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Abstract

Plasmonic nanoresonators of core—shell composition and nanorod shape were optimized to tune their absorption cross-section
maximum to the central wavelength of a short laser pulse. The number density distribution of randomly located nanoreso-
nators along a laser pulse-length scaled target was numerically optimized to maximize the absorptance with the criterion
of minimal absorption difference between neighboring layers illuminated by two counter-propagating laser pulses. Wide
Gaussian number density distribution of core—shell nanoparticles and nanorods enabled to improve the absorptance with low
standard deviation; however, the energy deposited until the overlap of the two laser pulses exhibited a considerable standard
deviation. Successive adjustment resulted in narrower Gaussian number density distributions that made it possible to ensure
almost uniform distribution of the deposited energy integrated until the maximal overlap of the two laser pulses. While for
core—shell nanoparticles the standard deviation of absorptance could be preserved, for the nanorods it was compromised.
Considering the larger and polarization independent absorption cross-section as well as the simultaneously achievable
smaller standard deviation of absorptance and deposited energy distribution, the core—shell nanoparticles outperform the
nanorods both in optimized and adjusted nanoresonator distributions. Exception is the standard deviation of deposited energy
distribution considered for the complete layers that is smaller in the adjusted nanorod distribution. Optimization of both
nanoresonator distributions has potential applications, where efficient and uniform energy deposition is crucial, including
biomedical applications, phase transitions, and even fusion.

Keywords Plasmonic nanoresonator - Random distribution - Absorptance improvement - Uniform energy deposition -
Numerical optimization

Introduction

Tailoring the geometry and composition of metal nanopar-
ticles makes it possible to excite localized surface plasmon
< Miria Csete resonances (LSPRs) at specific frequencies. Two widely

mcsete @physx.u-szeged.hu studied plasmonic nanoparticle types are the dielectric-metal
core—shell nanoparticle and the elongated metal nanorod.
Each of these plasmonic nanoparticles supports different
plasmonic modes that may have advantages and disadvan-
tages depending on application purposes. LSPRs excited on
core—shell nanoparticles are hybridized modes of dipolar
or higher-order primitive sphere and cavity plasmons [1].
The strength of their interactions depends on the order of
both individual modes, the type of hybridization (bonding or
anti-bonding) and their interaction-length, that equals to the
thickness of the metallic shell. Accordingly, the resonance
wavelength of the hybridized modes can be tuned through a
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wide spectral range by the generalized aspect ratio (inner to
outer radius ratio, GAR=r,/r,) of the core—shell nanoparti-
cle [2, 3]. Another unique property of core—shell nanoparti-
cles is the existence of two distinct GARs, both correspond
to nanoresonator compositions that exhibit a dipolar reso-
nance at the same frequency in a specific medium [4, 5]. The
extinction cross-section in thin shell composition originates
exclusively from the absorption cross-section, whereas in
thick shell composition it is determined by the significantly
larger scattering cross-section, in accordance with its larger
volume.

On metal nanorods, the LSPRs can be tuned through
a wide spectral range by varying their aspect ratio (AR,
that is, the ratio of the long to the short axis) [6, 7]. The
advantage of nanorods over core—shell nanoparticles is that
the achieved near-field enhancement may be high due to
the large curvature of the metallic apexes. However, their
resonant response depends on the relative orientation with
respect to the exciting electric field polarization, which is a
disadvantage. The longitudinal mode can be excited most
efficiently at longer wavelength, when the polarization
is parallel to the long axis, whereas the transversal mode
appears at shorter wavelength in presence of a perpendicular
E-field component and is accompanied by smaller absorp-
tion cross-section. In both cases the frequency of the plas-
mon resonance, the characteristics of the accompanying
near-field and far-field phenomena depend on the nanorod
shape and size, as well as on the material of the nanoresona-
tor and the adjacent medium.

Core—shell particles and nanorods can be used in a very
wide range of applications due to the properties of the local-
ized plasmons excitable on their surface. The high sensitivity
of the resonant frequency to the ambient medium makes the
plasmonic particles good candidates for sensing applications
[8, 9]. In nanoparticle arrays, the enhancement of near-field
intensity and the improvement of far-field emission directiv-
ity can be exploited to boost and to out-couple the fluores-
cence of emitters, respectively [10, 11]. The relatively small
radiation efficiency accompanied by significant absorption
in the metallic segment is advantageous in biomedical imag-
ing, cancer therapy, catalysis, and photovoltaics [12—14].
The plasmonic modes transfer the light energy directly to
electrons, which effect was used in renewable energy tech-
nologies’ development [15].

The balance of near- and far-field loss channels is a com-
plex function of the nanoresonator configuration; hence, an
effective solution to the, e.g., maximal energy deposition,
problem makes a numerical optimization indispensable.

In present study, the near-field confinement and losses
accompanying plasmons excitation are of particular impor-
tance. The absorptance of various targets can be enhanced by
embedded plasmonic nanoresonators that can serve as local
absorbers throughout their damage threshold. This threshold
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sensitively depends on the geometry of the nanoresonators
and on laser illumination parameters. For nanospheres with
a diameter of 30 nm, a damage threshold of 5x 10'> W/cm?
was reported for 800 nm wavelength and 30 fs laser pulses
[16]. In comparison, the highest intensity that might result
in LSPR excitation without the damage of nanotriangles is
1.4 x 10'2 W/cm? for 800 nm wavelength and 42 fs pulses
[17]. In case of nanospirals, a larger 8 x 10'* W/cm? thresh-
old was described for 1500 nm and 20 fs laser pulses [18].
Near the damage threshold nonlinear phenomena can
arise due to the high field strengths that need to be con-
sidered. The second order nonlinearity of gold is usually
neglected for symmetry reasons, whereas the third order
nonlinear susceptibility (X(S)) is strongly dependent on the
geometry of the nano-object, on the wavelength and pulse-
length of the illumination [19]. Full non-perturbative time-
domain hydrodynamic approach of the electron plasma
under femtosecond excitation made it possible to describe
the nonlinear response of nanostructures. The importance
of resonant effects in the enhancement of nonlinear phe-
nomena as well as the role of nanostructures’ topology was
proven [20]. Nanoparticles with high spatial symmetry
allow nonlinear conversion only between localized plasmon
modes with the same symmetry properties. Charge sepa-
ration accompanying dipoles (quadrupoles) at the second
harmonic is smaller (larger) than that arising in presence
of the fundamental dipolar mode; however, the quadrupole
is a dark mode, which makes it concealed in the far-field
[21]. Coupling nonlinear hydrodynamic equations with the
Maxwell equations enabled to describe the boundary second
harmonic (SH) and third harmonic (TH) generation in metal-
lic nanostructures without the need of an a priori assumption
about the nonlinear susceptibility values. The x® and x©
were estimated from the quadratic and cubic dependence
of SH and TH intensity for specific nano-objects [22]. The
metal was modeled as a two-component medium using the
hydrodynamic model to describe free electrons and Lorentz
oscillators to account for core electron contributions to both
the linear dielectric response and harmonic generation. It
was shown that in case of silver nanopillars illuminated with
800 nm and 20 fs pulse the transverse magnetic SH (TH)
generation is enhanced (decreased) by bound charges [23].
The implantation of solid plasmonic nanoparticles and
plasmonic nanoshells into fusion ignition targets has been
already proposed [24, 25]. The primary studies revealed that
the large electromagnetic field enhancement around such
nanoresonators is capable of triggering the nuclear chain
reactions in conventional deuterated polystyrene fuel tar-
gets [24]. It was demonstrated that the coating of the con-
ventional Pd-based fuel materials with nanoparticles and
nanoshells has the potential to overcome the Coulomb bar-
riers and to promote condensed matter fusion reaction [25].
Later, application of ordered nanowire arrays was proposed
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to transfer material into the ultra-hot plasma regime with
fs laser pulses of moderate energy [26]. Formation of
Z-pinches was demonstrated by irradiating nanowires with
fs laser pulses of relativistic intensity [27]. The possibil-
ity to promote the energy penetration via nanowires and to
enhance the plasma extension was also demonstrated [28].

In our previous studies, we have proposed a novel
approach to promote uniform energy deposition and to
ensure time-like ignition of fusion targets by doping them
with metal nanoparticles [29]. Energy deposition increased
by plasmonic nanoparticles allows the initial compression
of the fusion target to be reduced, thus avoiding Rayleigh—
Taylor instability that prevents the achievement of inertial
confinement fusion [30].

It has also been shown that time-like ignition can be
achieved via double-sided irradiation with short and intense
laser pulses even at reduced compression, when the absorp-
tion of a target is improved by orders of magnitude due to
embedded plasmonic core—shell nanoparticles [29]. Beside
the energy deposition the charge separation on nanoparti-
cles is also an important aspect, since its amplitude might
be commensurate with that accompanying the laser wake
field (LWF) dense plasma waves initiated by two intense
counter-propagating laser pulses [31]. In this study, we have
exploited the large absorption cross-section provided by the
dipolar resonance on the core—shell nanoparticles of thin
shell composition and by the dipolar resonance on nanorods.
We have optimized the geometry of individual nanoreso-
nators as well as their distribution to achieve efficient and
uniform energy deposition in fusion model-targets.

Various numerical solution techniques have been devel-
oped for physical [32] and chemical problems [33, 34] that
are based on different optimization techniques. Stochas-
tic, deterministic, and hybrid optimization methods have
been also implemented to solve such complex problems. In
recent years, nanophotonical systems have been optimized
by using our in-house developed GLOBAL algorithm [35].
It has already proven its robustness in frequency and time-
domain problems as well; among the optimized phenomena

are single-photon detection efficiency maximization and
few-cycle plasmonic pulse-length minimization [36, 37].
Evaluation of the complex objective function above a
multi-dimensional parameter-space in case of a mesoscopic
target consisted of nanoscaled resonators requires a lot of
resources; accordingly, a prediction method has been used in
present optimization. The applied multilayer absorption law
covering method is similar to the SVR or adaptive neuro-
fuzzy predictor methods in the literature, which are used to
optimize the efficiency of wind turbines, the quality of laser
welding or to predict and control the strength of robotic fin-
ger contact forces [38—40].

The specific purposes were as follows: (i) to improve
the absorptance of a polymer slab by using embedded plas-
monic nanoresonators of a core—shell composition and a
nanorod shape, (ii) to determine such number density dis-
tributions that are capable of ensuring uniform distribu-
tion of deposited energy integrated until the overlap of two
counter-propagating short laser pulses that are used for the
illumination of a model-target with a pulse-length scaled
size, and (iii) to map the charge separation that accompanies
the plasmonic resonance near the damage threshold of these
nanoresonators.

Methods

The optical cross-sections (OCS: absorption cross-section
(ACS), scattering cross-section (SCS), extinction cross-
section (ECS)) of the silica-gold core—shell nanoparticle
(r; =25.5 nm inner and r,=30 nm outer radii) and gold
nanorod (ay,,, =75 nm long and a,,=25 nm short axes)
acting as a plasmonic nanoresonator at the central wave-
length (795 nm) of the target illumination were determined
by total-field-scattered-field (TFSF) procedure in finite ele-
ment method (FEM), namely, via RF module of COMSOL
Multiphysics (Fig. 1a, ¢, d). In case of the core—shell nano-
particle, the thin shell composition was selected, since this
results in an extinction dominated by large absorption [4].
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Fig. 1 a TFSF formulation used to determine the OCS of nanoresona-
tors. b Illumination of the targets by two counter-propagating pulses
to extract the full optical response and to determine the absorptance.

Orientation (in)dependent OCS spectra of a resonant individual ¢
core—shell nanoparticle and d nanorod in polymer medium
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These nanoresonators were embedded into a polymer target;
the index of refraction of this medium used in simulations
was determined by ellipsometry. The wavelength dependence
of the real part of the refractive index was considered (at the
central wavelength it is 1.53), whereas the imaginary part was
neglected, according to the negligible polymer absorptance.

The analogous nanoresonator number densities (p) of
core—shell nanoparticles and nanorods were determined
based on the ratio of their ACS, by considering that the
absorption coefficient satisfies the a =ACS * p relation,
when low number density of nanoresonators is supposed.

To determine the absorptance and absorption coefficient,
a supercell with typically 1 um side-length was used, and
the 21 pm long target was divided into 7 segments, each
of 3 um thick along the laser pulses propagation direction,
and inside them the number density of randomly distributed
nanoresonators was different (Fig. 1b). The lateral size of
the supercells was selected to ensure that the nanoresona-
tor number density is variable in neighboring layers with a
reasonable resolution, but was not matched intentionally to
the wavelength in the medium, in order to avoid artificial
coupling effects. These supercells were illuminated by two
counter-propagating linearly polarized short laser pulses
injected through internal ports. At the vertical sides, periodic
boundary conditions were used, whereas behind the hori-
zontal ports PML layers were inserted to eliminate spurious
reflections. The subwavelength metal nanoresonators require
fine meshing in the order of half skin-depth, whereas the
three-dimensional model-targets enable coarser meshing in
the order of a fifth-wavelength along the several micrometer
long target. These simultaneous mesh scale-regions result in
a computation demand in the order of 128-256 GB of RAM.

The transmittance and reflectance were extracted at inter-
faces inserted between the ports and PML layers, and during
evaluation of the absorption coefficient the equivalence of
the two opposite pulse propagation directions was supposed.
The 21 um target length corresponds to the full-width-at-
half-maximum (FWHM) of a 120 fs laser pulse envelope. A
target with this length is illuminated most efficiently by the
two counter-propagating pulses, when they overlap at 240 fs
at the middle of the target.

The primary purpose was to improve the absorptance;
accordingly, the nanoresonator number density was varied
in the p~ 1-15 um™ interval. Before optimization, various
distributions of the nanoresonators were tested, among them
uniform (Fig. 2), single, and double-peaked Gaussian distri-
butions (Fig. 3). Then, first, the nanoresonator distribution
was optimized in steady-state RF module with the objec-
tive function of maximal absorption and with the criterion
of minimal absorption difference between neighboring lay-
ers (Figs. 4 and 5). During optimization, tendencies of the
achieved absorptance and its standard deviation (6) were
monitored and the number density distribution was varied
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by moving nanoresonators in between layers to increase
absorptance and to decrease o. The in-house developed algo-
rithm was combined with a prediction method, which relies
on statistical sampling of preceding random distributions and
successive approximation of the optimal solution by consid-
ering their standard deviation that enables to improve gradu-
ally the random parameters in succeeding solutions [34-37].
The stochastic effect of the nanoresonator’s location distribu-
tion at a specific number density distribution was treated by
fitting the Lambert—Beer law with multiple parameters. This
procedure is still time-consuming, due to the slow model
evaluation with the specific objective function completion
takes typically days by using 256 GB of RAM.

Second, the steady-state absorptance and the average
standard deviation of absorptance sampled in different lay-
ers were determined by inspecting several random location
distributions of the previously optimized nanoresonator
number density distribution. Third, a representative system
exhibiting a standard deviation of absorptance that approxi-
mates the average 6 of the specific nanoresonator number
density distribution was selected (Figs. 4 and 5/a, c). To
diminish the difference that can arise between symmetrically
aligned layers embedding the same number of nanoresona-
tors in case of arbitrary random location distributions, sym-
metrically arranged nanoresonator locations were supposed
in analogous layer pairs (A-G, B-F, C-E) (Fig. 1b). We can
suppose that the location distribution possesses a mirror
or even a central symmetry without the loss of generality
(Figs. 4 and 5 inset).

Fourth, the energy and energy density, as well as the power
loss and power loss density distribution, were determined
and analyzed separately for the multitudes of nanoresonators
in each layer as a function of time (Figs. 4 and 5/e, g/a, b).
Furthermore, the time dependence of the energy and energy
density were determined not only in the nanoresonators but
also in the complete layers, since the confined near-field has
the potential to interact with the surrounding media in general
case (Figs. 4 and 5/e). To ensure uniform, e.g., phase transi-
tion or ignition, the deposited energy integrated until the time
instant, when the laser pulses overlap, must be balanced in dif-
ferent layers. Accordingly, as a fifth step the integrated energy
and energy density as well as the power loss and power loss
density distribution were integrated throughout the maximal
overlap of the counter-propagating pulses (Figs. 4 and 5/e,
g/c—f). Finally, the nanoresonator number density distribu-
tion was adjusted to ensure a standard deviation in deposited
energy integrated until 240 fs commensurate with (or even
smaller than) the typical 6 of absorption (Figs. 4 and 5/b, d;
f, h/a—f).

To determine the time-evolution of the charge sepa-
ration accompanying the short laser pulse illumination
of the resonant core—shell nanoparticles and nanorods,
the hydrodynamic equations coupled with the Maxwell
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equations were implemented into the transient RF module
of COMSOL Multiphysics (Fig. 6). The interaction of
plasmonic nanoresonators with a 120 fs laser pulse was
described via the wave equation including the induced
polarization:

VXVXE(r )+ — a,tE(r 1)+ puyo,Pr,t) = €h)

Here E(r,t) is the electric field with full spatio-temporal
dependence, p is the vacuum permeability, and P(r,?)
is the induced polarization. The time-dependence of the
induced polarization was defined with the macroscopic
spatially dependent electron density (n,) and electron
velocity (v,) accounting for the polarization currents:

0,P(r,t) = —en,v, )

which couples the Maxwell equations to the hydrodynamic
equations as follows:

n, 0y, +v, - Vv,) +ymmny, = —en(E+v,XH) (3)

on,+V-(ny,)=0 4)

where y is a phenomenological coefficient related to damp-
ing, while e and m, are the charge and mass of electron,
respectively.

Results

Optical Cross-section of Core-Shell Nanoparticles
and Nanorods Resonant at the Central Wavelength
of the llluminating Laser Pulse

Via TFSF formulation, the complete optical cross-section
of the plasmonic nanoresonators was determined, including

the absorption, scattering, and extinction cross-sections (Fig,
la, c, d). Considering that the purpose is a large and uni-
form energy deposition throughout the target, the absorp-
tion cross-section of individual nanoresonators is the most
relevant quantity; accordingly, this was compared quanti-
tatively for the core—shell nanoparticle and nanorod type
nanoresonators.

At 795 nm central wavelength of the short laser pulse,
the resonant core—shell nanoparticle exhibits 2.97 x 1071°
cm? absorption cross-section, whereas the ACS of the
resonant nanorod is 2.75/1.36/0.002/0.758 X 10~'" cm? in
0°/45°/90°/averaged random orientation of the long axis
with respect to the E-field oscillation direction of the illu-
minating laser pulse. These values correspond to absorp-
tion cross-section ratio of ACS.,,,_ i ACS wanoroa = 1-08/2.
18/1490/3.91, which indicates that the core—shell nano-
particle exhibits a slightly larger ACS than the nanorod,
even if it is perfectly aligned to support longitudinal
plasmon resonance. Accordingly, it is expected that a
core—shell nanoparticle distribution is capable of result-
ing in ~4-times larger absorptance than randomly oriented
nanorods, when the same number density is applied inside
the targets.

Comparison of Uniform Nanoresonator
Distributions

The illumination of a target containing uniform number
density but random location distribution of nanoresonators
resulted in an Ohmic loss, which decreases exponentially
towards the middle of the sample, in accordance with the
Lambert-Beer law.

Moreover, the Ohmic loss decreases symmetrically, when
the number density distribution of nanoresonators is sym-
metrical inside a target illuminated synchronously by two
counter-propagating laser pulses (Fig. 2).
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The uniform number density distribution of randomly
located core—shell nanoparticles and oriented nanorods
results in one single dip in the Ohmic loss distribution at
the center of the target (Fig. 2a, d). In contrast, the uni-
form number density distribution of randomly located and
oriented nanorods promotes the appearance of either one
or two minima in the Ohmic loss distribution (Fig. 2b, ¢
and e, f). The appearance of one and double dips depends
on the specific location and orientation distribution. When
two minima appear, they are symmetrically arranged with
respect to the target center, due to the predefined symmetri-
cal nanoresonator location distribution. The probability of
two extrema is larger in case of nanorods due to the orienta-
tion dependence of their ACS. Namely, the achieved absorp-
tion correlates with the average of the E-field projection onto
the nanorod long axes that correlates with the fraction of the
longitudinal modes.

The parallel (randomly) oriented nanorods result in
an absorptance, which approximates (is smaller than) the
absorptance achievable via core—shell nanoparticles. The
ratio of absorptances is in accordance with the ratio of the
ACS,., o-sheil ACS anoroq» When the same number density is
applied (Fig. 2a-to-b, d, e). By applying the same 70 number
of oriented (random) nanorods in a 1 x 1 x21 pm? supercell
of polymer target, the achieved absorptance is almost the
same (four-times smaller), as a result of the almost unity
(~four) ACS,,,o-snet! ACS hanoroa Tatio (Fig. 2a-to-d (b, €)).
Accordingly, by inserting 4-times larger (280) number of
randomly oriented nanorods into the same volume, the
achieved absorptance is almost equal to that reached via (70)
core—shell nanoparticles (Fig. 2a-to-c, f).

Based on the significantly larger and polarization inde-
pendent absorptance, the core—shell nanoresonator type is

qualified as a better choice; however, the standard deviation of
absorptance is typically several-times larger (Fig. 2a to b—f).

The illumination of nanorods aligned along the E-field
oscillation direction resulted in an absorptance commensu-
rate with that achievable via core—shell nanoparticles. How-
ever, the standard deviation of absorptance is similar to the
average 0 achievable via the same number of randomly ori-
ented nanorods (Fig. 2d-to-b, e). Hence, the random orienta-
tion of the nanorods enables to preserve the smaller standard
deviation of absorptance on the average.

Comparison of Different Gaussian Distributions

Different Gaussian number density distributions of nanores-
onators were compared, which exhibit single or double peaks
in the absorptance distributions (Fig. 3). When the same
number of nanoresonators was embedded into the target, the
ratio of the achieved absorptances was in accordance with
the ratio of the ACS,,,.ei! ACS unoroa» Independently of the
distribution type. Accordingly, the 4-times larger (280) num-
ber of nanorods resulted in almost the same (1138 cm ™! and
1103 cm™'; 1092 cm™! and 1140 cm_l) absorption, as the
(70) core—shell nanoparticles (1136 cm~! and 1025 cm™!;
1102 cm™" and 1090 cm™) in case of wide and narrow
single-peaked Gaussian, and small and large amplitude
double-peaked Gaussian number density distributions
(Fig. 3a,cand b, d; e, g and f, h).

However, the relation of the standard deviation of
absorptance is nanoresonator distribution type dependent:
it is smaller (i) for core—shell nanoparticles and nanorods,
when the single-peaked Gaussian distribution is wider and
(i1) for core-shells (nanorods), when the double-peaked
Gaussian distribution has smaller (larger) amplitude. For
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tribution of a, b, e, f core—shell nanoparticles and ¢, d, g, h randomly
oriented nanorods, all with random nanoresonator location distribu-
tions
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nanorods, the orientation dependence enables to achieve
larger absorptance with smaller standard deviation via
larger amplitude double-peaked Gaussian nanoresonator
distribution.

Analogous 70 and 280 nanoresonator numbers in a
1x1x21 pm?® supercell of polymer target result in com-
mensurate absorptance, and both the single-peaked and the
double-peaked distribution exhibit a slightly larger standard
deviation of absorptance for core-shells.

The wide single-peaked Gaussian distribution was
selected as the primary distribution for steady-state optimi-
zation since it is experimentally more feasible. Moreover,
this makes it possible to reach larger absorption, than the
narrow single-peaked or either double-peaked Gaussian
distributions (except the large amplitude double-peaked
nanorod distribution, which shows similar absorption). Its
standard deviation is smaller than for narrow single-peaked
Gaussian distribution, and it is just slightly larger than the &
in any inspected double-peaked distributions, nanoresonator
type independently.

Comparison of Optimized and Adjusted Gaussian
Distributions

The energy and energy density as well as the power loss
and power loss density were inspected in details for the
multitudes of nanoresonators in all layers as a function of
time (Figs. 4 and 5).

When these quantities are analyzed for both nanoreso-
nators (for the core—shell nanoparticle), one has to con-
sider several phenomena. (i) When the nanoresonator
multitudes are considered separately, both the energy
and power loss tendencies differ from the corresponding
energy density and power loss density tendencies along
the layers either for the instantaneous values, or for the
values integrated throughout the specific time instant of
pulse-peaks overlap. This is due to that normalization is
performed by division via the sum of nanoresonator vol-
umes in the specific layers; however, this total volume dif-
fers in the neighboring layers in the inspected cases. (ii)
The energy in the nanoresonator is smaller than in the full
layer (but larger than in the shell), since the light energy
is non-zero in the polymer (and in the silica core). (iii)
The power loss in the nanoresonator equals with that in
the full layer (moreover, it equals with that in the shells),
since the polymer model-target medium (and the silica
core) is non-absorbing. Accordingly, tendencies in energy
and power loss as well as in their densities in nanoreso-
nators are analogous for nanorods (differ for core-shells)
along the layers (however, this difference is small due to
the small volume fraction of the silica core in core—shell
nanoparticles).

We present these quantities for the multitudes of nanores-
onators separately for each layer, and for energy and energy
density the complete layers are also considered. The stand-
ard deviation is the same for the energy and energy density,
when integration is realized over the layers, since the volume
of the layers is the same.

The primarily optimized core—shell distribution deter-
mined by minimizing the absorptance difference between
layers consisted of 72 core—shell nanoparticles ina 1 x 1x21
pm? supercell of the polymer model-target and exhibited an
Ay =892 cm™! average absorption coefficient, A, =0.846
average absorptance with §,,,=0.102 average stand-
ard deviation of absorptance (Fig. 4a, c: left columns). A
representative random location distribution of core—shell
resonators having an a= 958 cm™! absorption coefficient,
A=0.866 absorptance with 6=0.093 standard deviation of
absorptance, that are commensurate with the averaged val-
ues, was studied in time-domain (Fig. 4a, c: right column).

All inspected quantities start to increase at the beginning
of short-pulse illumination then exhibit a global maximum
(Fig. 4ea, eb, ga, gb). There is a well-defined difference between
energy (power loss) and energy density (power loss density) in
different neighboring layers (Fig. 4ea (ga) and eb (gb)).

The difference between layers increases with time
until a layer specific delay. At the average of these delays
(240 fs) that corresponds to the complete overlap of the two
counter-propagating pulses at the target center, the stand-
ard deviation of energy (power loss) and energy density
(power loss density) are &,,,,5,=0.387 (5 per_1p5s = 0-408)
and 5611ergy_density =0.541 (5power_loss_densizy = 0567)’
respectively, which indicate 4.2 (4.4)- and 5.8 (6.1)-
fold increase in standard deviation compared to that of
the absorptance distribution (Fig. 4ee (ge) and ef (gf)).
When the complete layer is considered in the integra-
tion, the standard deviation of energy and energy density
Oenergy_layer=Ocnergy_density_layer=0-151 1s reduced compared
to the multitude of nanoparticles, because the nanoparticle
distribution becomes less dominant (Fig. 4ee and ef).

The successive modification of the number density dis-
tribution along the layers made it possible to improve the
core—shell nanoresonator doped target characteristics. The
adjusted distribution exhibited an a,,,, = 1094 cm™! average
absorption coefficient, A,,,=0.896 average absorptance
with 6, =0.412 average standard deviation of absorptance
(Fig. 4b, d: left columns). For a representative system,
even larger a= 1152 cm™! absorption coefficient and larger
A=0.911 absorptance with standard deviation of 6=0.092
is reached that is slightly smaller, when compared to the
original wide Gaussian distribution determined via steady-
state computations (Fig. 4b, d right columns).

Time-dependence of all inspected quantities is similar
to those in the primarily optimized core—shell distribution,
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Fig.4 a, b Centrally symmetric
a primarily optimized and b
adjusted core—shell Gaussian
number density distribution,

the corresponding ¢, d average
absorptance distribution of sev-
eral random distributions (left
column), and of a representative
distribution with a standard
deviation approximating the
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namely, they exhibit global maxima, but these are less dis- The standard deviation of power loss (power loss den-
tinguishable in succeeding layers after adjustment (Fig. 4fa,  sity) iS 8,56/ 1055 =0-130 (8,061 t0ss_densiy="0-371), which

fb, ha, hb to ea, eb, ga, gb). The standard deviation of energy is 3.1-times (1.5-times) smaller than the value in case
(energy density) is 8.1-times (almost 1.8-times) smaller,  of the primarily optimized distribution (Fig. 4ha, hc, he

namely, 0 =0.048 (6

energy

energy._density = 0-3) 1s achieved,  (hb, hd, hf)). The standard deviation of the energy and

compared to the values in primarily optimized distribution =~ energy density integrated in the complete layer becomes

(Fig. 4fa, fc, fe (fb, {d, ff)).
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Oenergy_layer = Oenergy_density_layer = 0-334 (Fig. 4fe and ff). This
is a result of the simultaneous energy capture inside and
around the core—shell nanoparticles in case of the specific
location distribution selected from the manifolds of adjusted
narrow Gaussian number density distributions.

The integrated energy (power loss) rapidly increase over
time in the adjusted core—shell distribution as well (Fig. 4fc,
fd (hc, hd)-to-ec, ed (gc, gd), fe, ff (he, hf)-to-ee, ef (ge,

gf)). However, due to the successively minimized standard
deviation in integrated energy in nanoparticles, the rate of
this increase is similar in neighboring layers, which ensure
more uniform energy dissipation throughout the complete
target (Fig. 4fc, fe). For the energy density the difference in
time-dependence and the resulted 6 is significantly larger
according to the different core—shell nanoparticle number
density in the neighboring layers (Fig. 4fd, ff). The largest
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Fig.6 a Surface and b corresponding volume charge separation accompanying the plasmonic resonance induced on the core—shell nanoparticle
and nanorod illuminated by 120 fs short pulse of 795 nm central wavelength at the damage threshold

deposited energy density contrast appears between the cen-
tral layers of the target, where the nanoparticle density is
the highest (Fig. 41f). The power loss and power loss density
exhibit similar tendencies according to the slight difference
related to the energy in the core (Fig. 4h). When the energy
is integrated over the complete layer, the energy and energy
density decrease exponentially towards the center of the tar-
get, with a larger slope in the adjusted case (Fig. 4fe and ff).

The primary nanorod distribution was determined
similarly by maximizing the absorptance with a criterion
of minimal standard deviation between layers (Fig. 5a, c:
left columns). The primarily optimized target consisted
of 288 nanorods in a 1x 1 x21 um?® supercell of polymer
model-target and exhibited a,,, =948 cm™~! average absorp-
tion coefficient, A,,,=0.863 average absorptance with
04y =0.137 average standard deviation.

First, a representative random location distribution
exhibiting a=1175 cm™! absorption coefficient, A=0.915
absorptance with =0.162 that are slightly larger than the
averaged values, was inspected in time-domain (Fig. 5a, c:
right columns). The absorption coefficient and absorptance
is in accordance with the expectation: the four-times larger
number of nanorods with four-times smaller average ACS
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results in almost the same values, as those achieved with the
core—shell distribution.

There is an obvious difference between energy (power
loss) and energy density (power loss density) in differ-
ent neighboring layers, which increases over time, simi-
larly to the core—shell distribution (Fig. Sea, ec (ga, gc)
and eb, ed (gb, gd)). At 240 fs delay corresponding to
the time instant of complete overlap of the two counter-
propagating pulses at the target center, the standard devia-
tion of energy and power 1088 1S 80,0, = Gpower ioss = 0-633,
whereas the standard deviation of energy and power loss
density 1S S,,er0y density = Opower loss_densiy = 0-335, which indi-
cate 3.9- and 3.3-fold increase in standard deviation com-
pared to that of the absorptance distribution, respectively
(Fig. See (ge) and ef (gf)). There is no difference between
tendencies of energy and power loss and of energy den-
sity and power loss density, since the complete energy is
transformed into power loss in the compact metal nanorod
(Fig. 5e-to-g). The energy and energy density distribution
integrated in the complete layer exhibit a standard devia-
tion Of 4,010y tayer = Oenergy_density_tayer=0-218 that is smaller
compared to the multitude of nanoparticles, similarly to the
core—shell layers (Fig. See and ef). The decrease in standard
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deviation originates from the weaker dominance of the
nanorod distribution.

The proposed nanorod distribution was determined by
adjusting the previously optimized Gaussian number den-
sity distribution. The adjusted distribution exhibited an
=731 cm™! average absorption coefficient, Am,g =0.785
average absorptance with J,,,=0.274 average standard devi-
ation of absorptance (Fig. 5b, d: left columns). A representa-
tive system achieved via the successive modification of the
number density distribution along the layers made it possible
to reach a higher « =987 cm™! absorption coefficient and
A =0.874 absorptance (Fig. 5b, d: right columns). However,
this can be achieved at the cost of almost four-times larger
0=0.605 standard deviation of absorptance.

All inspected quantities exhibit global maxima similarly
to those in the primarily optimized nanorod distribution,
but these are less distinguishable in succeeding layers after
nanorod distribution adjustment, similarly to the core—shell
counterparts (Fig. 5fa, fb, ha, hb to ea, eb, ga, gb). The
tendencies of integrated energy, power loss, and their cor-
responding densities in the successively approximated
nanorod distribution are moderated with respect to those
of primarily optimized ones, similarly to the counterpart
core—shell distributions presented earlier (Fig. Se-to-f and
g-to-h). The only characteristic difference between the
core—shell and nanorod distributions is that the power loss
and power loss density exhibit the same tendencies as the
energy and energy density in case of nanorods according
to the proportionality of the energy and power loss in the
solid nanoparticles; therefore, their standard deviation is
analogous (Fig. 5Se-to-g and f-to-h). Moreover, not only
the tendencies, but the instantaneous and integrated values
are also comparable for all of the distributions examined,
despite the four-fold difference between the number densi-
ties of core—shell nanoparticles and nanorods. This again
indicates the governing role of the nanoresonator ACS at
a specific central wavelength. It seems to be counterintui-
tive that the corresponding energy and power loss density
values are also close to each other, but this is the result of
the five-times larger total core—shell volume. However, the
difference in standard deviation stems only partially from
the differences in the number density distributions along
the layers; it is affected by the actual random nanoresonator
positions inside the layers as well.

The considerable advantage of the successively adjusted
nanorod number density distribution is that the stand-
ard deviation of energy and power loss (energy density
and power loss density) is 7.7-times (2.5-times) smaller
compared to the values in case of the primarily opti-
mized distribution, namely, &,,0.y = Spomer_ioss = 0.082
(Benergy_density = Spower_loss_density=0-212) is achieved (Fig. Sfa,
fc, fe (fb, fd, ff) and ha, hc, he (hb, hd, hf)).

a, vg

The standard deviation of the energy (energy density)
5energyflayer = (5energy7densityflayer )= 0.198 is larger (Shghtly
smaller) for the complete layers compared to the multitude
of nanoparticles caused by the energy capture inside and
around the nanorods in case of the specific location distribu-
tion selected from the manifolds of adjusted intermediately
narrow Gaussian number density distributions (Fig. 5fe and
ff). The standard deviation is smaller compared to the opti-
mized distribution for the specific adjusted locations both
for energy and energy density.

According to the central symmetry of the inspected
core—shell nanoparticle and nanorod distributions, there is
a negligible difference in either of the absorptance, energy
(power loss), moreover in the energy density (power loss
density) distributions in corresponding symmetrically
aligned layers (Figs. 4 and 5).

A direct comparison of the energy, power loss, and their
density distributions of the doped targets uncovers that while
in case of the core—shell nanoparticles distributions of all
these quantities show a minimum at the target center, only the
adjusted nanorod distribution results in minima but only in the
energy and power loss densities, which originate from normali-
zation by the large total nanoresonator volume at the central
layer (Fig. 4e, f, g, h/e, f and Fig. Se, {, g, h/e, f). This shows that
the exponential decay was gradually compensated in case of the
inspected nanorod distributions. A maximum appears uniquely
in the energy and energy density distributions of the complete
layers in the optimized nanorod distribution, which is a remi-
niscence of the energy deposited in the multitude of nanoreso-
nators. In the adjusted case, the usual exponential decrease is
observed (Fig. 5fe and ff). For the adjusted nanorod distribution
the absorption coefficient and the absorptance is just slightly
smaller, whereas the standard deviation of absorptance is 6.6-
times larger; moreover, the energy standard deviation is 1.7-
times larger than the 6 of the adjusted core—shell distribution.
However, the standard deviation of energy density, power loss,
and power loss density is 1.4-, 1.5-, and 1.8-times smaller in
case of the optimized nanorod distribution.

Charge Separation Study just Below the Damage
Threshold

Our results prove that the time-dependent charge separation
computed via a hydrodynamic model is very similar to the
charge separation determined by a Drude model, which con-
firms that the absorption and absorptance is almost linearly
scaled with the intensity below the damage threshold of
nanoresonators.

The 25 nm X 75 nm resonant nanorod supports a charge
oscillation, which reaches a maximum of 1.28 C/m? (1.22
C/m?) in surface charge separation corresponding to a maxi-
mum of 2.30x 10® C/m? (2.21 x 10® C/m?) in volume charge
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separation at 260.1 fs (258.8 fs) based on the Drude (hydrody-
namic model). The 25.5 nm/30 nm resonant core—shell nano-
particle exhibits a charge oscillation of smaller amplitude,
which reaches a maximum of 0.57 C/m? (0.48 C/m?) in outer
surface charge separation corresponding to 1.47 x 108 C/m?
(1.26x 108 C/m?) in volume charge separation at 256.1 fs
(256.0 fs) based on the Drude (hydrodynamic model).

Conclusion

Considering that the absorptance is orientation independent
and significantly larger for the same number of nanoresona-
tors, core—shell nanoparticles turned to be a better choice based
on steady-state computations. Although the standard deviation
of absorptance was larger for core—shell nanoparticles in the
uniform and in different predefined Gaussian distributions,
it became smaller in the primarily optimized distributions
(except for energy density and power loss density). In case
of the adjusted distributions, the standard deviation of the
absorptance and energy was smaller for core—shell nanoresona-
tors, but became larger for energy density as well as for power
loss and power loss density in the nanoresonators, moreover
for all quantities in the complete layers. The users’ purposes
define, whether core—shell nanoparticles possessing larger
ACS and resulting in larger absorptance as well as smaller
standard deviation of absorptance and deposited energy are
preferred or nanorods, whose distributions exhibit a compro-
mised absorptance and standard deviation of absorptance as
well as deposited energy—except in the adjusted distribution,
when the complete layer is considered—but are more easily
synthesizable via simple chemical procedures. The optimal
configurations are experimentally realizable, since multilay-
ers with micrometer scaled thicknesses embedding randomly
distributed nanoresonators can be prepared via successive
deposition techniques.
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