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Recently, a new version of laser-induced fusion was proposed where implanted nanoantennas regulated
and amplified the light absorption in the fusion target [L.P. Csernai et al., Phys. Wave Phenom. 28, 187–99
(2020)]. In this paper we estimate the nanoantenna lifetime in a dynamical kinetic model and describe how
electrons are leaving the nanoantenna’s surface, and for how long the plasmonic effect is maintained. Our
model successfully shows a nanorod antenna lifetime that will allow future fusion studies with top-energy
short laser ignition pulses.
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I. PREVIOUS STUDIES AND RESULTS OF
NANOANTENNAS AT ENERGETIC LASER

IRRADIATION

Laser induced Inertial Confinement Fusion (ICF) is in
a new exciting stage of development, due to the enor-
mous increase of laser power, in particular due to the
Extreme Light Infrastructure (ELI) Laboratories in the EU.
Recently, NAnoPlasmonic, Laser Inertial Fusion Experi-
ments (NAPLIFEs) were proposed [1,2] as an improved
way to achieve laser-driven fusion in a nonthermal, col-
lider configuration. While nanoantennas at intensities up
to about 1012 W/cm2 [3] are stable for longer irradia-
tions, at present top intensities, these are destroyed just
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like the hohlraum in the experiments at the National Igni-
tion Facility (NIF). So, the question arises if we can use
nanoantennas for fusion at the top laser energies. This is
only possible if the nanoantennas can survive an energetic
ignition pulse that is short enough.

One of these novel ideas is the simultaneous (or “time-
like”) ignition [1,2], paired with enhanced energy absorp-
tion with the help of nanoantennas implanted into the target
material [4]. This should prevent the development of the
mechanical Rayleigh-Taylor instability. Furthermore, this
also allows for a much simpler flat target configuration
[5,6], utilizing a nonequilibrium, ignition dynamics. This
is realized by relativistic collisions of two target slabs,
produced by using the Laser Wake Field Acceleration
(LWFA) mechanism [7]. The use of femtosecond laser
pulses leads to rapid ignition with high, beam-directed
collision velocities.

The advantages of the nonequilibrium configuration
were first mentioned in Ref. [8], and experimentally tested
in a linear colliding configuration [9]. The same pre-
compression was reached as at the NIF. Recently, in the
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Lawrence Livermore National Laboratory the linear con-
figuration was also tested as part of the Advanced Radio-
graphic Capability (ARC) project [10]. In the NIF-ARC
project different flat and compound parabolic concentra-
tor target configurations were also tested [11,12], and with
superponderomotive electron acceleration, proton energies
> 30 MeV were reached at the relatively low laser inten-
sity of 1018 W/cm2. Several laser intensity variations in
time were tested to increase the produced proton beam
energies. In the NAPLIFE project [1,2], new ideas of
nanoplasmonic amplification in a layered flat target with
variable absorptivity to reach simultaneous ignition were
applied.

The properties of resonant nanoantennas are vital for
this laser-induced fusion project. In this paper the elec-
tron densities achieved in and at these nanoantennas, and
their durability for energetic laser irradiation, are studied,
as well as the dynamics of transient phenomena around
these antennas.

The design of antennas for irradiation at optical fre-
quencies, where the conduction band electrons in metals
behave as strongly coupled plasmas [13], is the seed of
this method. In-medium propagation of the laser pulse is
characterized by the dielectric function ε(λ) (its value in
the infinite frequency limit is ε∞ [14]). For gold, ε∞ = 11
and the plasma wavelength λp = 138 nm; for silver, ε∞ =
3.5 and λp = 135 nm [13]. The rods are embedded in
a surrounding medium with dielectric constant εs = εrε0
reducing the propagation velocity of light to cs = 1/

√
εs.

This provides the refractive index n = √
εs. Considering

an antenna element as a metal rod of length L and diameter
2R, incident light with wavelength λ moves the conduction
electrons coupled with an optical electromagnetic (EM)
near field (Fig. 1) to the ends, and forms a plasmonic
surface charge wave. Based on these effects, the effective
wavelength λeff is used in the calculations. In the case of a
vacuum, εr = 1, the following three-parameter formula is
given [13]:

λeff

2Rπ
= 13.74 − 0.12[ε∞+141.04] − 2

π

+ λ

λp
0.12

√
ε∞+141.04. (1)

For golden nanorods of 25 nm diameter in vacuum, this
gives an effective wavelength of λeff = 266 nm, corre-
sponding to the length of a resonant dipole length of
L = λeff/2 = 133 nm. Calculating in polymer urethane
dimethacrylate (UDMA) for n = 1.53, L is 85 nm. As a
first attempt to gain an insight into the motion of elec-
trons in the nanoantennas, we pursue calculations with
vacuum and L = 130 nm. The reactiveness of nanoanten-
nas in a given medium is characterized by the fraction of
the absorbed energy, the absorptivity.

FIG. 1. A snapshot of pairs of oscillations half of a period
(T/2) apart are shown at an earlier (top) and later (bottom)
stage. The histogram of the momentum distribution is shown.
Red shows the electron marker particles that are traveling up
along the nanorod, while the black line shows electrons, which
travel downwards. The nanorod shows the resonant oscillation;
however, after around 42 fs this effect fades away with the near
destruction of the nanorod. This is the lifetime of the localized
surface plasmon polariton. The widening of the momentum dis-
tribution can be attributed to the kinetic model assumption, where
both the conduction and binding electrons are considered freely
movable. The resonance of the nanorod has a time period of
T = 2.65 fs.

Simulation studies using COMSOL Multiphysics® with
many parameters yielded absorptivities between 0.089 and
0.154 for core-shell nanoantannas and between 0.085 and
0.192 for nanorod antennas [15]. By varying the density of
implanted nanoantennas one could achieve almost uniform
integrated energy absorption at a given passing time of 240
fs for two counterpropagating 120 fs laser pulses.

The beam intensity should be so low that the plasmonic
nanoantennas are not destroyed before the ignition pulse
passes. This damage threshold depends on the geometry
and size of the nanoantennas. Its knowledge is vital at low
intensity but longer pulse length, picosecond or nanosec-
ond; larger preacceleration and precompression can be
reached at the price of destroying the nanoantennas.
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The golden nanorods or core-shell nanoparticles may
lose a few electrons from the conduction band without
being destroyed in their solid structure, so they can still
enhance the absorptivity of the ignition pulse for about
20–50 fs, well before the full ignition is completed in
ultrashort pulse experiments. For the emission of a single
electron from gold plasmonic nanoantennas, four 800 nm
photons are needed. On the other hand, the incoming pulse
generates a surface plasmon, which may later emit elec-
trons. This indirect process is more frequent than the direct
kick out by four photons [16,17].

Nanoantennas are very effective at absorbing the energy
and momentum of light. Their absorptivity can be adjusted
by regulating their implantation density in the target mate-
rial. Other absorption mechanisms were considered by
Balazs and Block [18–20].

II. DESCRIPTION OF THE MODEL AND
METHODOLOGY

Plasmons on such nanoantennas are usually studied the-
oretically by solving Maxwell’s equations in simulations
involving finite element or finite difference time-domain
methods. These approaches are efficient for computers;
however, some of the important phenomena are either
neglected this way or typically included by extra fit-
ting parameters. The motion of free electrons are only
taken into account indirectly via the bulk permittivity of
the metal. Classical methods use the dielectric function
of the free electron gas: ε(ω) = 1 − ω2

p/(ω
2 + iγω) with

ωp being the plasma frequency [21], neglecting electron-
electron interactions. These interactions are mimicked by
using an effective mass for the electrons. Here, γ is the
collision frequency, prevalent in the damping constant in
the above formula. Particle simulations on the other hand
use the electron number density, ne, to randomly distribute
electronlike marker particles on the metal surface.

For our simulations, we apply the particle-in-cell (PIC)
method [22]. In PIC codes marker particles (representing
a large number of real particles) move in continuous phase
space, whereas densities and currents are computed in sta-
tionary mesh cells. We use the EPOCH multicomponent
PIC code [23]. This approach proves to be efficient for ana-
lyzing the electron dynamics in different plasmon modes,
and modeling electron spill-out effects [24].

In order to be close to experimental setup parameters,
we choose 25 nm × 130 nm or 25 nm ∗ 130 nm not an area
nanorods with resonant wavelength 800 nm. We consider
three electrons in the conduction band. Irradiation is done
by a 4 × 1015 W/cm2 intensity plane wave, at 795 nm
wave length and pulse duration 106 fs.

First, electrons are set inside a cylindrical rod confined
with a potential-wall-like gradient of 100 V/m over 2 nm
thickness on the surface, as suggested in Ref. [24], to
prevent early electron escapes. Later, another approach

is taken using EPOCH’s built-in ion-electron collision
algorithms. The method proposed by Nanbu and Yone-
mura takes into account Coulomb collisions based on the
cumulative scattering angle [25,26].

Because of their weight, the heavy gold ions hardly
move. Electrons push each other to the surface of the
nanonatennas, where the attractive field of the positive
gold nuclei keeps them from escaping. The electrons
fluctuate between the two ends of the nanorod antennas
(cf. Fig. 1), resulting in a typical electric field configuration
around the nanorod antennas (see Fig. 2). At increasing
laser intensities the nanorods expand slightly, and only
eventually get destroyed (Fig. 1).

As seen in Fig. 2, the electromagnetic field drives the
conduction electrons into resonant fluctuations. In the case
of long irradiation times, Tpulse � T, our model describes
a stationary configuration, adequate for gentle accelera-
tion and compression. This would precede the short and
extremely energetic ignition pulse in a laser wake-field
collider configuration [7]. At the transition from gentle
irradiation to a few femtosecond short ignition the nanoan-
tennas must not be destroyed. The solid-state structure of
the nanoantennas would be destroyed when a significant
part of the electrons left the nonoantannas. This pro-
cess takes a few nanoseconds, sufficient for the amplified
ignition [7].

Note that, for in-medium simulations, the speed of light
as well as the wave lengths are reduced by the refrac-
tive index to c∗ = c/n and λ∗ = λ/n. Consequently, in a
dielectric medium like UDMA the resonant antenna length
is reduced by n also, and further reduced by the “thick”
aspect ratio (25:75); cf. Ref. [15]. See also the introductory
comments based on Ref. [13].

III. DISCUSSION AND RESULTS

By increasing the pulse intensity and duration we detect
a threshold for survival of the nanonatennas; this is the
main result of the present study.

Let us consider an intense laser beam (λ = 795 nm),
with intensity I = 4 × 1015 W/cm2, irradiating a cal-
culation box (CB) of SCB = 530 × 530 nm2 = 2.81 ×
10−9 cm2 cross section and of LCB = 795 nm length, with
a step-function time profile of pulse length TP = 106 fs
(≈ 40λ/c).

The laser energy fraction injected into this box is EP =
1.19 μJ. In the geometrical middle we insert a single
nanorod antenna of length 130 nm and diameter 25 nm.

As the calculation box size (λ) is 1/40th of the irradia-
tion pulse length (40λ), the initial and final transients are
of a few percent only. Without the nanorod antenna, most
of the time the incoming and outgoing energy fluxes into
the calculation box are the same; thus, nothing is deposited
from the field energy in the box. On the other hand, when
we have a nanoantenna in the middle of the box, this
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×1012

×1028

FIG. 2. Top: evolution of the E field’s y component from 42.44 till 45.75 fs in a quarter of a period (T/4 = 0.6625 fs) steps, around
a nanorod of 25 nm × 130 nm or 25 nm ∗ 130 nm indicates different parameters of the nanorod, not an area. The nanorod is orthogonal
to the beam direction, x. In the transverse, [y, z], plane the E field points in the y direction, while the B field points in the z direction.
The external background field as well as the resonance of the nanorod reveal a time period of T = 2.65 fs. Bottom: the evolution of the
derived number density inside the cells is shown, indicating the motion of the electron marker particles. The blue rectangle represents
the boundaries of the nanorod. We note that, from 43.09 fs until 45.75 fs, a full “turn” is done by the electrons. However, at 45.75 fs
the derived number density is somewhat lower (less black areas), indicating that electrons are spilled.

absorbs the energy of the EM field and converts it into
plasmons and fast electrons. The amount of this absorbed
energy is proportional to the energy injected at each time
instant into the calculation box, leading to a monotonic
decrease in the energy that remains in the field.

As shown in Fig. 3, the irradiated pulse crossing the
box during TP = 106 fs is EP = 1.19 μJ. Thus, the aver-
age intensity of the pulse is IP = EP/(SCB TP) = 4 ×
1015 W/cm2. The energy, since ECB/EP = 795 nm/(TP c),
inside the calculation box levels at ECB = 30 nJ.

Next we place a nanorod antenna of size 25 nm ×
130 nm or 25 nm ∗ 130 nm orthogonal to the beam at the

w/
w/o

FIG. 3. The energy in the box without a nanorod antenna
(black line) is constant, ECB = 30 nJ. With a nanorod antenna,
part of the EM energy is absorbed (darker red line), reducing
it to ECB = 20 nJ. This energy is deposited in electron motion
(darker green line). Pale lines show cases of other nanorods of
nonresonant lengths.

origo; we keep it there for the period of the irradiation,
TP = 106 fs. The transverse surface of the nanorod is
SNR = 3250 nm2. As we see in Fig. 3, field energy in the
CB is reduced to 21 nJ, i.e., by 30%. This loss can be
attributed to plasmon energy on the surface of the antenna.
The transverse surface of the calculation box is given as
SCB = 86.4 SNR.

Because of a single nanorod antenna, the radiation inten-
sity for the whole calculation box is reduced to 0.66th of
the original configuration without a nanorod antenna; thus,

Ex = Ix SNR Tp = ECB = 0.3 Ip SCB Tp . (2)

Regarding the intensity, we estimate an enhancement of

Ix = 0.3 Ip
SCB

SNR
= 25.9 Ip . (3)

Thus, the nanorod antenna in this example has a light
absorption cross section, which is nearly 25.9 times larger
than its geometrical cross section. This agrees with the
value 21.4 received when verifying in COMSOL Multi-
physics with the same nanorod. Energy is deposited as the
kinetic energy of fast electrons and slow ions.

In Fig. 3 one finds that in the presence of nanoantennas
the energy fluctuates with a time cycle of 2.65 fs, equal
to that of the incoming laser beam. Indeed, the energy
keeps the electric and magnetic fields in a linear plane
wave with equal magnitudes; only their phases are shifted
in a way that the intensity of radiation is constant (this is
the case without nanoantennas). With nanoantennas, the
much heavier gold ions also move and this modifies the
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E and B fields so that their magnitudes differ permanently.
Pale lines show nanorod lengths out of tune at 2λeff/3 and
λeff/3, i.e., 173 and 86 nm lengths, resulting in 17Ip and
8Ip intensity enhancement, respectively, i.e., less than the
resonant length, λeff/2 dipole. Thus, applying optimally
tuned resonant length antennas is advantageous for given
nanoantenna volume or mass.

The random nanorod orientation and the beam inten-
sity dependence have been discussed to some extent in
Ref. [15].

IV. SUMMARY AND CONCLUSIONS

The model presented in this paper is certainly ideal-
ized. Our primary goal was to reproduce the behaviour
of nanoantennas using a different approach from the clas-
sical one. This gives us the possibility to simulate plas-
monic effects and the destruction of nanorods in a kinetic
plasma environment. In reality, the nanorod antennas are
implanted in random orientations, not orthogonal to the
beam direction, leading to lower absorption cross sections.
In our present verification experiments the amplification
factor might be reduced somewhat. On the other hand,
implanting more nanorod antennas would increase the total
energy absorption. This amplification would increase with
the density of the implanted antennas up to a saturation.

Another possibility is to have an embedding material for
the target like UDMA. But such simulations are out of the
scope of the traditional EPOCH code simulations where
the background is a vacuum.

On the other hand, COMSOL [15] and other programs
do not calculate changes in fields due to the motion of
electrons and ions. The altered electron distribution, e.g.,
may lead to a Debye type of screening. EPOCH on the
other hand evaluates such an effect. Combining these two
approaches in the future may be an advantage.

The study of the dependence of laser beam intensity both
theoretically and experimentally is in progress.

Another future task could arise when we have to
describe the effect of preacceleration and precompression.
In this case, the spherical core-shell nanoantennas become
deformed and flatten, reducing the beam-directed size,
while the transverse measures do not change significantly.
Thus, the shape of the nanoantenna becomes a hollow torus
in the transverse plane. This may even increase the gain of
this antenna.

In the case of randomly oriented nanorod antennas, dur-
ing compression the orientation of the antennas becomes
more orthogonal to the beam. So their gain also increases.
This will require further investigation.
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