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Abstract

Laser-driven ion acceleration in dense, hydrogen-rich media can be significantly enhanced
by embedding metallic nanoantennas that support localized surface plasmon (LSP) res-
onances. Using large-scale particle-in-cell (PIC) simulations with the EPOCH code, we
investigate how nanoantenna geometry and laser pulse parameters influence proton accel-
eration in gold-doped polymer targets. The study covers dipole, crossed, and advanced
3D-cross antenna configurations under laser intensities of 1017-10! W/cm? and pulse
durations from 2.5 to 500 fs, corresponding to experimental conditions at the ELI laser
facility. Results show that the dipole antennas exhibit resonance-limited proton energies
of ~0.12 MeV, with optimal acceleration at the intensities 4 X 107-1 x 10 W/cm? and
pulse durations around 100-150 fs. This energy is higher by roughly three orders of
magnitude than the proton energy for the same field and same polymer without dopes:
~1-2 x 10~* MeV. Crossed antennas achieve higher energies (~0.2 MeV) due to dual-mode
plasmonic coupling that sustains local fields longer. Advanced 3D and Yagi-like geometries
further enhance field localization, yielding proton energies up to 0.4 MeV and larger high-
energy proton populations. For dipole antennas, experimental data from ELI exists and our
results agree with it. We find that moderate pulses preserve plasmonic resonance for longer
and improve energy transfer efficiency, while overly intense pulses disrupt the resonance
early. These findings reveal that plasmonic field enhancement and its lifetime govern energy
transfer efficiency in laser—matter interaction. Crossed and 3D geometries with optimized
spacing enable multimode resonance and sequential proton acceleration, overcoming the
saturation limitations of simple dipoles. The results establish clear design principles for
tailoring nanoantenna geometry and pulse characteristics to optimize compact, high-energy
proton sources for inertial confinement fusion and high-energy-density applications.

Keywords: nanoantenna; laser pulse; kinetic model; energy; momentum; particle-in-cell
simulation

1. Introduction

Laser-driven ion acceleration in dense, hydrogen-rich media has emerged as a promis-
ing pathway for compact proton sources, inertial fusion, and high-energy-density physics.
Conventional laser-plasma interaction schemes, whether based on direct-drive or indirect-
drive configurations, often suffer from limited and highly nonuniform energy deposition,
which constrains the achievable ion energies and overall efficiency of energy transfer from
the laser field to ions. Embedding resonant nanoantennas into dielectric or polymer ma-
trices dramatically modifies local electromagnetic fields, enhancing both ionization and
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particle acceleration by several orders of magnitude compared to homogeneous, undoped
media [1-4]. This approach aligns naturally with modern concepts in laser-driven iner-
tial confinement fusion, where rapid, nonthermal energy deposition is advantageous for
avoiding hydrodynamic instabilities and enabling compact target designs.

Metallic nanoantennas—particularly gold structures—support strong localized surface
plasmon (LSP) resonances when illuminated at or near their resonant frequency. Under such
conditions, conduction electrons undergo coherent oscillations, producing intense near-
field enhancement and substantially increased absorption of the incident radiation [5-8].
This locally amplified field leads to efficient ionization of surrounding hydrogen atoms
and rapid generation of charged particles. Among the broad variety of antenna geometries,
dipole antennas aligned with the laser polarization maximize plasmon excitation, while
crossed (2D and 3D) nanoantennas provide polarization-insensitive enhancement and
maintain strong coupling even when the driving field varies in direction or phase. As
demonstrated in prior numerical studies, antenna geometry fundamentally shapes the
spatiotemporal distributions of electrons, ions, and local fields [9-14]. The dipole and
crossed based antenna configurations appeared profitable for boosting ion energies rather
than spherical antenna dopes, which showed inferior gains [14].

Ionization dynamics and proton acceleration depend sensitively on the laser pulse
parameters, including intensity, polarization, spectral content, and duration. At moderate
and high intensities (~10'°~10'7 W /cm?), proton energies rise rapidly due to strong local
field amplification near the nanoantenna surface, with plasmon-enhanced acceleration
sustaining the energy growth throughout most of the pulse. This trend weakens at higher
intensities, particularly once the field exceeds ~10'® W/cm?. In this regime conduction
electrons are rapidly knocked out of the gold nanoantenna, suppressing plasmon resonance
and reducing field enhancement, leading to saturation or even stagnation of the proton
energy gain [10,15,16]. Advanced antenna designs—such as crossed structures, multireso-
nant dipoles, and 3D nanoarchitectures—exhibit multiple plasmonic eigenmodes, enabling
broader absorption spectra and longer-lived resonances, thus improving robustness against
changes in pulse duration and frequency.

Recent experimental studies confirmed proton energies around a hundred keV in poly-
mers and hydrogen-rich media doped with nanoantennas, demonstrating clear dependence
on pulse duration, pulse shape, and deposited energy [2,3,17]. Large-scale, fully kinetic
Particle-in-Cell (PIC) simulations using the EPOCH software suite [18], Ref. [19] have
reproduced these behaviors, capturing ultrafast ionization, plasmon excitation, electron
heating, and particle acceleration with sub-femtosecond temporal resolution. Such simu-
lations reveal detailed space-time structures in the evolving charge and current densities,
providing insight into plasmon lifetimes, antenna charging mechanisms, and transient field
structures not accessible experimentally.

A further motivation arises from recent challenges in fabricating and embedding
complex 3D nanoantenna geometries—such as double-crosses, volumetric Y-structures, or
3D crossed dipoles—into bulk target materials. While these advanced designs offer strong
plasmonic response and polarization invariance, integrating them uniformly in dense
matter remains technologically demanding. In contrast, elongated 3/2 A dipole antennas
provide comparable field enhancement while being significantly easier to fabricate, align,
and distribute within fusion-grade polymers.

In this context, the present study investigates the effects of nanoantenna geometry on
proton acceleration using fully kinetic numerical simulations. We focus on dipole, crossed
and 3D crossed antennas, as well as on paired antennas, 3/2 A and multi-resonant 3D
structures, under laser intensities from 10! to 10! W/cm? and pulse durations ranging
from a few femtoseconds to several hundred femtoseconds. The primary goals are:
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(i) To quantify proton energy gains as functions of antenna geometry, placement, and
pulse parameters;

(if) To identify the saturation thresholds associated with loss of conduction electrons
plasmon collapse;

(iii) To evaluate plasmon lifetime and its correlation with proton acceleration efficiency;

(iv) To provide design guidelines for maximizing proton energies while retaining
fabrication ability.

2. Methodology and Simulation Setup

Simulations employed the EPOCH PIC code to model hydrogen-rich media doped
with gold nanoantennas. The plasmon wavelength of gold, A, ~ 138 nm [20], is a direct
consequence of the collective oscillation frequency of its free electrons in the bulk. This
characteristic wavelength plays a fundamental role as it corresponds to the bulk plasma
frequency at which the real part of gold’s dielectric function crosses zero, as clearly seen in a
simplified Drude model: ¢(w) = €0 — (w% / (w? + iqw) ) The real part becomes negative
for frequencies below w) and crosses zero at wy. The sign change of Re[¢] near 138 nm is
the metallic-dielectric transition that defines the plasmon wavelength. At w) frequency,
the free electrons can no longer respond quickly enough to screen an externally applied
electromagnetic field. Because of this, gold transitions from metallic to dielectric behavior
when the driving wavelength becomes shorter than about 138 nm. It is determined by the
electron density 7,, the electron charge e, their effective mass m, and the permittivity of free
space g as follows: w, = /ne?/egm, where g is the vacuum permittivity, a fundamental
constant describing how electric fields behave in empty space; it determines how strongly
electromagnetic fields interact with charged particles. For gold, the conduction-electron
density 7, ~ 5.9 x 10%® m™3 places its plasma frequency w, and proper wavelength
Ap = 2mc/wp = 138 nm at an energy of E, = hiw, ~ 8.9 eV—exactly the standard number
we find for Au. Although gold’s visible-range optical properties are strongly influenced by
interband transitions from the d-bands, the plasma frequency itself is governed primarily
by the free-electron gas and is therefore a more fundamental electronic property.

The plasmon wavelength is important as it sets the upper limit for all plasmonic behav-
ior. For wavelengths longer than 138 nm—meaning throughout the visible, near-infrared,
and much of the mid-infrared—gold behaves like a metal with a negative real permittivity
as mentioned above. In this regime, surface plasmon phenomena exist and localized surface
plasmon resonance allows gold nanostructures to concentrate optical fields far beyond the
diffraction limit. Dipole nanoantennas, crossed antennas, and other plasmonic elements
all operate in this region, taking advantage of the strong field enhancement that emerges
when the incident light is far below the plasma frequency and the electron gas can follow
the oscillations.

At wavelengths shorter than A,, however, gold’s electrons cannot respond quickly
enough and the real permittivity becomes positive. In this ultraviolet regime gold behaves
more like an insulating material than a metal. As a result, plasmonic resonances disappear
entirely. This is why gold is fundamentally unsuitable for UV plasmonics and why silver
or aluminum—metals with higher plasma frequencies—are chosen instead when working
deep in the ultraviolet. In our case we use an IR laser and this determines the choice
of gold for nanoantenna. For optical dipole antennas, the existence of a bulk plasma
frequency far above the antenna’s resonance wavelength means that gold retains good
metallic character at optical frequencies. The electrons remain highly mobile, the dielectric
function is negative and large in magnitude, and as a result antennas can sustain strong
surface charge oscillations. The strong coupling between parallel dipole antennas, the
hybridization of modes in crosses, and the field localization in gaps all rely on this regime
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where gold is comfortably “below” its plasma cutoff. Because the plasma wavelength is
so short (in the vacuum-UV), the metal behaves almost ideally metallic in the visible and
near-IR, allowing the resonances of the dipole antennas to be sharp, tunable, and strongly
enhanced—even when the antenna dimensions shrink to tens of nanometers.

In our EPOCH simulations for laser-induced processes in gold-doped matter, the
plasma wavelength plays an important conceptual role even though the code works with
full Maxwell-Lorentz and particle dynamics. The plasma frequency enters through the
electron density in the Drude-like optical response of the gold regions. Since our laser
wavelengths A ~ 800 nm is far longer than 138 nm, the Drude response inside the gold
nanoparticles or antenna structures is well within the metallic regime: the electrons are
responsive, the real permittivity is negative, and the structures concentrate fields very
efficiently. This leads to enhanced absorption, localized heating, and higher electric-field
energy density at and near the dipoles. In fusion-related scenarios, this field concentration
boosts ionization rates, local plasma formation near the antenna surfaces, and enhances
the coupling of laser energy to the plasma, ultimately influencing proton acceleration and
energy output.

In short, the fact that gold’s plasma wavelength lies deep in the UV guarantees that at
optical and near-IR wavelengths the metal behaves as a highly conductive electron fluid.
This underpins all plasmonic behavior in gold nanoantennas and directly affects energy
concentration and absorption processes we model in EPOCH.

The ionization dynamics of hydrogen-rich media doped with gold nanoantennas
were modeled using the EPOCH particle-in-cell (PIC) code [18,19]. The simulation grid in
EPOCH covered dense media with spatial and temporal resolutions sufficient to resolve
plasmonic oscillations and electron dynamics (~0.6 fs per frame). The simulation volume
measured 795 x 530 x 530 nm3 with a spatial resolution of 5 nm (grid: 159 x 106 x 106) and
200 temporal steps, sufficient to resolve plasmonic oscillations and electron dynamics with
~0.6 fs temporal resolution. The number of pseudo particles was adjusted per species, e.g.,
Nhydrgen =20 X Ngriax X Ngridy X Ngrigz. For the radiation wavelength of the laser 795 nm,
assuming the plasmonic wavelength A, = 138 nm [20], we obtain the effective wavelength
in vacuum: Agg 45 = 266 nm; accounting for the difference between the wavelength of
radiation in vacuum and in dense media with refractive index n = 1.5, we reduced it
to Agg ~ 170 nm. The length of the resonant nanoantenna is L = A4/2 (half-wavelength
resonance), L ~ 85 nm; the 3/2 wave resonance is, respectively, at 255 nm; the nanoantenna
thickness is 25 nm. The pulse duration is assumed ~0.1 ps. The refractive index n = 1.5
of media is chosen to match the proper value of the hydrogen rich urethane acrylate
methacrylate (UDMA) and triethylene glycol dimethylacrylate (TEGDMA) copolymer
targets [9,16,21], where resonant nanorod antennas are implanted.

Simple evaluation for the resonance length spans off the consideration that for a
metallic dipole (gold nanorod) in the optical range, the resonance condition is determined
by the plasmonic effective wavelength A.g, not the free-space wavelength Ag. The effective
wavelength is much shorter than Ay due to the strong interaction of surface plasmons
with the metal. For a plasmonic dipole antenna, the resonant half-length L, is given
by: Lres & Aegr/2, where Agg = Ag/nyp. Here, nypy is the effective refractive index of the
plasmon mode, which depends on the permittivity &(A) and the surrounding medium.
From experimental data for gold at 800 nm, the dielectric function has approximate value
€ ~ —24.5 + 1.8i [20]; for a gold nanorod in a medium with n = 1.5, the effective index is
Mg~ 4.5-6.0 [20]. Thus, the effective wavelength is Aeff [nm] = 800 [nm]/ N ~ 133-178 nm.
This means the resonant half-length is L, = /\eﬁ/ 2 &~ 66-89 nm. More accurate estimates in
our previous publications [10-16] yielded the resonate value of the half-wavelength rod
Lyes = 85 nm, which is, as we have demonstrated above in qualitative terms, reasonable
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for a gold dipole resonating at 800 nm in a medium of n = 1.5. Other sources (see, for
example, [22]) confirm that for gold nanorods in water or glass-like media (n ~ 1.3-1.5),
the fundamental dipolar mode resonates at half-length 70-90 nm for wavelengths in the
750-850 nm range.

Laser pulses were linearly polarized (vertically and diagonally), with intensities up to
4 x 101 W/cm?; default duration was ~100 fs, however, to simulate a fixed pulse energy
of ~25 m]J, the range of pulse durations from 2.5 fs to 500 fs was also tested; results were in
line with the experiments as reported in the last section of our paper. The pulse shape was
either quasi-rectangular with sinusoidal smoothing for long pulses or Gaussian-equivalent
square for short pulses. Variation in pulse energy was modeled by varying pulse duration
for a given intensity or assuming typical long pulses ~0.1 ps duration with gradual rise
and fall (~9-20 fs rise, ~98-109 fs fall) and varying the intensity of a flat plateau in between.
Plane-wave irradiation was assumed in all reported circumstances.

Along with the single sided laser radiation used in previous works [10-14] we have
also tested a novel multisided laser radiation, so that two and four lasers simultaneously
irradiated the antenna from opposite each other directions.

The nanoantenna geometries included single dipoles, crossed dipoles, 3D crosses,
double 3D crosses, Yagi-like structures, and coupled 3D configurations (see Figure 1). For
the cross the default size was 85 x 85 nm and for the 3D cross the third rod had identical
85 nm dimensions. For the Yagi- and double Yagi- antennas, the resonating dipoles had 85
nm length, the reflector being 10% longer and the amplifying dipole 10% shorter than the
resonator, each element distant 38 nm from another.

Double Dipole Yagi Double Yagi

T UUHU“

W 4

Double Cross 3D Cross Double 3D Cross

Figure 1. Some resonating nanoantenna shapes for improved energy transfer in laser-matter interactions.

Figure 2 shows 3D-crossed antenna (yellow), laser pulse propagation (red arrow) and
polarizations of the radiation field E (green vectors). Dipole-based antennas were aligned
with the laser polarization vector.

E-field

nanoantenna vertical
diagonal

‘»@?

laser pulse X
propagation

Figure 2. Schematics of the 3D-crossed nanoantenna and laser radiation with vertical or diago-
nal polarizations.
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Simulations tracked electron and ion energies, density distributions, and momentum,
generating a dataset of ~1 TB. The data analysis was performed with external software:

LLNL Vislt 3.1.3, Mathematica 9.0, and Python 3.12.3 libraries Matplotlib. 3.10 Visualization
of the analyzed quantities was accomplished with Python-based custom tools and LLNL
Vislt software with an ad hoc installed plug-in for the EPOCH databases. Video rendering

was performed with the Cyberlink PD18 software.

3. Energy Enhancement by Nanoantennas
Proton energy gains in hydrogen-rich media are strongly influenced by the geometry of

embedded nanoantennas. For single dipoles under moderate laser fields (4 x 10”7 W/cm?),
proton energies reach ~0.12 MeV, as shown in Figure 3a. The electron density around dipoles
exhibits pronounced peaks at the antenna tips due to localized surface plasmon resonance
(LSP), which concentrates the electromagnetic field and enhances local ionization. These
field enhancements are highly anisotropic, leading to directional acceleration of protons
primarily along the polarization vector. At higher laser intensities (~4 x 10'® W/cm?), dipole
antennas show saturation in proton energy (~0.12 MeV). This occurs because the intense
field rapidly ejects conduction electrons, disrupting plasmon resonance, and reducing energy

transfer efficiency.
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> > v l
9 Q [ (I
=0.08 =0.125 / \
£ e I’ s
@0.06 1¥0.100 /
= | = ‘I
] £20.075 1
©0.04 ¢ o !
a ’,' 20.050 !
1
0.02 . !
," —— pdipole at 4el7 0.025 ," p 4el7 perpendicular cross
0.00 --- pdipole at 4e18 0.000 -———- A --- p 4el8 perpendicular cross
20 40 60 80 100 120 0 20 40 60 80 100 120
time (fs) time (fs)

Figure 3. Evolution of average energies of protons for a dipole (a) and crossed (b) nanoantenna in
vertically polarized laser pulse of moderate intensity 4 x 10'7 W /cm?—magenta solid line for dipoles
(a), light blue solid line for crosses (b), and high intensity 4 x 10’ W/cm?—green dashed line for

dipoles (a), black dashed line for crosses (b).
In contrast, crossed antennas provide higher proton energies (~0.15 MeV) (see

Figure 3a) and a more uniform distribution of high-energy protons. The crossed con-

figuration supports two orthogonal plasmonic modes, extending resonance lifetimes and

increasing the effective interaction volume, achieving proton energies up to ~0.2 MeV in
strong fields. Spatially resolved analysis reveals that protons experience multiple acceler-
ation events within the field-enhanced regions around the crossed antennas, explaining

their higher energies.
Advanced geometries provide more electrons and give multiple modes, while closely
placed parallel antennas further increase the near field between them and thus increase

proton energies. Double 3D-crosses and Yagi-type antennas give the strongest local electric
field. Proton energies for these antenna configurations reach 0.4 MeV under 4 x 10'8 W/cm?

radiation (see spatial distribution of the proton energies for a double 3D-cross at 62 fs of

the laser pulse in Figure 4).
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Figure 4. Energies of ions in the strong field 4 x 108 W/cm? for the double 3D-cross nanoantenna at
62 fs of the laser pulse. The color scale legend denotes energies of the protons, increasing from red to
lilac. Electrons, from Hy—green and from gold—yellow, have almost entirely left simulation box at
62 fs; gold ions of the antenna are denoted by orange (behind proton cloud).

The comparison of the energies of protons for antenna shapes is visualized in Figure 5.
Among various antenna shapes the close paired 3D cross yields the highest proton energies.
The enhancement is not only in energy magnitude but also in proton population: simula-
tions show 20-30% more protons achieving energies above 0.2 MeV compared to single
dipoles. The energy distributions exhibit notable anisotropy: while dipoles concentrate
protons along the laser polarization axis, crossed and 3D structures produce broader angu-
lar spreads, which may be advantageous for applications requiring uniform irradiation.
Saturation effects are less pronounced for these geometries, as the coupled plasmonic
modes allow sequential acceleration events and mitigate early electron depletion.

proton Ej, (MeV)
© © ©
N w E

o
=

FTEn "7 3/2Adipole 255 nm
—— 1/2 Adipole 85nm

1/2 A Double dipole 85nm, 25m], two-sided shot
—-— 1/2 A Double Yagi 85nm, two-sided shot

1/2 A Cross3D 77mm, four-sided shot

60 80 100 120
time (fs)

Figure 5. Peak proton energies in strong field 4 x 10'® W/cm? for various shapes of antennas
(see legend).

Temporal analysis of proton energy evolution highlights the role of plasmon formation
and lifetime. In dipoles, proton acceleration occurs primarily during the first 15-20 fs of the
pulse, after which the ejected electrons reduce local fields. Crossed and 3D antennas sustain
acceleration over ~30—40 fs, allowing protons to gain additional kinetic energy (see Figure 6).
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Figure 6. Ion number density distribution for the antenna at the moment of detachment of the
plasmon in strong field 4 x 10" W/cm? (a) dipole at 19 fs (b) double 3D-cross at 36 fs (b); electrons—
yellow, gold ions—orange, protons—color scale (see legends).

These observations underscore the importance of nanoantenna design in tuning energy
transfer efficiency. Importantly, a cross-based antenna resonates well with radiation coming
from multiple sides. We tested numerically two-sided and four-sided laser shots vs. one-
sided radiation and found that a multisided laser shot enhanced the proton energies
especially in moderate laser fields.

4. Dependence on Laser Pulse Duration for Dipole Antennas

The increase in the intensity of the laser radiation over some high threshold does not
necessarily yield the increase in the proton energies in a doped media. Indeed, the dynamics
of the electromagnetic wave propagation seems the following: under intense irradiation
(~10'® W/cm?), the polymer surface, initially dielectric, rapidly ionized, producing a dense
plasma layer on the dielectric polymer; in this regime the incident electromagnetic wave
no longer propagates deeply as in a normal dielectric. The plasma immediately modifies
the local dielectric response: the real part of the permittivity becomes strongly negative,
and the material transitions from a dielectric to a plasma-like conductor. As a result, the
skin effect governs the laser’s penetration; the field penetrates only over a short relativistic
skin depth, typically on the order of tens to hundreds of nanometers. Inside this thin layer,
the oscillating electric field drives electrons to relativistic velocities, strongly modifying the
local refractive index and producing nonlinear effects such as self-induced transparency
at sufficiently high intensity. Gold nanoantennas embedded near the surface experience
strong field enhancement during the initial dielectric phase, but once the surrounding
polymer ionizes, the optical response becomes plasma-like and the plasmonic behavior is
rapidly altered.

Overall, the laser field inside the interaction region is governed by plasma electrody-
namics, not by standard optical propagation in matter: the wave sees a reflective, overly
dense surface, penetrates only over the relativistic skin depth, and interacts with nanoan-
tennas within that thin layer where extreme, rapidly varying fields are present.

Experiments were performed at Extreme Light Infrastructure ELI (Szeged, Hungary)
laser facility [17] with infrared pulses of variable length ~12-500 fs with the energy 25 m]
and the wavelength A = 795 nm irradiating UDMA-TEGDMA copolymer targets with
embedded dipole dopes of 85 x 25 nm size. Using a fixed pulse energy of 25 m], our
simulations cover durations from ~2.5 fs to 255 fs, corresponding to intensities from
4 x 101 W/cm? down to 4 x 10 W/cm? (see Table 1). Proton energies show a clear
nonlinear dependence on pulse duration (Figure 7).
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Table 1. Pulse durations and approximate intensities for a fixed energy of 25 mJ.

Pulse Duration [fs] Pulse Intensity [W/cm?]
25 4 x 101
25.5 4 x 1018
51 2 x 1018
102 1 x 108
145 7 x 10"
255 4 x 107

[ ]
]
[ ]

=t b=t
=] Lh
(=] o

L
(=]

FProton Energy [ keV |

0 50 100 150 200 250
Laser Pulse length [fs]

Figure 7. Energy of protons for the duration of the pulse with 25 m]J energy in the presence of dipole
dopes; gray points—experimental results from [17], colored curves—our theoretical results.

For very short pulse (~2.5 fs), peak intensities are extremely high, rapidly ejecting
conduction electrons from the dipole and disrupting resonance. Consequently, proton
energies remain modest (~0.05-0.07 MeV). As the pulse duration increases to ~102-145 fs,
resonance is sustained longer, allowing more efficient energy transfer from the plasmonic
field to the surrounding protons. Proton energies reach ~0.12 MeV, in agreement with
experimental observations [17].

Our simulations also reveal inherent fluctuations in the maximum proton energy
(~15%) across temporal snapshots due to stochastic variations in local ionization and
electron dynamics. The average proton energy increases with pulse duration up to ~120 fs,
after which it plateaus, reflecting a saturation phenomenon: longer pulses do not further
enhance energy because the dipole reaches the maximal energy transfer limit.

To clarify the concept, we conclude that pulse duration is not the parameter playing
a key role, but it is instead the laser field intensity that matters as far as the antennas not
being destroyed. Very short pulses of very high intensity are not very effective as they
prematurely destroy the antennas and the plasmonic resonance at the beginning of the
pulse. This is consistent with experimental data, where proton energies for pulses shorter
than 50 fs were systematically lower than for ~100 fs pulses [17].

5. Effect of Nanoantenna Geometry on Proton Energies

All comparisons of proton energy for different antenna shapes are consolidated in this
section. Our simulations span dipoles, crossed antennas, double 3D crosses, and Yagi-like
structures under moderate (~4 x 107 W/cm?) and strong (~4 X 10'8 W/cm?) fields.

e Dipoles: Saturation occurs at ~0.12 MeV already in a moderate field (Figure 3a).
Increasing laser intensity does not increase proton energies significantly due to early
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conduction electron ejection and plasmon destruction. Proton distributions are highly
directional along the polarization axis.

e  Crossed antennas: Proton energies reach ~0.15 MeV in moderate fields and ~0.2 MeV
in strong fields (Figure 3b). Crossed antennas naturally support orthogonal plasmonic
modes due to their geometry; it helps to maintain resonance for longer and allows
sequential proton acceleration.

o  Three-dimensional crossed antennas further improve proton acceleration to 0.25 MeV.
The angular spread of accelerated protons is broader compared to dipoles.

e  Double 3D crosses: Optimized inter-antenna spacing (~40 nm) generates overlapping
plasmonic hotspots. Proton energies increase to 0.35 MeV in a single-sided strong
field and 0.4 MeV under two-sided irradiation (Figures 4 and 5). Both energy magni-
tude and the number of high-energy protons are significantly increased compared to
simpler geometries.

e  Yagi-like antennas: Directional, asymmetric structures enhance field localization and
proton energies beyond simple dipoles, though slightly below double 3D crosses
(Figure 5). Symmetric double 3D crosses remain superior for isotropic acceleration
and maximum energy.

Simulations confirm saturation effects for all antennas under intense fields
(>4 x 108 W/cm?). Dipoles saturate first (~0.12 MeV), followed by 2D crosses (~0.2 MeV).
Three-dimensional structures prolong plasmonic activity, supporting higher proton ener-
gies and larger proton populations.

Mechanistic interpretation: Proton acceleration is driven primarily by plasmonic field
enhancement, which reaches and exceeds an order of magnitude [10-14]. Close placement
of antenna elements couples plasmons on the near surfaces and further boosts the field in
between the double antennas. Saturation arises from rapid conduction electron loss, which
terminates resonance. Crossed and 3D antennas sustain local fields longer, explaining
higher energy ceilings and efficiency. Spatial maps (see for example, Figure 4) illustrate
that high-energy protons cluster near plasmonic hotspots, confirming that antenna design
directly controls acceleration efficiency.

Design recommendations: For high-energy proton production (>0.2 MeV), use crossed
or 3D antennas with optimized spacing and short, intense pulses (~50 fs). For moderate
energies (~0.12 MeV), dipoles with longer pulses (~100-150 fs) suffice. Antenna geometry
also enables the tuning of angular spread for specific applications.

6. Results and Conclusions

Study spanning laser intensities 1017~10' W/cm? and pulse durations of 2.5-500 fs
demonstrate:

1. Dipole antennas: Proton energies saturate at ~0.12 MeV at moderate fields
(4 x 10" W/cm?). Saturation is caused by rapid ejection of conduction electrons, re-
ducing plasmon resonance duration. Longer pulses modestly increase proton energies
but cannot overcome saturation.

2. Crossed antennas: Proton energies rise to 0.2 MeV, with extended plasmon lifetimes
and polarization-insensitive acceleration. Electron density retention enables sequential
acceleration, explaining higher energies and broader angular distributions.

3. Advanced 3D geometries: Double 3D crosses and Yagi-like antennas reach proton
energies of 0.4 MeV at 4 x 10'® W/cm?, producing both higher energy and increased
proton populations. Optimized inter-antenna spacing (~40 nm) maximizes collective
field enhancement.

4.  Pulse duration dependence: the intensity matters and thus short, intense pulses
favor crossed, 3D- and double 3D-crossed antennas. Long pulses with lower intensity
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are preferable for dipoles. Proton energy gains are closely tied to plasmon intensity,
lifetime and local field stability.

5. Mechanistic interpretation: Plasmonic field enhancement is the dominant energy
transfer mechanism. Saturation arises from conduction electron ejection and plasmon
disruption. Crossed and 3D geometries have multimode resonance, which is sustained
longer, enabling additional proton acceleration.

6. Design guidelines: For high proton energies (>0.2 MeV), use crossed or 3D antennas
with optimized spacing and short, intense pulses (~50 fs). For moderate energies
(~0.12 MeV), single dipoles suffice with longer pulses. Angular spread can be tuned
via antenna geometry for application-specific beam shaping as 3D antennas are not
sensitive to beam direction, while Yagi antennas are strongly directional.

Some fusion reactions involving protons with energies > 0.2-1 MeV are listed in Table 2.
It gives the idea of possible application of our results for nanofusion upon ionization of
doped matter with protons energies achieved in the presence of dipole, crossed, 3D-crossed,
and double crossed nanoantennas.

Table 2. Some fusion reactions and their energy output for protons with energy >0.2 MeV.

Resonance E

Reaction (MeV) Q (MeV) Relevance
p+ !B — 3« 0.15/0.66 8.7 Strong sub-MeV resonance
p+7Li— 2a 0.44 17.6 Within simulated range
p+°Li— 3He + 0.4-0.5 4.0 Accessible
d+d—3%He+n 0.1 3.3 Secondary channel
p+%Be — ®Li+« 0.1 vary Potentially accessible
p+12C— BN+y 0.46 2 Small cross section, but possible
p+d— SHe +vy >1 2 Currently beyond our Enax range

This study quantitatively demonstrates the interplay of nanoantenna geometry, laser
pulse parameters, and plasmon dynamics in laser-driven proton acceleration. The findings
provide actionable design strategies for compact, high-energy proton sources in inertial
fusion and high-energy-density applications, bridging simulation predictions with exper-
imental observations [17]. Moreover, our study clearly illustrates that 2D or 3D shaped
dopes allow proton energies > 0.2 MeV, which opens prospective for an array pf possible
fusion reaction and paves the way to energy production in nanofusion reactor.
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