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Abstract

Ultrashort pulsed lasers can provide high peak intensity with low pulse fluence. This

makes them an ideal choice in photothermal therapy and applications where damage to the
surrounding material needs to be minimized. Depending on the peak intensity, the ultrashort
pulsed laser’s interaction with matter can lead to plasma formation through nonlinear effects
such as multiphoton and impact electron excitation. The capability of the spherical gold
nanoparticles, as the most employed nanoparticle so far for photothermal therapy, to enhance
and strongly localize the incident laser field leads to plasma formation around the particles at
even lower pulse fluences. Under certain circumstances, during the pulse duration, this plasma
can absorb more energy than the nanoparticle itself. Consequently, the absorbed energy by the
generated plasma can act as an energy source for different phenomena such as the evolution
of the temperature distribution, thermoelastic stress generation, and stress-induced bubble
formation. In this paper, we study the plasma-mediated interaction of a 45 fs pulsed laser with
two types of spherical gold nanoparticles in water: solid nanoparticle and core—shell (silica—
gold) nanoparticle. We use a numerical framework based on the finite element method (FEM)
to compare energy deposition profiles in these nanoparticles and in their surrounding plasma,
by focusing on the impact of the nanoparticle size and the laser fluence. Our calculations
show that the maximum energy deposition in plasma occurs in core—shell nanoparticles with a
diameter of 130 nm and the ratio of core to shell radius of 0.8 and in solid nanoparticles with a
diameter of 170 nm.

Keywords: spherical gold nanoparticle, solid and core—shell nanoparticle, energy deposition,
plasmon resonance, plasma dynamics, ultrashort pulsed laser, photothermal therapy

(Some figures may appear in colour only in the online journal)

Introduction pulse duration is shorter than the heat diffusion time of the

interacting materials. This results in diminished thermal
Ultrashort pulsed lasers that can provide a high peak inten- shock and reduced collateral damage to the laser-irradiated
sity with a low pulse fluence have been widely used in pho- materials, including biological tissues [2]. This interaction
tothermal therapy [1], primarily because the ultrashort laser’s may also involve plasma formation, which occurs due to the
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‘breakage’ of molecular and atomic bonds mostly within the
focal region of the water-based medium. This occurs when
the local field intensity reaches its threshold value and gener-
ates a highly localized free electron density within the focal
region. The origin of this plasma formation is the excitation
of the electrons into the conduction band of the water consid-
ered as an amorphous semiconductor with a 6.5eV gap [1].
This electron excitation occurs through various physical pro-
cesses, including multiphoton ionization, quantum tunnelling,
and impact ionization [3]. Once generated, the plasma keeps
absorbing energy until the end of the pulse, leading to a highly
localized energy deposition in the focal volume.

Recently, gold nanoparticles (NPs) have shown novel
properties that provide highly localized, functional, and
multifunctional platforms because of the collective oscilla-
tion of their conduction electrons triggered by the incident
electromagnetic field [4]. This collective oscillation, known
as localized surface plasmon resonance, can convert the inci-
dent light to photothermal energy within the gold NPs. This
energy deposition can be widely used in biomedical applica-
tions, particularly in photothermal therapy, tissue welding and
optoporation of cells for drug delivery [5-7]. In addition, gold
NPs can generate strongly enhanced electromagnetic fields in
close vicinity of their surface. In this process, called near field
enhancement (FE), the ratio of the scattered field amplitude
to the incident field amplitude increases several times in the
vicinity of the gold NPs [8].

Taking advantage of the FE, the ultrashort pulsed laser
interaction with the gold NPs ensures a highly localized
plasma in the close vicinity of the particles with low laser flu-
ence while minimizing potential damage on living tissues [7].
Therefore, by choosing an appropriate gold NP and incident
laser fluence, we can achieve more energy deposition in the
plasma surrounding gold NP rather than in the gold NP itself.

Among all gold NPs, solid nanoparticles (SNPs) and core—
shell nanoparticles (CSNPs) exhibit a unique combination
of small size, spherical shape and a strong, tunable absorp-
tion band in the near infrared (NIR) tissue optical window
(A =700-900nm). Even at low laser intensities, these fea-
tures give a large penetration depth that ranges from a few
millimetres to several centimetres, depending on the tissue
type [9, 10].

In an experimental framework, one can explore the plasma
generation in the vicinity of gold NPs by studying the induced
plasma-mediated nanobubbles in the region [3, 11]. For
instance, through experiments, it has been proven that by
irradiating SNPs (diameter = 100nm) with a linearly polar-
ized pulsed laser fluence ranging from 100 to 200 mJ cm™2,
nanobubbles of ~0.5 to 1.5 um in diameter are detected. This
corresponds to energy deposition within the SNPs and the sur-
rounding plasma ranging from 0.5 pJ to 1.2 pJ and 2 pJ to 22 pJ,
respectively [3]. The maximum bubble radius is proportional
to the total energy deposition in both SNPs and the sur-
rounding plasma. As a result, using an equivalent total energy
range should produce similar sizes of nanobubbles. These
nanobubbles can be used in nanomedicine applications such
as cell optoporation and transfection [7, 12].

In this paper, we use a theoretical model for a linearly
polarized 45 femtosecond (fs) pulsed laser’s interaction with
the gold NPs (SNPs and CSNPs) surrounded by water, in the
tissue therapeutic optical window (A = 800nm). Here, the
main emphasis is on the impact of gold NP’s geometrical
parameter and the laser’s fluence on the photothermal energy
deposition in the plasma as well as in the NPs. For each par-
ticle a specific range of laser fluence is considered to ensure
the production of sufficient electron density in the vicinity
of gold NPs in such a way that the energy deposition in the
plasma becomes comparable to or even higher than that in the
gold NPs.

Theoretical approach

In the following equations, further information for the dif-
ferent parameters and variables is available in table 1.

Photonics

Electromagnetic interaction between the laser pulse and the
nanostructure-water system is calculated using equation (1),
called the Helmholtz equation [13]:

V x(u,'VXE)—kigE =0, (1)

where 1, is the relative permeability of the materials and it
is taken as unity, E is the electric field distribution, &, is the
wavenumber, o is the conductivity, w is the angular frequency
and ¢, is the complex frequency-dependent relative permit-
tivity. &, is assumed to be constant in gold during the irra-
diation. For water, ¢, is derived from the Drude permittivity
shown in equation (2) [14]:

nee?

&= —— (>
T eom(w? +jwn,)

2
where €., stands for the water permittivity, n. is the plasma
density, e is the electron charge, ¢y is the vacuum permit-
tivity, m is the electron mass and ~, is the electron collision
frequency.

The Helmholtz equation is solved in a spherical domain,
ten times larger than the gold NP, with an outer perfectly
matched layer domain and a scattering boundary condition to
emulate an infinite computation domain. This equation gives
the electromagnetic field, hence the field enhancement, every-
where in the computational domain [15]. This study focuses
on the early stages of the bubble formation; therefore a study
domain bigger than the expected bubble size (a few microme-
tres in diameter [16]) is not necessary.

The scattering and absorption cross-sections are defined

as Ogcat = Q;—O"“ and oy = QI‘(:” where the energy scattered and

absorbed by the gold NPs are calculated as follows [17]:

1 = = i
Oscat = ERE lﬂ Egcat X Hyca nds] 3)
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Table 1. Input parameters and functions.

Electromagnetism
Parameter Symbol Value
Gold relative permittivity rAu(N) Interpolated from [19]
Gold electrical conductivity Tau(\) (Interpolated from [19]) S m™!
Gold relative permeability Iy Au 1
‘Water thermal conductivity kw(T) (—8691 x 10—1 + (8949 x 10—3)T _ (1584 x 10—5)T2
+ (7.975 x 10T Wm 'K !
Water relative permittivity Erw 1.764
Water electrical conductivity Ow 0Sm™!
Water relative permeability Ly w 1
Silica relative permittivity Ers 1.5
Silica electrical conductivity o 0
Silica relative permeability s 1
Thermodynamics
Parameter Symbol Value
Gold heat capacity CoaT)  ((399352)T 2+ 114.9 4+ (3.229 x 10°H)T) J kg ' K~!
Gold density pau(T) (19501 — (6.934 x 1071 T — (2.042 x 1074 T? 4 (4.298 x 10T kg m—3
Gold thermal conductivity kaul(T) (330.6 — (2537 x 10°) T — (8.191 x 105 T + (6.793 x 1078) 7
- (2154 x 107" THWm'K!
Water heat capacity G (12010 = (80.41)T + (3.099 x 10 )72 — (5382 x 10~%) 1°
+ (3.625 x 107y T4 Tkg 'K!
Water density pw(T) (838.5 + (1.401) T — (3.011 x 1073 T2 4 (3.718 x 1077) T?) kg m 3
Silica heat capacity Cs 7037 kg ' K!
Silica density s 2100 kg m 3
Plasma dynamics
Parameter Symbol Value
Collision cross-section [20] 0y 2% 1079 m?
Free electron mass me 9.109 x 103! kg
Collision ionization cross-section [21] 09 8.87 x 10722 m?
Electron velocity [22] Ve Calculated from the density of state g(c)
Tonization potential [1] A 6.5eV
Plasmon frequency [23] wp n.e?
MmeEo
Degree of ionization [24] Z 1
Valence electron density [1] no 6.68 x 102 cm™3
Neutral atom density n, (ng — ne)l2
Plasma recombination time [1] T 2% 1072 cm’s!
Normalized kinetic energy [25] 163 N
Collision ionization frequency [25] Vei na00ve((7.56 — D)\[Br e "5(3.56% — 36 — Derfe(1/,/3))
Recombination rate [1] Srec T:’ng
Electromagnetic rate of work [13] SeM lRe J*E)
2
Collision ionization rate [25] Seoll Veille

(Continued)
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Table 1. (Continued)

Plasma dynamics

Parameter Symbol Value
Plasma collision frequency with ionized Vei Wy Ze*n A
. €
ies [24 min| —, ————
species [24] U6 3eol iz 2Ty 2 ]
Coulomb logarithm [24] A 1 b 2
= 111 1 + ( max)
2 bmin
Maximal impact factor [24] Dmax _1
nee? n nee?
cokp T2+ T2 okl
Minimal impact factor [24] brin 72 h
max| ——, ——
( Amegmeve? 2meve )
Fermi temperature Tk 2
(37r2ne)2/3
ZkaB
Plasma collision frequency with neutral Ven N0 aVe
species [25]
Electron—ion energetic coupling [26] Qei 3 % Ne(Vei -+ Ven)kn(Te — Tin)
i
Energetic loss by plasma radiation [26] Orad 1 4e’(kgT.)
——3ne(Vei + Ven)
dmeg 3 hmec
Electron current density [22] " D,V n,
Electron density diffusion (Maxwell distribution) D, kgT
Me(Vei + Ven)
Thermal current density [22] e D,V u
Electron energy density diffusion (Maxwell D, 5
s —D,
distribution) 3

! L
Qabs = ERe lﬂ Eiot X Higy - nds] 4)

These formulas assume the medium is dissipative, where E and
H are respectively the electric and magnetic field, scattered or
total, and 7 is a unit vector normal to the particle surface. Iy

. 1 . . .
is taken as 5 €0 Mwater E(2), where nyaer 18 the refractive index of
water. The total extinction cross-section is Oext = Oscat + Oabs-

Thermal evolution
The femtosecond laser pulse intensity is written as follows:

—(t — 19)*
202 )

a

1) = 2L eXP[ 5)

\ 27t
with 1, = t’/zﬁ n(2)» Where 1 is the laser pulse width defined as
the full width at half maximum of the Gaussian temporal pro-
file, ty is the time position of the centre of the peak and F; is the
fluence of the incident laser. The pulse width in this paper is in
the femtosecond range, which is much shorter than the phonon
thermalization time (~1-3ps). To study the evolution of the
gold NP temperature, we use a Two-Temperature Model (TTM)
in which a temperature for the gold electrons and one for the
gold lattice is calculated as seen in equations (6) and (7) [18]:

ce(z;)% —V(ke AT~ G-[T—T1+S0)  (6)

cm%:v~(k1~Am+G-[Te—m. o

C;, k; and T;, where i =e (electron) or | (lattice), are respec-
tively the heat capacity, thermal conductivity and temperature
which is time- and space-dependent. G is the electron—phonon
coupling coefficient. The term G - [T, — Tj] accounts for the
energy exchange between the electrons and the lattice. S(¥) is
the absorbed laser energy.

Plasma dynamics

Two coupled diffusion equations are used to describe the
plasma evolution in water: one for the plasma’s electronic
density (equation (8)), and the other one for the plasma’s
kinetic energy (equation (9)) [3],

on, "
5 +V.j"= Sphoto + Scoll — Srec 3)

0 1 ~
8—‘: + V- j1 = JReU * E) = Qi = Qg = ASeon- (9)
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In these equations, u is the plasma kinetic energy, Sphoto 1S the
full Keldysh ionization term [3], Scoy is the collision ioniz-
ation term accounting for the excitation of new electrons by
colliding with highly energetic electrons and A is the extrac-
tion potential. Sy is the recombination term and Q.; is the
electron—ion energetic coupling while Q.,q is the radiative
loss. j" is the electron current density and j? is the thermal
current density.

The power density deposited in the system is evaluated
with the following formulas [3]:

e For water:
Qtolal plasma = Qplasma + Qphoto (10)
1 2
Qplasma = Eaplasma |E| (11)
nop—n
Qpholo = Sphoto 0 =A. (12)
no
e For the nanoparticle:
1 2
Oaunp = EUAu|E| , (13)

Oplasma 18 the power density absorbed by the plasma through
inverse bremmstrahlung process, and QOphoo is the power
density that is required for the photoionization of the water
molecules.

These expressions are then integrated over their whole
computation domain to yield the total power deposition. The
energy is then given by integration from O fs to ten times the
pulse duration. All details are summarized in table 1.

Results and discussions

Field enhancement, absorption, scattering and extinction

In this study, the SNPs are solid spherical nanoparticles that
vary in size from 50nm to 250nm in diameter; while, the
CSNPs, contain a core and a shell of SiO, (silica) and Au
(gold) respectively and vary in size from 50nm to 200nm
in diameter, with aspect ratio (AR) = 0.8 (the ratio of core
to shell radius). CSNPs consisting of a gold shell and a
dielectric core have been extensively studied in optical and
biomedical applications because their surface plasmon reso-
nance can be very well tuned to the biological transparency
window [27]. SiO, has become a common core material for
gold CSNPs, since being first synthesized in 1998 [28]. In this
paper, there is a difference between the refractive index of the
core of CSNP (SiO;) and its surrounding medium (water).
This leads to an increase in the FE factor in the vicinity of
CSNPs. If the core’s refractive index was similar to that of
the medium (water in our case), the maximum FE factor
would be around 7.8 while with the core being SiO,, this
value changes to ~8.1; since the energy deposition in plasma
is nonlinearly and directly dependent on the FE factor, this
increase in FE factor, due to the SiO, core, enhances the

energy deposition in plasma. Please note that the gold shell
thicknesses are ranging from 5nm to 20nm for the consid-
ered gold CSNPs with an AR of 0.8 and diameters ranging
from 50nm to 200nm, respectively. From [29] we see that
the quantum effect in silver particles becomes important
for diameters below Snm. By developing a framework that
includes quantum contributions, this reference also manages
to explain the experimental measurements in [30]. Therefore,
we chose to neglect the quantum contribution and apply the
classical theory to the gold NPs in this study.

Here, both gold NPs are characterized by an experimental
local dielectric function obtained from nanometre-sized sam-
ples [19]. The surrounding medium for both gold NPs is water,
which makes the obtained results more practical for biological
applications [31]. These nanostructures are irradiated with a
linearly polarized plane wave at wavelength A = 800nm. The
laser has a Gaussian form with ultrashort pulse width of 45 fs.
In table 1, we have provided all the parameters used in our
simulations.

The gold NPs’ geometric parameters such as the AR and
diameter have a significant impact on the electric FE near the
surface of the gold NPs, which is a key component to plasma
formation. The effect of the gold NP’s size on the electric FE
is shown in figures 1(a) and (b), where we show the maximum
electric FE factor (E/Ep) versus the diameter for both CSNP
with AR = 0.8, and SNP. Here, E is the magnitude of the
scattered electric field and Ej is the magnitude of the inci-
dent electric field. In figures 1(a) and (b) the insets show the
2D cross-section of FE distribution, where the colour legend
shows the magnitude of the FE factor. As shown in this figure,
the optimal size to achieve maximum FE occurs at 130nm
in diameter, with an AR = 0.8 for CSNPs (~E/E; = 7.8), and
at 150nm in diameter for SNPs (~E/Ey = 5.1). Figures 1(c)
and (d) show calculated absorption, scattering and extinction
spectrum for CSNPs with diameter = 130nm and AR = 0.8,
and for SNPs with diameter = 150nm, where the absorption
cross-section at A = 800nm is o = 1.25 x 10* nm? and
Tabs = 0.25 x 10* nm? for CSNPs and SNPs, respectively.
The small and the main peaks in figure 1(c) near 590nm
and 730nm and in figure 1(d) near 530nm and 630nm is
due to the role of dipole and quadrupole plasmon resonance,
respectively.

In figures 1(e) and (f) we study and compare the impact
of particles’ diameters on the absorption cross section at
A = 800nm for CSNP with AR = 0.8 and SNP, respectively.
As shown in these figures, the absorption cross section in the
SNPs is around one order of magnitude smaller than that in
the CSNPs. It is important to mention that this absorption
cross section in figures 1(e) and (f) could behave in a dif-
ferent manner if we were looking at a different wavelength,
depending on how close the wavelength is to the plasmon
resonance peak.

To show the impact of AR for CSNP, in the inset of
figure 1(a) we show the change in field enhancement with
respect to the AR for a gold CSNP with a diameter of 130 nm.
It is important to note that the strongest FE near the CSNP’s
surface happens when the AR is around 0.85. Also, the
stronger the FE factor, the more plasma formation occurs
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Figure 1. Calculated maximum near-FE factor (scattered field amplitude divided by incident field amplitude) of (a) CSNP and (b) SNP

in water at off-resonance wavelength A = 800 nm versus particle size. The insets show their corresponding electric FE distribution cross-
sections for the particles with the highest FE values. The colour legend on the right shows the magnitude of the FE factor (E/E)). (c) and

(d) show FEM calculation of scattering, absorption and extinction cross-sections as a function of the incident laser wavelength for a CSNP
with diameter of 130nm and AR of 0.8 and for an SNP with diameter of 150nm. (e) and (f) show absorption cross-sections as a function of

particle diameter for CSNP and SNP, respectively.

around the particle. Increasing the AR value to 0.85 however,
leads to shifting the absorption cross-section at wavelength
A = 800nm to a much higher value, to or close to the absorp-
tion peak. For example, for a CSNP with a diameter of 130nm

and AR = 0.85, the absorption cross-section peak occurs
exactly at A = 800 nm. Therefore, we chose AR = 0.8 to take
advantage of the relatively strong FE factor while avoiding the
peak of the absorption cross-section.
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Energy deposition in gold NPs and in the surrounding
induced plasma

In this section we compare the linear energy deposition
in CSNP and SNP with the energy deposition in their sur-
rounding induced plasma. Figure 2 shows this comparison in
a CSNP with a diameter of 100nm and an AR = 0.8, and in
an SNP with a diameter of 100nm. In this figure the energy
deposition in both the gold NPs and their induced plasma has
been graphed versus the fluence of a 45 fs laser at A = 800 nm.
As mentioned in the theory section, the energy deposition in
plasma is calculated by the numerical integration of the total
power absorbed by the plasma over the time-interval for
the pulsed laser. We calculate the total power by numerical
volume integration of the ionization and ohmic power density
in the surrounding medium. As seen in figure 2, the cross point
of energy deposition in the gold NPs and plasma occurs at flu-
ences of 47 mJ cm~2 and 70 mJ cm~2 with the values of 2 pJ
and 0.35 pJ for CSNPs and SNPs, respectively. This means
that at the same size, the cross point for CSNPs occurs at a
lower fluence but has a greater energy deposition in the plasma
compared to SNPs. This is due to the nonlinear dependency
of the energy deposition in plasma to the near field intensity.
Therefore, as shown in the insets of the figures 2(a) and (b),
we expect to see a greater energy deposition in the plasma
associated with CSNPs since the FE distribution cross-sec-
tions of the CSNPs is greater than that of the SNPs.

Figure 3 compares the energy deposition in CSNPs and
SNPs, and in the surrounding induced plasma versus laser
fluence for different sizes of particles (diameter). As one can
see in the case of CSNPs, for the chosen fluence range from
30 to 50 mJ cm~2, energy depositions in the CSNPs and in
the surrounding plasma are in the same order of magnitude.
However, the deposited energy in SNPs is much smaller than
that in the surrounding plasma.

In figure 4, we show the optimization of the energy deposi-
tion in the surrounding plasma versus gold NPs’ diameters
for different fluences. In the case of CSNPs, the optimized
energy deposition occurs in the CSNP with a diameter of
130nm. This trend can be explained based on the fact that for
any fluence, the maximum FE happens at that same CSNP
size (see figure 1(a)). On SNPs however, the optimized energy
deposition happens in the SNPs with diameter of 170nm. It is
important to note that the maximum FE in SNPs happens at
the diameter of 150nm. Therefore, one may expect to see the
maximum energy deposition in plasma at that same size. This
apparent contradiction happens because the enhanced scat-
tered electric field is distributed in a greater volume around
SNPs and more ionization is expected in that region.

To compare the dependency of the energy deposition
within CSNPs and the surrounding plasma on the particle
size, in figure 5, we plot both energy depositions for two
fluences of 35 and 50 mJ cm~2. As shown in this figure, for
35 mJ cm~2, there is no intersection for the energy deposition
in CSNP and in plasma; however, increasing the fluence to
50 mJ cm~2 leads to two cross points at ~75nm and ~155nm.
In figure 5(b), we calculate the ratio of the energy deposi-
tion in plasma to the energy deposition in CSNP for different

particle sizes and laser fluences. In this figure, the cross points
are shown by a horizontal dotted line indicating that there are
no intersections for smaller fluences, and that they appear with
the increase in fluence. Please note that the maximum of this
ratio occurs at the radius of 120nm for all fluences. Hence,
in order to have a considerable energy deposition in plasma
greater or comparable to that in the CSNP, a particle with the
diameter of 120nm and a fluence more than 35 mJ cm~2 can
be chosen. This means that choosing any gold CSNP with a
diameter extensively lower or higher than 120nm and with a
(45 fs, wavelength = 800nm) laser fluence less than 35 mJ
cm~2 will not generate sufficient plasma that can be consid-
ered as a reliable source of energy.

Thermodynamic analysis

As mentioned in the theory section, the two-temperature
model (TTM) is used to describe the thermal evolution of the
system. TTM is often used to describe the interaction between
metals and ultrashort laser pulses. Following the irradiation, a
non-equilibrium state arises between the quasi-free electrons
of the metal and its quasi-ions. It is thus, usually considered
that the gold NP is actually composed of two subsystems, one
of electrons, and one of phonons, interacting together [32].
The thermal equilibrium in the electron gas and the thermal
equilibrium in the phonons system are reached in a time much
shorter than the electron—phonon interaction time (a few
hundred of fs versus a few ps), which allow us to define two
distinct temperatures for the quasi-free electrons and for the
gold atoms, coupled by two hyperbolic equations. As the gold
atoms are distributed on a crystal lattice, the temperature of
the atoms is often referred to as the lattice temperature. The
review article [32] explains clearly how this TTM is extended
to femtosecond pulses and nanoscale structures.

The water molecules collision time and the phonon—
phonon interaction time in the gold NPs are of about a few
picoseconds to ~100ps depending on the laser fluence and
the geometry of NPs [33, 34]. The energy deposition in the
plasma happens in a sub-picosecond timescale (45 fs pulse).
It can therefore be assumed that water density remains con-
stant during the first hundreds of femtoseconds [1], namely
during the laser pulse and the beginning of the energy transfer
from the plasma to water. The other thermodynamic variables
will also start changing some time after the pulse is finished.

The thermodynamic parameters would definitely change
the way the laser field interacts with the NP, if the pulse was
long enough for the thermodynamic variables to change. With
femtosecond excitation, the evolution takes place on too fast
a pace. There is a nearly complete decoupling between the
energy deposition and the resulting thermodynamic response.
The near-field is thus only modified by the change in the elec-
tric permittivity (caused by the change in electronic density)
following the laser irradiation, and not by those of the thermo-
dynamic variables of the surrounding medium.

For the SNP and the applied 45 fs pulse with fluence
ranging from 20 to 200 mJ cm~2 at wavelength A = 800nm,
the absorption cross-section is relatively small compared to
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that in shorter wavelengths. As a result, the particle never
reaches its melting temperature [3, 11, 16]. Therefore in our
study, the thermal energy absorbed by the SNPs causes no
fragmentation, deformation, or melting; preserving the integ-
rity of the particles.

On the other hand, for CSNPs, our calculations show that
for the considered range of fluences (20 to 50 mJ cm ), the
particle temperature exceeds the critical melting point of the
bulk gold [16]. Therefore, in such circumstances, we can
only rely on a one-shot process where the particle melts or
is destroyed after being irradiated once. The fluence range
is taken from 20 to 50 mJ cm~2 in order to generate suffi-
cient free electron density around the particle and make the
energy deposition in the plasma comparable to or greater
than the energy deposition in the CSNPs. Please note that
our model is only capable of calculating the energy deposi-
tion in generated plasma and in the gold NP assuming that
the NP stays intact during the pulse. Therefore, for CSNPs,

other photomechanical mechanisms such as melting
(including the latent heat) and fragmentation can be added
to the model.

In figure 6, we provide the temperature profile for the
interface between the gold NPs and the surrounding medium.
Both CSNP and SNP in this figure have been irradiated with
a 45 fs pulsed laser at wavelength A = 800nm. However, the
CSNP (with diameter = 130nm and AR = 0.8) in figure 6(a)
is irradiated with a laser fluence of 50 mJ cm~2 while the SNP
(diameter = 170nm) is irradiated with that of 200 mJ cm 2.
The lattice temperature increase in figures 6(a) and (b) reaches
2720K and 865K, respectively.

In the case of any interest in taking advantage of the energy
deposition in the plasma around CSNPs, we recommend using
hollow CSNPs to avoid any fragmentations. It has been shown
that if the fluence of the incident laser is above the threshold
and causes any melting, the hollow CSNPs collapse and form
smaller SNPs [35].
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130nm and AR = 0.8 and for an SNP with diameter of 170 nm, respectively.

Conclusion

In summary, in this paper, we presented a numerical frame-
work to simulate the energy deposition within spherical gold
nanoparticles (core—shell and solid nanoparticles) and the
induced surrounding plasma. The particles are immersed
in water and are irradiated by an ultra-short (45 fs) pulsed
laser in the tissue therapeutic optical window (A = 800 nm).
Enhanced by the nanoparticles, the intensity of the scattered
near field can induce formation of electronic plasma. Here,
we make a comparison between the impact of the geomet-
rical parameters of both nanoparticles and the incident laser
fluence on the energy deposition in plasma and nanoparti-
cles. Our results show that for a core—shell nanoparticle, the
cross point between the photothermal energy deposition in
the nanoparticle and the induced plasma occurs at a higher
energy and a lower fluence than that in the solid nanoparticle
with same size and corresponding induced plasma. However,
for the applied range of laser fluences that lead to plasma for-
mation, the lattice temperature in core—shell nanoparticles
exceeds the melting point and the particles integrity cannot be
guaranteed after a single laser pulse. This is due to the higher
absorption cross section of the core—shell nanoparticles
compared with that of the solid nanoparticles at A = 800 nm.
In conclusion, for applications where integrity of the
nanoparticles is not a priority, the energy deposition in
plasma can be drastically boosted with core—shell nanopar-
ticles with a diameter of 130nm and AR of 0.8. On the other
side, with solid nanoparticles, one can rely on remarkable
energy deposition in the plasma well below the thermal
destabilization threshold for the particles with a diameter of
170nm. We also emphasize that our model is to show the
energy deposition in the gold nanoparticles and surrounding
plasma during an ultrashort pulse laser irradiation. In this
model we assumed that the nanoparticles stay intact during
the pulse; however, the photomechanical mechanisms under-
lying pressure waves, melting (including latent heat) and
possible fragmentation can be added to the model. In this
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way the thermal and mechanical dynamics following laser
irradiation can be controlled to optimize the desired biomed-
ical application.
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