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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® and a length that can reach several cm using only

tabletop femtosecond lasers.

Extreme focusing of a femtosecond laser pulse with nu-
merical 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 in-
vestigation of warm dense matter [1, 2] or for the synthe-
sis of new material phases [3, 4]. Reducing the focusing
strength enlarges the focal volume, but — in contrast with
laser interaction at the surface of solids — the plasma den-
sity 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 [5, 6] which presents a funda-
mental challenge. Importantly, the most intense compo-
nents of a Gaussian beam, at the center of its far-field dis-
tribution, have largest incidence angles. They turn away
at the largest distance from the plasma center [see cir-
cled inset in Fig. 1(a)]. Due to the wave-turning, plasma
generation continues outside the initial volume and con-
sequently 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 [7, 8].

In this article, we report the creation of over-critical
plasmas along quasi-arbitrary distances with femtosec-
ond 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 [9], 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 cen-
tral core. Resonance absorption has been widely studied
within the context of inertial confinement fusion, by il-
luminating the surface of solids [10-12]. 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 con-
version resonantly drives electron plasma waves at the
critical surface. This can transfer up to 70% of the laser
energy into the plasma [5, 13]. Mode conversion is effi-
cient 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 compar-
ing complementary experimental diagnostics to first-
principles Particle-In-Cell (PIC) simulations using the
3D massively parallel code EPOCH [14] because direct
measurement of the plasma density inside the bulk can-
not 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
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FIG. 1. Laser-plasma interaction within dielectrics.
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(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 r; is defined for an
incidence angle i by the density reached n(ry) = n.cos?i, where n. 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 addi-
tionally 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 [15], 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 ioniza-
tion create a plasma, with which the trailing part of the
laser pulse interacts during the second stage. Our exper-
iments show that the femtosecond Bessel pulse generates
a plasma over a length of 18 pm with a typical diameter of
a few hundreds of nanometers and absorbs approximately
50% of the 1 nJ pulse energy (similar plasma was pro-
duced over a length close to 1 cm with mJ pulse energy
[16]). We point out that the ionization energy absorbed
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FIG. 2. Near-field fluence distribution of the Bessel beam
from PIC simulations. Fluence distribution in zy—plane at
z = 7 um (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. (¢) Zoom-in view of the
central part of (b).

to produce an over-critical plasma of this size is n.V U,
where n, is the critical density at 800 nm, V ~ 1.5 pm?
the plasma volume and U, = 10 eV the bandgap of sap-
phire. The ionization energy is less than 0.04 pnJ 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 simula-
tions. 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 A = 800 nm,
propagates along z— direction and is polarized along the
x— direction [17]. In the absence of plasma, the inten-
sity reaches 6 x 101* W /cm?, as in the experiments. The
beam cone angle is § = 25°, which corresponds to an
incidence angle ¢ = 65° on the cylindrical surface of
the plasma [Fig. 1(b)]. In the central lobe the am-
plitude of the z—component of electric field is 25% of
the x—component, while the y—component remains neg-
ligible (2%). We have presented in detail our numeri-
cal scheme in the Supplemental Material [18]. In Fig.
2(a), we show the fluence distribution, i.e., the time-
integration of the Poynting vector of the Bessel beam,
in zy—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 discrep-
ancy 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 high-
intensity structures appear inside the region of the initial
central lobe. One is composed of two electromagnetic
lobes outside the plasma (y = £0.5 pm), oriented per-
pendicular to the pulse polarization. They originate from
the difference in permittivity between the plasma rod and
the external medium [19, 20]. 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 corre-
sponds 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 pm thick C-cut sap-
phire Al,O,. They have been obtained by collecting the
100 fs laser pulse after its interaction with the sample,
using a single shot beam sectioning technique [21]. We
have detailed our experimental techniques in the Sup-
plemental Material [18]. Figures 3(a) and 3(b) show the
xy—cuts of the distribution at the peak of the axial profile
(z = 20 pm). Figure 3(c) shows the fluence distribution
in zz—plane while Fig. 3(d) displays the evolution of
the pulse energy as a function of propagation distance,

measured with the imaging technique.

We observe a significant energy drop of nearly 50% over
an 18 pm segment of propagation, which corresponds to
the region where plasma is generated. This is approxi-
mately the length of the void channel that is created in
sapphire in single shot under similar laser illumination
conditions [22]. We independently checked that the en-
ergy 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 pm), the surrounding lobes negligibly
shift with respect to those in the regions where plasma is
absent (z < 14 pm, z > 32 num). This sets the upper limit
to the turning point radius ry 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 7 is less than n. cos? i = 0.086n.

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 pro-
files. We limited the turning radius to ry = 500 nm and
chose the plasma transverse profile as a Gaussian distri-
bution 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 — 2.5fs. As an example, with a peak den-
sity of 0.25 n, 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 sim-
ulations 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 quanti-
tative agreement with all our experimental results us-
ing elliptical plasma rods, having the major axis ori-
ented perpendicular to the polarization (critical radius
re = 75 — 190 nm along the polarization direction and
r. = 380 nm perpendicular to the polarization).

The ellipticity can be explained by the field amplifi-
cation in the first stage of field ionization, due to the
difference in permittivity between the medium and the
initially sub-critical plasma [19, 20]. We experimentally



FIG. 3. Near-field fluence distributions in sapphire: experiments (left) and PIC simulation (right).
(b) and (i) Zoom-in views of (a), (h) respectively. (c) and (f) Slices

zy—plane at z = 20 ym in (a) and z = 7 pm in (h).
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(e)Scanning electron microscopy images of void
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FIG. 4. Angular distribution of far-field fluence for the first
and second harmonics.The simulations share the same param-
eters as in Fig. 3.

confirmed that the plasma is elliptical and elongated per-
pendicular to the polarization, by high-resolution imag-
ing of voids formed in sapphire after the laser-induced
micro-explosion, as shown for different input polariza-
tions 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 asymme-
tries of the fluence distribution are oriented as in the ex-
periment (we remind that the small dip observed in the
central lobe of Figs. 3(h-i) is filtered by the imaging op-
eration). In the collisional plasma model [Fig. 3(g) solid
line], the pulse energy decreases linearly with a slope of
—0.03 pJ/pm and the total absorption is 54%, both in

good agreement with the experimental values. Overall, a
steep plasma profile tends to increase the absorption fac-
tor 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 pat-
tern. In the linear, absorption-free, regime, the far-field
fluence of a Bessel beam is a homogeneous ring [Fig.
1(b)]. Supplementary Fig. S.1(a) shows the experimen-
tal far-field fluence distribution collected after the inter-
action. 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.

Overall, our simulations allowed us, up to here, to iden-
tify that the plasma is over-critical and with an elliptic
cross-section.

We experimentally observed second harmonic emis-
sion from the bulk of sapphire despite its zero second-
order nonlinear susceptibility [23]. For this, we imaged
the far-field fluence distribution in the spectral range
400420 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 low-
intensity background originating from black-body radia-
tion, and of a thin second harmonic emission at an angle
nearly identical to the reflection of the pump. This re-
flection 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 para-
metric decay instability [24]. In the latter case, the sec-
ond harmonic polarization is perpendicular to the inci-
dent laser one [25] while in the former case, it is parallel
[26, 27], as in our experimental results. Therefore, the
second-harmonic diagnostic confirms that resonance ab-
sorption occurs.

In the simulations, the ratio of second harmonic to the
fundamental intensity is ~ 107°. 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 [28].

We have demonstrated, for the first time to our knowl-
edge, i) that ultrafast Bessel beams can generate over-
critical plasma within the bulk of sapphire, ii) that colli-
sionless 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 mat-
ter 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 [16].

Nanoplasma generation with over-critical density in-
side solids opens interesting opportunities for nonlinear
plasmonics [29], strong THz fields generation [30] and
extreme ultraviolet sources [31]. 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 vac-
uum. The energy density deposited in our experiments
is on the order of MJ/cm?, which is a typical range for
driving a transformation to warm dense matter [32, 33].
Consequently, millijoule energies are enough to generate
relatively large volumes of warm dense matter on the or-
der of 1000 pm3.

Our results therefore provide new avenues for gener-
ating 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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Supplemental material

PARTICLE-IN-CELL SIMULATIONS

Pulse injection

Our numerical simulations model a plasma of electrons
and ions in vacuum. We used ion-to-electron mass ratio
102 x 1836 as the product of the sapphire molar mass
and the proton mass. We injected from the z = 0 bound-
ary a Gaussian pulse which propagates along the positive
z—direction and is polarized along the z—direction. We
applied a phase &(r) = —(27/A)rsinfd to the Gaussian
beam, as it is the case experimentally using the spa-
tial light modulator. The wavelength and cone angle
are A = 0.8 pm, 25°, respectively. The temporal pro-
file of the beam is a Gaussian function with a width of
100 fs FWHM. The Gaussian beam waist is w = 10 pm.
All simulations using a reduced cone angle, to simulate
refraction, gave very similar results in terms of absorp-
tion, characteristics of near and far-field patterns. The
Bessel beam length has been reduced to ~ 18 pm, by
cropping the Gaussian beam window, to reduce the sim-
ulation run time. The peak intensity in the Bessel zone
is 6 x 10'* W /cm? 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/zp)
with zg = 1 pm. It shows a z—invariant density profile
extending from ~ 2 pm away from the onset of the Bessel
beam. The velocity distribution of both plasma species
have been initialized with a Maxwellian distribution at
T. = T;. We have run simulations for different initial
plasma temperatures of 1x1073, 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 x 15 x 30 pm?
volume and run the simulations up to t.,, = 320fs. The
spatial resolution of the grid for second-order FDTD is
set so that dzk? = dyk? = 0.04, and dzk? = 0.1 where
kY = kosin6, kO = kg cos 6. Using a fourth-order FDTD
solver has not shown any significant change of the re-
sults. The temporal resolution is constrained by the
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Courant stability condition. We have used the convolu-
tional perfectly matched layers boundary condition for
the fields and open boundary condition for the parti-
cles. After testing the simulations with different num-
bers of particles per cell from 32 to 128 to ensure en-
ergy 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
[14]. However, the energy is conserved using the energy
conservative scheme for the integration of particle tra-
jectory. In the EPOCH PIC code, the numerical heating
is reported to grow as dT.y/dtps = aHn%QA:z:flm/nppc
where Toy is the temperature in eV, s time in ps, no3
density in 1023 1 /cm?’7 Azym grid cell in nm, nppe num-
ber of particles per cell, and ag depends on the particle
shape and current smoothing. For the triangular par-
ticle shape with current smoothing and the above res-
olutions g = 60. Therefore, for the chosen resolution
AT,y /dt ~ 1€V /ps.

Far-field distributions for first and second harmonics

We have obtained the intensity spectrum I(w, kx, ky)
by performing a discrete Fourier transform on
By.yw(t,z,y) at a fixed propagation distance of
z = 20 pm. The Fourier transformation has been
performed on the recorded data for || < 5 pm and
ly] < 5 pm. 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
wo, and 2wyq, 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 sam-
ple position. After the interaction, the pulse is collected
with a X100 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



translation stage. The near-field fluence distributions of
Fig. (3) have been obtained by interrupting the propaga-
tion of the Bessel beam in the sample at the exit surface,
as described in detail in reference [21]. The evolution
of energy along the propagation direction has been mea-
sured by spatially integrating on the camera the far-field
fluence at each propagation distance. The overall absorp-
tion in the sample has been confirmed by measuring the
pulse energy on large-area photodiodes before and after
the sample, as in reference [28].

Imaging of second harmonic generation

Far-field images were recorded on a camera using an
accumulation over 500 shots when the sample is contin-
uously translated to separate the laser impacts by 5 pm.
The field was collected using a x50 microscope objec-
tive (Olympus MPLFLN). The far-field distributions of
Figs. 4(a) and 4(b) have been symmetrized with respect
to the y—axis. The measurement has been performed
with the Bessel beam fully inside the bulk of sapphire.
We remark that the second harmonic signal disappears
when the input pulse is stretched to ps pulse duration.
The signal is reduced when part of the beam crosses one
of the air-dielectric interfaces, since the plasma length is
reduced. The normalization of the axes of experimental
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measurements of Fig. S.1 (a) and (c) has been performed

using the pupil radius as the maximal numerical aperture
(NA=0.8).
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FIG. S.1. Far-field fluence distributions for the first and sec-
ond 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 distribu-
tion 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, k2 = 27 sin 0/ .



