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High energy density plasma mediated by collisionless resonance absorption inside dielectrics

We demonstrate for the first time to our knowledge the generation of overcritical plasma densities inside transparent solids over long distances using femtosecond laser pulses. This opens new avenues for high energy density physics in confined geometry such as warm dense matter study or the synthesis of new material phases. We show both with experiments and first-principles simulations, that femtosecond conical interference via a Bessel beam creates a dense plasma rod with typically 100 nm diameter in sapphire. The interaction is in ideal conditions to trigger collisionless resonance absorption. This mechanism plays a primary role in the energy deposition process, yielding a plasma with an energy density on the order of MJ/cm 3 and a length that can reach several cm using only tabletop femtosecond lasers.

Extreme focusing of a femtosecond laser pulse with numerical apertures in excess of unity inside transparent materials generate a nanosphere of dense plasma, but the volume of the excited material is too small for X-ray investigation of warm dense matter [START_REF] Guillot | Interiors of giant planets inside and outside the solar system[END_REF][START_REF] Saiz | Probing warm dense lithium by inelastic X-ray scattering[END_REF] or for the synthesis of new material phases [START_REF] Vailionis | Evidence of superdense aluminium synthesized by ultrafast microexplosion[END_REF][START_REF] Smillie | Exotic silicon phases synthesized through ultrashort laser-induced microexplosion: Characterization with Raman microspectroscopy[END_REF]. Reducing the focusing strength enlarges the focal volume, but -in contrast with laser interaction at the surface of solids -the plasma density build-up inside the solid defocuses a Gaussian beam so that high plasma densities cannot be reached, even with higher pulse energy. The problem is illustrated in Fig. 1(a): after plasma generation on the optical axis by the initial part of a laser pulse, the trailing part of the pulse impinges on the plasma with a high angle of incidence i with respect to the plasma surface normal. Instead of heating the plasma core, the optical pulse is deviated outwards to the regions with higher refractive index, even for very low plasma densities. This is the wave-turning phenomenon [START_REF] Kruer | The physics of laser plasma interactions[END_REF][START_REF] Eliezer | The Interaction of High-Power Lasers with Plasmas[END_REF] which presents a fundamental challenge. Importantly, the most intense components of a Gaussian beam, at the center of its far-field distribution, have largest incidence angles. They turn away at the largest distance from the plasma center [see circled inset in Fig. 1(a)]. Due to the wave-turning, plasma generation continues outside the initial volume and consequently the plasma remains sub-critical, i.e., below the critical density at which the plasma permittivity turns to zero, and the deposited energy density remains low [START_REF] Bulgakova | Modification of transparent materials with ultrashort laser pulses: What is energetically and mechanically meaningful?[END_REF][START_REF] Naseri | Mechanism of laser induced filamentation in dielectrics[END_REF].

In this article, we report the creation of over-critical plasmas along quasi-arbitrary distances with femtosecond Bessel beams in sapphire, using only a moderately high numerical aperture (0.4). The plasma absorbs high amount of the pulse energy as a result of the resonance absorption mechanism, observed here for the first time in the bulk of solids.

A zeroth-order Bessel beam is a circularly-symmetric interference field, so-called diffraction free [START_REF] Durnin | Diffraction-free beams[END_REF], whose length is independent from the central lobe diameter [Fig. 1(b)]. Its conical structure uniformly distributes energy by a transverse flow along the plasma created in the central core. Resonance absorption has been widely studied within the context of inertial confinement fusion, by illuminating the surface of solids [START_REF] Gibbon | Collisionless absorption in sharp-edged plasmas[END_REF][START_REF] Teubner | Angle-dependent X-ray emission and resonance absorption in a laser-produced plasma generated by a high intensity ultrashort pulse[END_REF][START_REF] Palastro | Resonance absorption of a broadband laser pulse[END_REF]. It occurs when a laser pulse obliquely impinges on a plasma ramp and the laser electric field has a component parallel to the plasma density gradient. In this condition, mode conversion resonantly drives electron plasma waves at the critical surface. This can transfer up to 70% of the laser energy into the plasma [START_REF] Kruer | The physics of laser plasma interactions[END_REF][START_REF] Denisov | On a singularity of the field on an electromagnetic wave propagated in an inhomogeneous plasma[END_REF]. Mode conversion is efficient for the moderate incidence angle of Bessel beams on the plasma density ramp and generally inefficient in Gaussian beams because most of the energy is located on components at grazing incidence.

We determine the typical plasma profile by comparing complementary experimental diagnostics to firstprinciples Particle-In-Cell (PIC) simulations using the 3D massively parallel code EPOCH [START_REF] Arber | Contemporary particle-in-cell approach to laser-plasma modelling[END_REF] because direct measurement of the plasma density inside the bulk cannot be performed via optical techniques when the plasma reaches the critical density at sub-wavelength scales. We demonstrate that in sapphire, over-critical densities are reached over a typical radius of 75-200 nm with typically FIG. 1. Laser-plasma interaction within dielectrics. (a) Gaussian beams are conventionally limited to create sub-critical plasmas in dielectrics because of the wave-turning phenomenon. Most of the waves composing the Gaussian beam impinge on the plasma with a very large incidence angle: these are deviated away well before they reach the plasma center. The plasma buildup expands the plasma volume but the density remains sub-critical. The radius of the turning point rt is defined for an incidence angle i by the density reached n(rt) = nc cos 2 i, where nc is the plasma critical density. (b) In a Bessel beam, the far-field k-space spectrum is narrow, the whole pulse energy impinges on the plasma with a relatively low incidence angle. The steep plasma density profile generated by the pulse onset makes resonance absorption possible, which transfers energy from the laser beam into the plasma. The energy transfer and ionization are therefore extremely localized on a sub-wavelength rod. The geometry of the interaction is longitudinally invariant.

50% absorption of the laser pulse energy. This is additionally confirmed by the observation of second harmonic from the bulk of a centrosymmetric dielectric for the first time to our knowledge. While conventional models of laser energy deposition hitherto have relied on collisional absorption, we show here that most of the absorption is due to collisionless resonance absorption. Our findings open a new route to develop high energy density physics in a confined geometry inside solids, but also open new perspectives for nonlinear optics with epsilon-near-zero materials [START_REF] Alam | Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region[END_REF], synthesis of new material phases and laser material processing.

The interaction of an ultrashort pulse with a dielectric medium can be viewed as a two-stage process. In the first stage, field ionization and electron-impact ionization create a plasma, with which the trailing part of the laser pulse interacts during the second stage. Our experiments show that the femtosecond Bessel pulse generates a plasma over a length of 18 µm with a typical diameter of a few hundreds of nanometers and absorbs approximately 50% of the 1 µJ pulse energy (similar plasma was produced over a length close to 1 cm with mJ pulse energy [START_REF] Meyer | Extremely high-aspectratio ultrafast Bessel beam generation and stealth dicing of multi-millimeter thick glass[END_REF]). We point out that the ionization energy absorbed to produce an over-critical plasma of this size is n c V U g where n c is the critical density at 800 nm, V ≈ 1.5 µm 3 the plasma volume and U g ≈ 10 eV the bandgap of sapphire. The ionization energy is less than 0.04 µJ which is negligible in comparison with the total absorbed energy. We therefore hypothesize that the first stage is very short compared to the pulse duration and we focus our mod-eling efforts on the second stage of the interaction. Our model does not take into account ionization in order to isolate the laser-plasma interaction.

We first qualitatively describe the physics of Bessel beam interaction with plasma using numerical simulations. We have performed 3D PIC simulations to model the interaction of a 100 fs Bessel beam with a plasma rod. The pulse, with a central wavelength λ = 800 nm, propagates along z-direction and is polarized along the x-direction [START_REF] Ardaneh | Generation of a Bessel beam in FDTD using a cylindrical antenna[END_REF]. In the absence of plasma, the intensity reaches 6 × 10 14 W/cm 2 , as in the experiments. The beam cone angle is θ = 25 • , which corresponds to an incidence angle i = 65 • on the cylindrical surface of the plasma [Fig. 1(b)]. In the central lobe the amplitude of the z-component of electric field is 25% of the x-component, while the y-component remains negligible (2%). We have presented in detail our numerical scheme in the Supplemental Material [18]. In Fig. 2(a), we show the fluence distribution, i.e., the timeintegration of the Poynting vector of the Bessel beam, in xy-plane at a propagation distance corresponding to the peak of axial fluence profile, without plasma. In Fig. 2(b), the beam interacts with an over-critical circular plasma rod with a turning point radius of 274 nm. All lobes are shifted outwards by a distance of about 300 nm due to the wave-turning phenomenon (the slight discrepancy stems from the fact that the estimate of the turning point radius is made for a monochromatic plane wave).

In the zoom-in view presented in Fig. 2(c), two highintensity structures appear inside the region of the initial central lobe. One is composed of two electromagnetic lobes outside the plasma (y = ±0.5 µm), oriented perpendicular to the pulse polarization. They originate from the difference in permittivity between the plasma rod and the external medium [START_REF] Bhardwaj | Optically produced arrays of planar nanostructures inside fused silica[END_REF][START_REF] Liao | High-fidelity visualization of formation of volume nanogratings in porous glass by femtosecond laser irradiation[END_REF]. This effect occurs even for sub-critical plasmas. It reduces the amplitude of the field in the polarization direction and amplifies it in the perpendicular direction. The second structure is much more localized in the vicinity of the critical surface and shows two lobes along the polarization direction. It corresponds to resonantly driven electrostatic plasma waves at the critical surface. Therefore, this structure cannot be observed experimentally by beam imaging. This is why, in the following figures, we exclude the electrostatic field components from the simulated fluence distributions.

In Figs. 3(a)-3(d), we present experimental results of near field fluence imaging in 400 µm thick C-cut sapphire Al 2 O 3 . They have been obtained by collecting the 100 fs laser pulse after its interaction with the sample, using a single shot beam sectioning technique [START_REF] Xie | Tubular filamentation for laser material processing[END_REF]. We have detailed our experimental techniques in the Supplemental Material [18]. Figures 3(a We observe a significant energy drop of nearly 50% over an 18 µm segment of propagation, which corresponds to the region where plasma is generated. This is approximately the length of the void channel that is created in sapphire in single shot under similar laser illumination conditions [START_REF] Rapp | High aspect ratio micro-explosions in the bulk of sapphire generated by femtosecond Bessel beams[END_REF]. We independently checked that the energy drop is effectively equal to the total loss within the sample, confirming that energy deposition is localized in the high-intensity region, i.e., not in an earlier stage of the propagation as it can be the case for Gaussian beams.

Importantly, we observe in Fig. 3(c) that in the plasma region (z = 14 -32 µm), the surrounding lobes negligibly shift with respect to those in the regions where plasma is absent (z < 14 µm, z > 32 µm). This sets the upper limit to the turning point radius r t roughly to the experimental sensitivity associated with the width of the Bessel lobes, i.e., typically 500 nm. Given the incidence angle, the density at a distance r t is less than n c cos 2 i = 0.086n c .

In Figs. 3(a) and 3(c), the shift due to wave turning is invisible within the central lobe. Because of the limited numerical aperture, the fine details of the fields inside the central lobe are not transferred to the imaging plane. To summarize, our experiments show that the onset of the Bessel pulse generates a plasma with a sub-wavelength diameter and that the trailing part of the laser pulse is significantly absorbed.

We determine the typical plasma density profile with a series of numerical simulations with different plasma profiles. We limited the turning radius to r t = 500 nm and chose the plasma transverse profile as a Gaussian distribution for which we adjust peak and width. Collisional PIC simulations for sub-critical plasmas were showing an absorption of only a few percent, even for collision times as short as 0.1 -2.5 fs. As an example, with a peak density of 0.25 n c , the turning radius has to exceed 900 nm to reach an absorption of 20%. However, this would cause a remarkable radial shift of the Bessel beam lobes which is not found in our experiments. In contrast, only simulations with over-critical densities were showing strong absorption in the range of 40-60% as in our experimental results.

The experimental near field profile of Figs. 3(a) and 3(b) is not cylindrically-symmetric. With circular plasma rods, we were not able to reproduce the orientation of the asymmetries, neither the far-field distribution [see Fig. 4(a)]. In contrast, we obtain a very good quantitative agreement with all our experimental results using elliptical plasma rods, having the major axis oriented perpendicular to the polarization (critical radius r c = 75 -190 nm along the polarization direction and r c = 380 nm perpendicular to the polarization).

The ellipticity can be explained by the field amplification in the first stage of field ionization, due to the difference in permittivity between the medium and the initially sub-critical plasma [START_REF] Bhardwaj | Optically produced arrays of planar nanostructures inside fused silica[END_REF][START_REF] Liao | High-fidelity visualization of formation of volume nanogratings in porous glass by femtosecond laser irradiation[END_REF]. We experimentally confirmed that the plasma is elliptical and elongated perpendicular to the polarization, by high-resolution imaging of voids formed in sapphire after the laser-induced micro-explosion, as shown for different input polarizations directions in Fig. 3(e).

In Figs. 3(f)-3(i), our simulations of the near field show negligible lobe shift of the Bessel beam and the asymmetries of the fluence distribution are oriented as in the experiment (we remind that the small dip observed in the central lobe of Figs. 3(h-i) is filtered by the imaging operation). In the collisional plasma model [Fig. 3(g) solid line], the pulse energy decreases linearly with a slope of -0.03 µJ/µm and the total absorption is 54%, both in good agreement with the experimental values. Overall, a steep plasma profile tends to increase the absorption factor and a narrow plasma density profile reduces the shift due to wave-turning. Importantly, the dashed curve in Fig. 3(g) shows the result for a collisionless simulation. Since the difference with the collisional case is only a few percent (5 points), the main absorption mechanism is collisionless resonance absorption.

Our simulations show that the plasma diameter and its cross-section geometry strongly affect the far-field pattern. In the linear, absorption-free, regime, the far-field fluence of a Bessel beam is a homogeneous ring [Fig. Overall, our simulations allowed us, up to here, to identify that the plasma is over-critical and with an elliptic cross-section.

We experimentally observed second harmonic emission from the bulk of sapphire despite its zero secondorder nonlinear susceptibility [START_REF] Boyd | Nonlinear Optics[END_REF]. For this, we imaged the far-field fluence distribution in the spectral range 400±20 nm, as shown in Supplementary Fig.

S.1(c). Our experimental technique is described in the Supplemental

Material [18]. The distribution is composed of a lowintensity background originating from black-body radiation, and of a thin second harmonic emission at an angle nearly identical to the reflection of the pump. This reflection is superimposed to the transmission of the pump because of the conical interaction. We show in Fig. 4(b) that our PIC simulations are in very good agreement with the experimental results.

In laser-plasma interaction, second-harmonic emission originates either from resonance absorption or from parametric decay instability [START_REF] Erokhin | Second harmonic generation by an electromagnetic wave incident on inhomogeneous plasma[END_REF]. In the latter case, the second harmonic polarization is perpendicular to the incident laser one [START_REF] Vlnogradovand | Secondharmonic generation in an inhomogeneous laser plasma[END_REF] while in the former case, it is parallel [START_REF] Auer | Second-harmonic emission at resonance absorption[END_REF][START_REF] Dragila | Second-harmonic generation in a laserproduced plasma[END_REF], as our experimental results. Therefore, the second-harmonic diagnostic confirms that resonance absorption occurs.

In the simulations, the ratio of second harmonic to the fundamental intensity is ∼ 10 -5 . Using this ratio for Fig. S.1(c) and Stefan-Boltzmann law, one can estimate the plasma temperature on the order of 10 eV. This is consistent with our numerical framework and with the fact that Bessel beam-induced plasma relaxation forms warm dense matter in silicon dioxide [START_REF] Del Hoyo | Nanoscale confinement of energy deposition in glass by double ultrafast Bessel pulses[END_REF].

We have demonstrated, for the first time to our knowledge, i) that ultrafast Bessel beams can generate overcritical plasma within the bulk of sapphire, ii) that collisionless resonance absorption is a key process for energy deposition and iii) second harmonic emission in single shot from the bulk of sapphire. Our findings therefore open a new route to generate high energy density matter inside solids. They answer a central question in the energy deposition by ultrafast pulses within the bulk of solids, which is particularly crucial in the field of laser micro-/nano-structuring of materials. Since the conical shape is propagation-invariant, our results can be easily extended to much longer propagation distances: a pulse energy of 1 mJ is enough to create a 1 cm long plasma in identical conditions as discussed above [START_REF] Meyer | Extremely high-aspectratio ultrafast Bessel beam generation and stealth dicing of multi-millimeter thick glass[END_REF].

Nanoplasma generation with over-critical density inside solids opens interesting opportunities for nonlinear plasmonics [START_REF] Kauranen | Nonlinear plasmonics[END_REF], strong THz fields generation [START_REF] Kampfrath | Resonant and nonresonant control over matter and light by intense terahertz transients[END_REF] and extreme ultraviolet sources [START_REF] Han | High-harmonic generation by field enhanced femtosecond pulses in metal-sapphire nanostructure[END_REF]. Controlling resonance absorption inside dielectrics provides useful new tools to drive solids into extreme thermodynamics pathways in a geometry where the material cannot expand into vacuum. The energy density deposited in our experiments is on the order of MJ/cm 3 , which is a typical range for driving a transformation to warm dense matter [START_REF] Denoeud | Metallization of warm dense SiO 2 studied by XANES spectroscopy[END_REF][START_REF] Ernstorfer | The formation of warm dense matter: Experimental evidence for electronic bond hardening in gold[END_REF]. Consequently, millijoule energies are enough to generate relatively large volumes of warm dense matter on the order of 1000 µm 3 .

Our results therefore provide new avenues for generating relatively large volumes of new material phases and our configuration can be considered as a convenient new platform for the exploration of warm dense matter physics.
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Our numerical simulations model a plasma of electrons and ions in vacuum. We used ion-to-electron mass ratio 102 × 1836 as the product of the sapphire molar mass and the proton mass. We injected from the z = 0 boundary a Gaussian pulse which propagates along the positive z-direction and is polarized along the x-direction. We applied a phase Φ(r) = -(2π/λ)r sin θ to the Gaussian beam, as it is the case experimentally using the spatial light modulator. The wavelength and cone angle are λ = 0.8 µm, 25 • , respectively. The temporal profile of the beam is a Gaussian function with a width of 100 fs FWHM. The Gaussian beam waist is w = 10 µm. All simulations using a reduced cone angle, to simulate refraction, gave very similar results in terms of absorption, characteristics of near and far-field patterns. The Bessel beam length has been reduced to ≈ 18 µm, by cropping the Gaussian beam window, to reduce the simulation run time. The peak intensity in the Bessel zone is 6 × 10 14 W/cm 2 in absence of plasma, i.e., on the same order of magnitude as in the experiments.

Plasma parameters

We have used circular and elliptical plasma rods. The axial density profile of the plasma rod follows tanh(z/z 0 ) with z 0 = 1 µm. It shows a z-invariant density profile extending from ≈ 2 µm away from the onset of the Bessel beam. The velocity distribution of both plasma species have been initialized with a Maxwellian distribution at T e = T i . We have run simulations for different initial plasma temperatures of 1×10 -3 , 1 and 10 eV and we have obtained very similar results in terms of pulse absorption, structure of the fields, and hot electron population. All simulations results have included electron-ion collisions, although the collisionless case is almost indistinguishable.

Resolution

We have used a computational box of 15 × 15 × 30 µm 3 volume and run the simulations up to t run = 320 fs. The spatial resolution of the grid for second-order FDTD is set so that dxk 0 r = dyk 0 r = 0.04, and dzk 0 z = 0.1 where k 0 r = k 0 sin θ, k 0 z = k 0 cos θ. Using a fourth-order FDTD solver has not shown any significant change of the results. The temporal resolution is constrained by the Courant stability condition. We have used the convolutional perfectly matched layers boundary condition for the fields and open boundary condition for the particles. After testing the simulations with different numbers of particles per cell from 32 to 128 to ensure energy conservation, we have chosen 32 particles per cell per species (a total number of 550 million particles). We have used a first-order triangle shape function with 3 points to represent particles giving third-order particle weighting into the grid. We have obtained similar results using a third-order b-spline particle shape with 5 points. In the simulation of laser-plasma interaction using PIC simulation, the Debye length with typical value in the range 0.2 -2 nm is not resolved by the grid cell, as it is the case in most simulations of laser-solid interaction [START_REF] Arber | Contemporary particle-in-cell approach to laser-plasma modelling[END_REF]. However, the energy is conserved using the energy conservative scheme for the integration of particle trajectory. In the EPOCH PIC code, the numerical heating is reported to grow as dT eV /dt ps = α H n 3/2 23 ∆x 2 nm /n ppc where T eV is the temperature in eV, t ps time in ps, n 23 density in 10 23 1/cm 3 , ∆x nm grid cell in nm, n ppc number of particles per cell, and α H depends on the particle shape and current smoothing. For the triangular particle shape with current smoothing and the above resolutions α H = 60. Therefore, for the chosen resolution dT eV /dt ∼ 1 eV/ps.

Far-field distributions for first and second harmonics

We have obtained the intensity spectrum I(ω, k x , k y ) by performing a discrete Fourier transform on B x:y:z (t, x, y) at a fixed propagation distance of z = 20 µm. The Fourier transformation has been performed on the recorded data for |x| ⩽ 5 µm and |y| ⩽ 5 µm. This is the reason for the width of the simulation far-fields in Figs. (S.1). The first and second harmonic radiation spectra are then obtained by filtering the power spectrum at the central frequency of the pulse ω 0 , and 2ω 0 , respectively.

EXPERIMENTAL SETUP Fluence distributions

We spatially shaped 100 fs laser pulses at a central wavelength of 800 nm. Using a spatial light modulator combined to a 2f-2f telecentric arrangement to produce a Bessel beam with cone angle 25 • in air. The pulse duration of 100 fs has been characterized at the sample position. After the interaction, the pulse is collected with a ×100 microscope objective (Olympus MPLFLN) in a 2f-2f arrangement to image the pulse on a camera (Stingray F146B, 14 bits). The imaging system, with a numerical aperture of 0.9 is placed on an independent S.2 translation stage. The near-field fluence distributions of Fig. (3) have been obtained by interrupting the propagation of the Bessel beam in the sample at the exit surface, as described in detail in reference [START_REF] Xie | Tubular filamentation for laser material processing[END_REF]. The evolution of energy along the propagation direction has been measured by spatially integrating on the camera the far-field fluence at each propagation distance. The overall absorption in the sample has been confirmed by measuring the pulse energy on large-area photodiodes before and after the sample, as in reference [START_REF] Del Hoyo | Nanoscale confinement of energy deposition in glass by double ultrafast Bessel pulses[END_REF].

Imaging of second harmonic generation

Far-field images were recorded on a camera using an accumulation over 500 shots when the sample is continuously translated to separate the laser impacts by 5 µm. The field was collected using a ×50 microscope objective (Olympus MPLFLN). The far-field distributions of 
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 2 FIG. 2. Near-field fluence distribution of the Bessel beam from PIC simulations. Fluence distribution in xy-plane at z = 7 µm (peak of the axial fluence profile), (a) in the absence of plasma and (b) in the presence of a circular plasma rod with a transverse Gaussian density profile. (c) Zoom-in view of the central part of (b).

  ) and3(b) show the xy-cuts of the distribution at the peak of the axial profile (z = 20 µm).

  Figure 3(c) shows the fluence distribution in zx-plane while Fig. 3(d) displays the evolution of the pulse energy as a function of propagation distance, measured with the imaging technique.

FIG. 3 .

 3 FIG. 3. Near-field fluence distributions in sapphire: experiments (left) and PIC simulation (right). (a) and (h) Slices in xy-plane at z = 20 µm in (a) and z = 7 µm in (h). (b) and (i) Zoom-in views of (a), (h) respectively. (c) and (f) Slices of the fluence in the zx-plane (y = 0). (d) and (g) Evolution of pulse energy as a function of propagation distance z for collisional (solid blue line) and collisionless simulation (dashed red line). (e)Scanning electron microscopy images of void channels produced in single shot illumination for different polarizations. The leftmost figure is for circular polarization and the channel cross-section is circular. In all other cases, the polarization is linear, oriented along the white arrow.

  1(b)]. Supplementary Fig. S.1(a) shows the experimental far-field fluence distribution collected after the interaction. Its angular distribution is illustrated in Fig. 4(a) (solid blue). It shows two lobes oriented in the direction of the input pulse polarization. The far-field from the simulation [Fig. 4(a), red dashed line] is in quantitative agreement with our experimental data for the elliptical plasma rod.

  FIG. S.1. Far-field fluence distributions for the first and second harmonic. Far-field distribution for first harmonic from (a) experiment and (b) numerical simulation using the same parameters as in Fig. 3. (c) Experimental far-field distribution of the emission in the spectral range 400 ± 20 nm and (d) simulated far-field distribution for the second harmonic. All axes are normalized by the radial component of the Bessel pulse, k 0 r = 2π sin θ/λ.

Supplemental material

PARTICLE-IN-CELL SIMULATIONS

Pulse injection