layers are apparent in Fig. 1 because they generate a static E-field that is superimposed to the laser pulse. Importantly, this static field has an amplitude that is as high as the resonance field of the laser pulse itself (on the order of GV/cm). This static Efield even remains after the laser pulse has vanished. Its damping is governed by the collisions inside the plasma.

RADIATION PATTERN

One of the major advantages of PIC codes is the possibility to access the full information about the particle dynamics, e.g., the position and the momentum as a function of time. If this information can be retrieved and stored for a number of particles, it is then feasible to post-process the radiation associated with a particular set of particles. The radiation diagnostic uses the information from the particle trajectories, position and momentum over time, and determines the energy being radiated by an accelerated charged particle.

Let us consider a particle at position r 0 (t) at time t. At the same time, we observe the radiated electro-magnetic fields from the particle at position r. Due to the finite velocity of light, we observe the particle at an earlier position r 0 (t ) where it was at the retarded time t = t -R (t ) /c, where R (t ) = |r -r 0 (t ) | is the distance from the charged particle (at the retarded time t ) to the observer. Using the Liénard-Wiechert potentials, the total energy W radiated per unit solid angle per unit frequency from a charged particle moving with instantaneous velocity β = v/c under acceleration β = a/c can be expressed as [START_REF] Jackson | Classical Electrodynamics[END_REF]:

d 2 W dωdΩ ∝ ∞ -∞ n × [(n -β) × β] (1 -β • n) 2 e iω(t-n•r(t)/c) dt 2 (1) 
Here, n = R (t ) /|R (t ) | is a unit vector that points from the particle retarded position towards the observer. The observer's viewing angle is set by the choice of n (x sin θ cos φ + ŷ sin θ sin φ + ẑ cos θ).

Figure 3 shows the total radiated energy from an ensemble of 100 randomly selected electrons traced in the simulations that we computed using Eq. ( 1). The distribution is plotted as a function of the angles (θ, φ) in Fig. 3(left). The forward direction corresponds to values of θ below 90 • . We observe that the forward signal shows maxima at (θ, φ) ≈ (0, π/2) and (0, 3π/2), perpendicular to the electron acceleration in the x-direction, which indeed corresponds to the pump laser polarization direction. The emission follows the well-known power distribution per solid angle Ω emitted by a single particle [START_REF] Jackson | Classical Electrodynamics[END_REF]:

dP dΩ ∝ | β| 2 (1 -β cos θ) 3 1 - sin 2 θ cos 2 φ γ 2 (1 -β cos θ) 2 (2) 
where γ is the Lorentz factor. Noticeably, the power shows a much higher signal in the angles corresponding to the forward direction than for the backward direction (90 • < θ ≤ 180 • ). This behaviour could be explained by the coherence of the phases of the dipole moments induced along the plasma rod. A more detailed analysis of the radiation spectrum, out of the scope of the present article, shows the presence of second harmonic generation and of THz radiation in the forward direction.

In conclusion, we have investigated the interaction between a moderately intense laser pulse shaped as a Bessel beam with a nanoplasma rod using particle-in-cell simulations. We have demonstrated that resonance absorption generate plasma waves inside plasma. These plasma waves are highly damped in the sub-critical region while plasma sound waves can propagate over several hundreds of nanometers inside the overcritical plasma. The analysis of the trajectories of the most energetic particles shows that the main acceleration mechanism is transit acceleration. It occurs at the critical layer when particles are trapped inside a plasma wave and gain energy until they are released at the critical surface. Because of the heating of the electron gas, two double layers form on either sides of the nano-plasma. The most energetic particles, with energies up to 7 keV can escape the plasma while part of the hot electrons remain trapped by the potential well due to the electrostatic field of the double layer. Overall, our results enable us to gain insights into the micro physics of the laser-plasma interaction that this relevant for the understanding of the different mechanisms of the deposition of the femtosecond laser pulse energy inside dielectrics. Our results reveal a rich physics which can be exploited in several fields of applications: laser-matter interaction, laser micro-machining, warm dense matter and high energy density physics inside solids, as well as the generation of electrostatic fields and terahertz radiation.
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 1 FIG. 1. (a) Cross section of the 2D density profile of the plasma. The black solid line shows the density profile at y = 0 along x-direction. The critical density nc is 1.7 × 10 21 cm -3 (b) Ex component of the electric field as a function of time and x position. The solid colored lines correspond to the projection in the plane of 8 particle trajectories. Their energy is indicated using the color code. (c-h) Zoom-in views of the acceleration of the electrons as they leave the plasma, together with the exact value of the field Ex(x, y = yp, z = zp, t) sampled at the particle position (xp,yp,zp, t).
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 2 FIG. 2. (a) Plasma density at the time corresponding to the peak intensity in the plane y = 0, which is parallel to the polarization direction. The white solid line shows the contour at the critical density(b) Longitudinal component of the electric field, which allows the visualization of the plasma density waves. (c) x -px phase space of the electron population at a time 135 fs after the peak of the pulse.
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 3 FIG. 3. (left)The total energy radiated per unit solid angle per unit frequency from the accelerated electrons. (right) Configuration of the angles. The laser polarization is along the x axis
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