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The generation of energetic and dense plasmas by femtosecond laser pulses within the bulk of solids can
pave the way to study warm dense matter, shocks, extreme UV radiation, or the synthesis of new material
phases. However, this has remained elusive because of the intrinsic dynamical effects of defocusing by the
laser-generated plasma. Here, we demonstrate the generation of overcritical plasma densities inside
transparent solids over long distances. We identify with experiments in bulk sapphire and first-principles
simulations that femtosecond conical interference via a Bessel beam creates a dense plasma rod of typically
less than 400 nm diameter. We show that collisionless resonance absorption plays a primary role in the
energy deposition process, yielding a plasma with an energy density on the order of MJ=cm3, whose length
can reach several cm using only tabletop femtosecond lasers. This opens new avenues for developing high-
energy-density physics within solids.
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The creation of dense and energetic plasmas by ultrafast
laser pulses is crucial for the studies of warm dense matter
[1–4], laser-induced shocks, laser nanofabrication [5], or
for the synthesis of new materials via for example localized
microexplosions [6,7]. The formation of dense plasma by
ultrashort laser pulses has been widely investigated at the
surface of solids. However, to unlock new opportunities in
confined geometry and over long distances, it is desirable to
generate such plasmas inside solids. For instance, this could
enable a significant path length for an ultrafast x-ray pulse
to probe matter in the regime of high energy density.
However, when focussing a Gaussian beam in the bulk of
transparent solids, the electron-hole plasma generated by
nonlinear ionization at early stage in the pulse propagation
deviates most of the laser pulse energy from the focal
region. It impedes reaching high peak intensities at the
focus. Hence, conventional Gaussian beams fail to create
plasma with high density over lengths exceeding several
micrometers.
Zeroth-order Bessel beams offer a new route. They

correspond to a circularly symmetric interference field
generated by a conical distribution of wave vectors.
Their transverse intensity consists of a bright “diffrac-
tion-free” [8] central core surrounded by concentric side
lobes. The central core length is independent of its
diameter. The conical flow of light uniformly distributes
energy along the plasma created in the central core early

within the ultrafast laser pulse, as shown in Fig. 1(a). In
contrast with Gaussian beams, Bessel beams are nearly
insensitive to the spherical aberration and to the distortions
generated by the nonlinear Kerr effect [9]. Via a single
100 fs pulse, we open an extremely long (up to 1 cm) void
nanochannel in glass [10,11], or sapphire [12].
However, because directly measuring the plasma density

within the bulk of the material at subwavelength scale
remained impossible, the typical plasma density reached in
the void formation regime is still under controversy, even
15 years after the first demonstration. The microexplosion
mechanism for void formation hypothesizes an overcritical
plasma density [13] while a scenario based on cavitation in
a liquid phase [14] would instead advocate for relatively
low-density plasma. The latter scenario was supported by
several numerical simulations showing low absorption,
generation of plasma density well below the critical density
(density at which the total permittivity drops to zero), and
with a relatively large diameter exceeding 1 μm [15–17],
but incompatible with the narrow diameter of voids and the
high absorption experimentally observed [18]. This sug-
gests another phenomenon occurs during the interaction,
not captured by pulse propagation or hydrocode
approaches [16,19].
Here, we show that, in fact, the mechanism at stake is the

collisionless resonance absorption mechanism which
occurs in this femtosecond Bessel beam configuration in
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the bulk dielectrics and plays a critical role in the energy
deposition process. We demonstrate the creation of over-
critical plasmas with femtosecond Bessel beams in sap-
phire, using only a moderately high numerical aperture
(0.4). The resonance explains the very high (50%) absorp-
tion that we experimentally measured, as will be detailed
later. Resonance absorption has been widely studied in the
context of inertial confinement fusion by illuminating the
surface of solids [20–23]. It takes place when a laser pulse
obliquely impinges on a plasma density ramp, and the laser
electric field has a component parallel to the plasma density
gradient. In such conditions, mode conversion resonantly
drives electron plasma waves at the critical surface [white
dashed lines in Fig. 1(a)], which are damped via Landau
damping. The overall process efficiently transfers the laser
pulse energy into the plasma via a collisionless mechanism.
Importantly, this physical process cannot be correctly
captured by conventional models of laser-matter interaction
which neglect longitudinal plasma waves and non-
Maxwellian distributions of free electrons.
Here, we compare several complementary experimental

diagnostics to first-principles particle-in-cell (PIC) simu-
lations using the 3D massively parallel code EPOCH [24].
First, we determine the typical transverse plasma density
profile generated by the Bessel beam in the illumination
conditions corresponding to void formation. While

conventional models for laser pulse absorption in dielec-
trics have hitherto relied on collisional processes (inverse
Bremsstrahlung), we demonstrate that most of the absorp-
tion is here due to a collisionless mechanism. The obser-
vation of second harmonic generation from the bulk in the
single shot regime additionally confirms the resonance
absorption process.
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
an electron-hole plasma, with which the trailing part of the
laser pulse interacts during the second stage. We will
investigate the intensity regime where femtosecond
Bessel beam open voids inside sapphire [12]. The length
of the laser-generated plasma is linearly controlled by the
length of the Bessel beam. In the experiments described
below, the plasma has a length of 18 μm with a typical
diameter of a few hundred nanometers and it absorbs
approximately 50% of the 1 μJ pulse energy. The ioniza-
tion energy absorbed to produce an overcritical plasma of
this size is ncVUg where nc is the critical density at 800 nm,
V ≈ 2 μm3 the plasma volume and Ug ≈ 10 eV the
bandgap of sapphire. This ionization energy is less than
0.04 μJ which is negligible compared to the total absorbed
energy. Therefore, we hypothesize that the first stage is
very short compared to the pulse duration and focus our
modeling 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 have performed 3D PIC simulations to model the

interaction of a 100 fs Bessel beam with a plasma rod with a
transversely Gaussian density profile and longitudinally
homogeneous profile (see End Matter). The pulse, with a
central wavelength λ ¼ 800 nm, propagates along the z
direction and is linearly polarized along the x direction
[25]. Since the conical interaction is nearly z-invariant, we
limit the length of the Bessel beam simulated numerically
to half of the experimental one, to reduce the computing
load. In the absence of plasma, the intensity reaches
6 × 1014 W=cm2, as in the experiments. The beam cone
(half-apex) angle is θ ¼ 25°, which corresponds to an
incidence angle i ¼ 65° on the cylindrical surface of the
plasma. Figure 1(b) shows the fluence distribution, i.e., the
time integration of the Poynting vector of the Bessel beam,
in the transverse xy plane at a propagation distance
corresponding to the peak of axial fluence profile, without
plasma.
In the central lobe, the amplitude of the z component of

the electric field is 25% of the x component, while the y
component remains negligible (2%).
We first qualitatively describe the physics of Bessel

beam interaction with a circularly symmetric overcritical
plasma, as shown in Fig. 1(c). The enlarged view [Fig. 1(d)]
shows two high-intensity structures that appear inside the
region of the initial central lobe. One is composed of two

FIG. 1. Interaction of a Bessel beam with a plasma rod. (a) The
Bessel beam wave components impinge conically toward the
optical axis. Wave turning (reflection) occurs at the plasma
density indicated in light purple slightly away from the optical
axis. In the plane of polarization, wave conversion can occur and
excites resonance absorption around the critical density layer
shown as a white dashed line. (b),(d) Near-field fluence distri-
bution in xy plane at z ¼ 7 μm (peak of the axial fluence profile)
from PIC simulations, (b) in the absence of plasma, and (c) in the
presence of a circularly-symmetric plasma rod with a transverse
Gaussian density profile. The input polarization is horizontal.
(d) Enlarged view of the central part of (c).
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electromagnetic lobes outside the plasma (y ¼ �0.5 μm),
oriented perpendicular to the pulse polarization. It origi-
nates from the difference in permittivity between the
plasma rod and the external medium [26,27]. It amplifies
the field perpendicularly to the polarization. The second
structure is highly localized around the critical surface and
shows two lobes along the polarization direction. It
corresponds to resonantly driven electrostatic plasma
waves at the critical surface. Importantly, this structure
cannot be observed experimentally by beam imaging since
the electrostatic fields do not propagate outside the sample.
In the following figures, we exclude the electrostatic field
components from the simulated fluence distributions.
Another phenomenon occurs, shown in Fig 1(a), and will

be used as an experimental diagnostic: wave turning. When
a plane wave impinges on a plasma density gradient,
reflection occurs where the local refractive index reaches
total internal reflection condition for incidence angle i. This
is at the density nðrtÞ ¼ nccos2i, where nc is the critical
density in the medium and rt is the turning point radius.
This is effectively the phenomenon underlying the general
term “defocusing effect.” We show in Supplemental
Material (SM) [28], using a multilayer electromagnetic
solver, that wave turning shifts the side lobes of the Bessel
beam by at least rt. This provides an indirect measurement
of the plasma radius at the turning point density nðrtÞ ¼
0.057nc that will be used below. In the PIC simulation of
Fig. 1(c), the beam interacts with an overcritical circular
plasma rod with a turning point radius of 274 nm. We
observe that all side lobes are effectively shifted outward by
a distance of about 350 nm.
Therefore, near-field imaging provides a good exper-

imental mean to measure the wave-turning radius. Our
setup is described in the End Matter (Fig. 4). The 100 fs
Bessel pulse is positioned inside the sapphire sample so as
to cross the sapphire exit surface at a distance z. A
microscope objective collects the pulse after interaction
and we image on a CCD the near-field fluence distribution
for propagation distance z [Figs. 2(a) and 2(b)].
Importantly, since the Bessel beam conically impinges on

the longitudinal plasma rod, the reflected and transmitted
pulse are both forward propagating and collected by the high-
numerical aperture microscope objective. We experimentally
verified that backscattering is actually negligible (see SM
[28]). Thomson scattering is negligible with an efficiency
below 10−6 (see SM [28]). Therefore, the evolution of energy
alongpropagation can bemeasuredby spatially integratingon
the camera the fluence at each z. The overall absorption has
been confirmed by measuring pulse energy with large-area
photodiodes, as in reference [18].
Figures 2(a) and 2(b) show the resulting fluence dis-

tribution, respectively, in the linear, low energy regime (a)
and for a pulse energy of 1 μJ [(b), void formation regime].
A lobe shift of typically 200 nm appears, as indicated by the
orange dashed lines. We obtain the important information

that the turning radius rt, along the polarization direction, is
within the range 100–250 nm (see Fig. S5 [28]). Although
our measurement is time-integrated, it provides an order of
magnitude of the plasma scale during the pulse, since we
numerically observed that plasma reshaping is negligible
over this timescale. Therefore, the plasma is extremely
confined around the optical axis. Figure 5 (top) shows the
fluence distribution in the zx plane: the nearly constant lobe
shift confirms the plasma confinement all along the beam.
The plasma diameter is significantly smaller than what

was reported numerically from previous literature, and the
lobe shift measured experimentally on the fluence distri-
bution is also much smaller than what was numerically
predicted for similar focusing conditions [15–17]. We
remark that in Fig. 2(b) the central peak is not split as
one could expect from the simulation [Fig. 2(c)], but we
will explain and model this imaging artifact in a subsequent
section [Fig. 2(d)].
The evolution of the pulse energy as a function of

propagation distance, shows a significant energy drop of
nearly 50% over an 18 μm segment of propagation [see
End Matter Fig. 5 (bottom)]. It corresponds to the region
where plasma is generated and is approximately the length
of the void channel created in sapphire under similar laser

FIG. 2. (a),(b) Experimental fluence in xy plane at z ¼ 20 μm
recorded (a) in the linear regime and (b) for a 1 μJ pulse. The
orange solid (resp. dashed) lines show the position of the first
lobe in the linear (resp. nonlinear) regime, highlighting the shift
due to the wave-turning effect. (c) Slice of the PIC simulated
fluence in the nonlinear regime in the sample, where longitudinal
fields have been removed. (d) Same as (c) with postprocessing to
simulate the effect of imaging of the fields on the camera, with
1 μm positioning error of the imaging setup. In a Bessel beam,
the number of side lobes follows the beam length. Thus the
simulation shows fewer lobes than the experiment. The period is
the same in (b) and (d): 0.8� 0.1 μm.
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illumination conditions [12]. This confirms the localization
of energy deposition in the high-intensity region, i.e., not in
an earlier stage of the propagation as often observed with
Gaussian beams [36,37].
In the linear, absorption-free regime, the far-field fluence

of a Bessel beam is a homogeneous ring. Figure 3(a) shows
the experimental far-field fluence distribution collected
after the interaction. Its angular distribution is shown in
Fig. 3(b) (solid blue line). It shows two lobes oriented in the
direction of the input pulse polarization. This constitutes a
third diagnostic.
We have then determined the typical plasma density

profile via a series of numerical simulations with different
transversely Gaussian profiles, for which we adjusted peak
and width to match all previous experimental diagnostics
(Bessel lobe shift, absorption, asymmetries in near- and far-
field fluence distributions). The small lobe shift and hence
small wave-turning radius rt impose a small plasma diam-
eter. In this condition, undercritical densities lead to low
absorption and axially symmetric far-field distributions.
Overall, only an overcritical plasma with an elliptically
shaped cross section could fit all diagnostics simultaneously.

Figure S6 [28] compares a series of different simulation
results. The best quantitative agreement is obtained for a
plasma with a peak density of about 5ncr, critical radius rc of
190 nm (turning radius rt ¼ 274 nm) along the polarization
direction and rc ¼ 450 nm perpendicular to the polarization.
The red dashed curve on Fig. 3(b) shows the numerical far-
field distribution with the same asymmetry as in the
experimental case. Importantly, the far-field distributions
of Fig. 3 are thicker numerically than experimentally
because the Bessel zone is shorter in the simulation (thicker
Fourier- transform). While a non-Gaussian transverse
plasma profile could have led to slightly different values
of peak density and turning radius, our results provide
representative orders of magnitude.
The ellipticity can be explained by the field amplification

perpendicular to the polarization during the plasma buildup
phase [26,27]. We experimentally confirmed that the
plasma is elliptical and elongated perpendicular to the
polarization by SEM imaging of voids formed in sapphire
after the laser-induced microexplosion, as shown for differ-
ent input polarization directions in Fig. S1 [28].
Our simulations also agree well with the experiments in

terms of absorption: it is 54% using a collisional model. In
Fig. S7 [28], we show the evolution of pulse energy with
propagation distance: it decreases quasilinearly as in
experiments. In Fig. 2(c), our simulation of the near field
fluence retrieves the same asymmetries and a ≈400 nm
lobe shift of the Bessel beam as in the experiments.
Importantly, this shift could be reduced by using hyper-
Gaussian plasma density distribution instead of Gaussian.
The central peak in the experimental profile [Fig. 2(b)],

however, does not show a narrow internal dip as in the
numerical one [Fig. 2(c)]. Obviously, since our numerical
simulation does not model the first ionization stage, it does
not account for the fraction of the laser pulse energy which
travels in the linear regime through the sample before the
ionization onset and generates on the camera a high-
intensity central lobe. We found out that the discrepancy
can be fully attributed to the imaging process. First, the
limited numerical aperture of the imaging microscope
objective (0.9) filters out the finest features of the local
fields inside the plasma. Second, the slight 1 μm error in
the distance between the sample and the focal plane of the
imaging microscope objective impacts the final fluence
distribution. We used the approach of Ref. [29] to post-
process our numerical simulations and include these effects
in our modeling (see SM [28]), as shown in Fig. 2(d). We
now obtain a good agreement with our experimental
results.
The generation of overcritical plasma density during the

pulse duration has important physical consequences
because resonance absorption can take place. We have
repeated the PIC simulations in a collisionless configura-
tion and obtain quasi-identical results. The evolution of the
pulse energy as a function of propagation distance for both

FIG. 3. (a) Experimental far-field distribution of the laser pulse
interaction with the sample. (b) Experimental and numerical
angular distributions of the far-field distributions. (c) Numerical
far-field distribution. (d) Experimental far-field emission distri-
bution in the spectral range 400� 20 nm, where the second
harmonic appears as two intense lobes and black-body radiation
as a uniform background filling the numerical aperture of the
imaging. (e) Experimental and numerical angular distributions of
the second harmonic. (f) Numerical far-field emission distribu-
tion of the second harmonic. In (a), (d) the axes are normalized by
the radial component of the Bessel pulse, k0r ¼ 2π sin θ=λ, where
θ ¼ 25° is the beam cone angle.

PHYSICAL REVIEW LETTERS 137, 115101 (2026)

115101-4



cases is compared in Fig. S7 [28]. The difference is only a
few percent (5 points), we conclude that the primary
absorption mechanism is collisionless resonance absorp-
tion [20–22]. The collisionless Landau effect is responsible
for damping the electron plasma waves generated at the
critical surface [38]. This phenomenon cannot be captured
by the models used hitherto to simulate pulse propagation
in dielectrics.
A second significant result is that we experimentally

observed second harmonic emission from the bulk of
sapphire despite its zero second-order nonlinear suscep-
tibility [39]. Although the second harmonic emission could
arise from higher-order susceptibilities, it is observed in our
laser-plasma simulation, that does not include nonlinear
permittivity other than plasma coupling. We experimentally
imaged the far-field fluence distribution in the spectral
range 400� 20 nm (see SM [28]) as shown in Fig. 3(d).
The signal is composed of a low-intensity background from
black-body radiation and a thin second harmonic emission
oriented at an angle nearly identical to the pump and
polarized as the pump. Figure 3(e) shows the very good
agreement between experimental results and our PIC
simulations, using the same parameters as before. In the
simulations, the ratio of the second harmonic to the
fundamental intensity is approximately ∼10−5.
In conclusion, we have demonstrated (i) that ultrafast

Bessel beams can generate overcritical plasma within the
bulk of sapphire during the 100 fs pulse, (ii) that collision-
less resonance absorption is a crucial process for energy
deposition, and (iii) the second harmonic emission in single
shot regime from the bulk of sapphire. The importance of
the collisionless character of the absorption process can be
additionally coined by the fact that a plasma hydrodynamic
code [40], failed to reproduce our experimental results:
although full Maxwell’s equations are solved, a conven-
tional hydrocode does not capture essential collisionless
processes associated to the non-Maxwellian distribution of
the electron density, such as Landau damping.
Our findings answer a central question about energy

deposition by ultrafast pulses within the bulk of solids,
which is particularly crucial for modeling laser-solid inter-
action with Bessel or new beam shapes. Nanoplasma
generation with overcritical density inside solids opens
interesting opportunities for nonlinear plasmonics [41],
nonlinear optics with epsilon-near-zero materials [42],
generation of strong THz fields [43], and extreme ultraviolet
sources [44].
Our results also open a new route to generate high energy

density matter inside solids, in a geometry where the
material is confined and cannot expand into vacuum.
The energy density deposited in our experiments is on
the order of MJ=cm3, which is a typical range for driving a
transformation from solid to warm dense matter [45,46].
Since the conical shape of the Bessel beam is propagation
invariant, our results can be extended to much longer

propagation distances: increasing laser pulse energy to 1 mJ
is enough to create, at timescale of 100 ps after the pulse, a
1 cm warm dense matter rod in identical conditions as
discussed above [11]. This corresponds to relatively large
volume of warm dense matter on the order of 1000 μm3.
This approach therefore provides a convenient new plat-
form for exploring warm dense matter physics.
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End Matter

Experiments—Figure 4 shows our experimental setup.
We spatially shaped laser pulses at a central wavelength
of 800 nm. Using a spatial light modulator (SLM)
combined to a 2f-2f telecentric arrangement, we 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 with the 400 μm thick
c-cut sapphire sample, the pulse is collected with a
×100 microscope objective (Olympus MPLFLN) in a
2f-2f arrangement to image the pulse on a 14 bits
camera. The imaging system, with a numerical aperture
of 0.9 is placed on an independent translation stage.

The relative position of the Bessel beam within the
sample is adjusted, using the sample translation stage, to
cross the exit surface. This effectively interrupts the non-
linear propagation at a controlled propagation distance z
corresponding to the distance between the Bessel beam
onset and the exit surface. We image the near-field fluence
distribution of the exit surface plane onto the camera. The
mismatch between the focal plane of the collection micro-
scope objective and the exit surface is typically ≤ 1 μm.
The single-shot near-field distribution, as shown in Fig. 2,
can be compared to numerical simulations of the fluence.
This approach has already been validated [31] and used by
other groups in different conditions [35].
To produce a 3D scan, we simultaneously shift the

sample and the imaging setup, thus maintaining constant—
within typically 1 μm—the distance between the exit side
and microscope objective. Between two shots, we translate
the sample in its plane to irradiate a fresh area of the
sample.

FIG. 4. Experimental setup. The Bessel beam propagates
within the sample up to propagation distance z. It is then imaged
onto the CCD camera by conjugating the exit side surface with
the camera plane. In the bottom panel, a ray-tracing approach
shows that reflected and transmitted fractions of the Bessel pulse
on the plasma are collected by the imaging system. SLM: spatial
light modulator; MO: microscope objective.

FIG. 5. Top: experimental distribution of the fluence with
propagation, in xz plane, for a pulse energy of 1 μJ. Bottom:
evolution of the pulse energy with propagation distance z,
obtained by integration of the full pulse fluence recorded on
the camera.
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To obtain far-field images of Figs. 3(a) and 3(d), the last
lens is replaced to conjugate the back focal plane of the
imaging microscope with the camera.

Particle-in-cell simulations—
Pulse injection: Our numerical simulations model a

plasma of electrons and ions (heavy holes) in vacuum. Our
model corresponds to an electron-hole plasma with para-
bolic band approximation. The ions (holes) have a mass
ratio of 102 × 1836, given by the product of the sapphire
molar mass and the proton mass. In our simulations, we
note that the ions movement is negligible over the simu-
lation time. We injected from the z ¼ 0 boundary a
Gaussian pulse which propagates along the positive
z–direction and is polarized along the x–direction. We
applied a phase ΦðrÞ ¼ −ð2π=λÞr sin θ to the Gaussian
beam, as is done experimentally using a spatial light
modulator. The wavelength and cone angle are
λ ¼ 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 ¼ 10 μm. All
simulations using a reduced cone angle, to simulate
refraction, gave very similar results in terms of absorption
and characteristics of near- and far-field patterns. The
Bessel beam length has been reduced to ≈18 μm, by
cropping the injected Gaussian beam, to reduce the
simulation run time. The peak intensity in the Bessel zone
is 6 × 1014 W=cm2 in absence of plasma, i.e., on the same
order of magnitude as in the experiments.
Plasma parameters: The axial (along the z-direction)

plasma density profile of the plasma rod follows tanhðz=z0Þ
with z0 ¼ 1 μm. It shows a z-invariant density profile
extending from approximately 2 μm away from the onset
of the Bessel beam. The plasma in the xy plane follows a
Gaussian profile. We have simulated the interaction with
plasmas of circular and elliptical transverse sections. The
plasma density distribution is given by nðx; yÞ ¼
nmax exp ½−ðx2=w2

xÞ� exp ½−ðy2=w2
yÞ� where wx and wy are

the characteristic widths along the x and y directions,
respectively. The minimum density for the cells is
nmin ¼ 10−5nc. The critical radii Rcx and Rcy are defined
as the transverse distances where the density equals the
critical plasma density nc, i.e., where nðx; yÞ ¼ nc. In our
simulations, we tested a range of parameters: Rcy between
70 and 500 nm, Rcx between 25 and 200 nm, and maximum
plasma densities nmax between 5nc and 10nc. These values
were chosen to explore the sensitivity of the interaction to
the transverse plasma profile and to ensure consistency
with experimentally relevant conditions. The velocity
distribution of both plasma species have been initialized
with a Maxwellian distribution at Te ¼ 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 collisions, although the collisionless case is
almost indistinguishable.
Resolution: We have used a computational box of

volume 15 × 15 × 30 μm3 and run the simulations
up to trun ¼ 320 fs. The spatial resolution of the
grid for second-order FDTD (finite-difference time
domain) is set so that dxk0r ¼ dyk0r ¼ 0.04, and
dzk0z ¼ 0.1 (Nx × Ny × Nz ¼ 1136 × 1136 × 706), where
k0r ¼ k0 sin θ, k0z ¼ k0 cos θ. Using a fourth-order FDTD
solver has not shown any significant change in the results.
The temporal resolution is constrained by the Courant
stability condition. We have used the convolutional per-
fectly matched layers boundary conditions for the fields
and open boundary conditions 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 (i.e., 16 per specie) particles per cell for a
total number of 550 million particles per specie. Note
that not all cells of the computation box are active. The
∼33 × 106 active cells are located in the volume of the
plasma rod and contain overall ∼500 million particles for
each specie. We have used a triangle shape function with
three points per axis, i.e., 27 grid points to calculate the
electric current induced by each particle on the grid. We
have obtained similar results using a third-order B-spline
particle shape with five points per axis (125 points for 3D
grid). 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 [24].
However, the energy is conserved using the energy
conservative scheme for the integration of particle trajec-
tory. In the EPOCH PIC code, the numerical heating is
reported to grow as dTeV=dtps ¼ αHn

3=2
23 Δx2nm=nppc where

TeV is the temperature in eV, tps time in ps, n23 density in
1023 cm−3, Δxnm grid cell in nm, nppc number of particles
per cell, and αH depends on the particle shape and current
smoothing. For the triangular particle shape with current
smoothing and the above resolutions αH ¼ 60. Therefore,
for the chosen resolution dTeV=dt ∼ 1 eV=ps.

Far-field distributions for first and second harmonics—
We have obtained the intensity spectrum Iðω; kx; kyÞ by
performing a discrete Fourier transform on Bx∶y∶zðt; x; yÞ
at a fixed propagation distance of z ¼ 20 μm (end of the
constructed Bessel beam). The Fourier transformation
has been performed on the recorded data for jxj ≤ 5 μm
and jyj ⩽ 5 μm. This is the reason for the relatively
thick width of the simulation far-fields in Figs. 3(c) and
3(d). The first and second harmonic radiation spectra are
then obtained by filtering the power spectrum at the
central frequency of the pulse ω0, and 2ω0, respectively.
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