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1. INTRODUCTION 

The interaction of light with the electrons of atoms and molecules found inside matter has 

been an important field for study for many scientists throughout the years. R.M. Wood (Wood, R. 

1902) has realized that when incident polarized light strikes a metal diffraction grating, 

a pattern of bizarre dim and light bands showed up within the reflected light. Even though, R.M. 

Wood had some sort of research about how metals and electromagnetic waves interact, he wasn’t 

able to give a clear interpretation of this situation. Hypothetical investigation embraced by Fano 

(Fano, U. 1941) driven to the conclusion that the phenomenon found on the surface of the material 

were related with surface wave. Otto (Otto A. 1968) stated that waves which are situated on the 

surface can be energized by taking an advantage of the formulation of reflection. Kretschmann 

and Raether (Kretschmann, E.; Raether, H. 1968) had the same outcomes by a various arrangement 

of the attenuated total reflection method. After this amount of work by these scientists, the interest 

of the whole science community for confined electrons in a surface has increased greatly, 

especially for studying them on metal surfaces. Liedberg and Nylander (Liedberg et al. 1983) 

marked a turning point in the particle’s surface research in 1983. 

When the size of a metal-based material is decreased to the nanometers range, the optical 

properties are altered by the appearance by the phenomenon Localized Surface Plasmon 

Resonance (LSPR) and it’s seen that the behavior and interaction becomes highly different when 

comparing it to bulk metal-based materials (Billaud et. al. 2008, Petryayeva et al. 2011). LSPR is 

a collective oscillation of conduction electrons which are excited by the electromagnetic field of 

light in a metallic nanoparticle. The electrons oscillations actuate an electric field around the 

nanoparticle that can be much bigger than the incident light one. Subsequently, LSPR can 

be utilized in a wide extend of areas in biomedical fields (Kang et al. 2018 and Chatterjee et al. 

2014), environment security (Deplanche et al. 2014), detecting and data innovation applications 

(Saldan et al. 2015). 

Palladium is a valuable element that is commonly used in organic catalysis reactions (Maiti 

et al. 2012). Adams et al. (Adams et al. 2014) investigated the antibacterial activity of palladium 

(Pd) nanoparticles. The Pd nanoparticles showed high growth prevention against Staphylococcus 

aureus which is a gram-positive bacteria that cause a wide variety of clinical diseases, as compared 

to another bacterial species. The importance of Pd nanoparticles is valuable against the anti-

bacterial agent, particularly for gram-positive microbes. Sachse et al. (Sachse et al. 2013) 

mentioned that when Pd nanoparticles was assembled over nanomaterials made up of mesoporous 

silica, it showed higher cytotoxic activities against human cancer cell lines. Pd-based 

nanomaterials and Pd@M (M=Ag, Au, Pt or SiO2) nanocomposites exhibit strong absorption in 

the near-infrared region, excellent photothermal stability, and good biocompatibility as mentioned 

before. Taking into consideration these important characteristics of Pd-based nanomaterials it has 

become a leading candidate as cancer imaging agents and therapeutic agents. Their synthesis and 

properties have been discussed in several review papers (Chen A. et al. 2015, Chen M. et al. 2012 

and Chen X. et al. 2017). Pd nanoparticles can be used in photothermal therapy (PTT), which is a 

new way to treat cancer, in which cancer cells are ablated by the heat generated from an optically 

absorbing agents upon laser irradiation, exhibiting minimal side effects, high specificity and 

controllability (Liu Y. et al. 2020). While comparing the results of Au nanomaterials to Pd 

nanomaterials the last had an advantage in photothermal stability and photothermal conversion 

efficiency over the first. 

In this paper, we present theoretical analysis of the size and shape effects on LSPR of a 

single palladium nanoparticle. It will be studied by resolving Maxwell equations using finite 

element method (FEM) in the frame of COMSOL Multiphysics software. Two cases of a 

parallelepiped Pd nanoparticle are considered. The first case studies the size effect on LSPR upon 

fixing the height and varying both length and width within a range of 50 to 100 nm. However, the 

second case studies the shape effect on the LSPR of a parallelepiped Pd nanoparticle. To do so, 

we intended to fix the height, length, and width at 50 nm, 100 nm, and 50 nm respectively and to 

change the corners’ radius in a range of 0 to 15 nm. The extinction cross-section spectra of these 

different size and shape of nanoparticles are calculated for different electromagnetic wave 

polarization. The calculations are performed over a broad spectral range from 200 to 900 nm. The 

surrounding medium for various palladium nanoparticles is the air. 
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2. MIE THEORY AND FINITE ELEMENT METHOD SIMULATIONS: 
An electromagnetic plane wave is incident to a spherical nanoparticle of diameter D, 

dielectric permittivity ε and magnetic permeability μ embedded in transparent medium 𝜀m.  The 

electromagnetic plane wave of wavelength 𝜆 interacts with the free electrons found in the 

conduction band of the nanoparticle (Lermé et al. 2008, Baida et al. 2009). To obtain the far-field 

optical response of nanoparticle, we should determine the solution of Helmholtz equations 

(Marhaba, 2018):  

 

{𝛻⃗
 2𝐸⃗ + 𝑘2 𝐸⃗  =  0⃗ 

𝛻⃗ 2𝐻⃗⃗ + 𝑘2 𝐻⃗⃗  =  0⃗ 
 , (2.1) 

 

where, the electromagnetic field {𝐸⃗ , 𝐻⃗⃗ } is described by Maxwell’s (Kreibig and Vollmer, 

2013) and 𝑘2 = 𝜀𝜇 𝜔2. 

In quasi-static approximation the size of the particle is much smaller the wavelength of the 

electromagnetic wave (𝐷 = 2𝑅 ≪ 𝜆). The phase of the electromagnetic field, which is oscillating 

harmonically, is constant over the whole volume. This will allow us to calculate the spatial field 

distribution electrostatically. The polarizability 𝛼 is given by  

 

𝛼 = 4𝜋𝑅3
𝜀−𝜀𝑚

𝜀+2𝜀𝑚
    (2.2) 

 
The resonance condition is obtained when 

 

𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚    (2.3) 
 

which is known as Fröhlich condition (Kreibig and Vollmer, 2013). Equation (2.3) tells that 

the resonance frequency depends on the dielectric environment and the resonance red shifts as 𝜀𝑚 

is increased. The scattering and absorption cross-sections can be expressed as: 

 

𝜎𝑠𝑐𝑎 =
𝑘4

6𝜋
|𝛼|2 =

8𝜋

3
𝑘4𝑅6 |

𝜀−𝜀𝑚

𝜀+2𝜀𝑚
|
2

   (2.4) 

𝜎𝑎𝑏𝑠 = 𝑘𝐼𝑚[𝛼] = 4𝜋𝑘𝑅
3𝐼𝑚 |

𝜀−𝜀𝑚

𝜀+2𝜀𝑚
|    (2.5) 

 
For very small particles when 𝑅 ≪  𝜆, the efficiency of absorption, which is proportional 

to 𝑅3, dominates over the scattering efficiency, which is proportional to with 𝑅6. Enhancement of 

the absorption and scattering cross sections could occur when Fröhlich condition given in equation 

(2.3) is met, and that’s actually seen in equations (2.4 and 2.5). The expression of the extinction 

cross section for a spherical geometry of volume V and dielectric function 𝜀 =  𝜀1  +  𝑖𝜀2, which 

is given by 𝜎𝑒𝑥𝑡  =  𝜎𝑠𝑐𝑎  +  𝜎𝑎𝑏𝑠  within the quasi-static limit is given by: 

 

𝜎𝑒𝑥𝑡 = 9
𝜔

𝑐
𝜀𝑚
3 2⁄ 𝑉

𝜀2
[𝜀1+2𝜀𝑚]

2+𝜀2
2      (2.6) 

 
The quasi-static approximation considers the surface charges as a dipole, but when the size 

of nanoparticle increases the distribution of charges may have multipolar contribution of higher 

orders and we consider these now. Mie theory gives an exact general calculation of the optical 

response for a spherical particle of any diameter having a size range where 𝑘𝑅 is no longer limited. 

Let us define M which gives the ratio between the dielectric constant of the nanoparticle and that 

of the medium surrounding it, and x the dimensionless size parameter (Marhaba, 2018): 

𝑀2 = 
𝜀

𝜀𝑚
= (

𝑛

𝑛𝑚
)
2
    𝑎𝑛𝑑,      𝑥 = 𝑘𝑅 = 

2𝜋𝑛𝑚𝑅

𝜆
     (2.7) 

 

Extinction, scattering and absorption cross sections can be expressed as 

 

𝜎𝑒𝑥𝑡 =
2𝜋

𝑘2
∑ (2𝑛 + 1)𝑅𝑒{𝑎𝑛 + 𝑏𝑛}
∞
𝑛=1       (2.8) 
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𝜎𝑠𝑐𝑎 =
2𝜋

𝑘2
∑ (2𝑛 + 1)𝑅𝑒{|𝑎𝑛|

2 + |𝑏𝑛|
2}∞

𝑛=1      (2.9) 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 −  𝜎𝑠𝑐𝑎             (2.10) 
 

For a nanoparticle of diameter D. The coefficients 𝑎𝑛 and 𝑏𝑛 are defined by: 

 

{
 
 

 
  𝑎𝑛  =

𝑀𝜑𝑛(𝑀𝑥)𝜑𝑛
′ (𝑥)− 𝜑𝑛(𝑥)𝜑𝑛

′ (𝑀𝑥)

𝑀𝜑𝑛(𝑀𝑥)𝜁𝑛
′ (𝑥)− 𝜉𝑛(𝑥)𝜑𝑛

′ (𝑀𝑥)
 

 
 

𝑏𝑛 = 
𝜑𝑛(𝑀𝑥)𝜑𝑛

′ (𝑥)− 𝑀𝜑𝑛(𝑥)𝜑𝑛
′ (𝑀𝑥)

𝜑𝑛(𝑀𝑥)𝜁𝑛
′ (𝑥)− 𝑀𝜉𝑛(𝑥)𝜑𝑛

′ (𝑀𝑥)

      (2.11) 

 
where, 𝜑𝑛  and 𝜉𝑛  are the Riccati-Bessel functions of order n, n is the order of the multipole 

expansion.  

In the case of non-spherical nanoparticles (cube, pyramids, star…) (Amendola et al. 2010, 

Nehl et al. 2006), organized nanoparticles (dimer, trimer, chain, …) (Marhaba et al. 2009, 

Marhaba and El Samad. 2020, Marhaba and El Samad. 2021) or arrays of nanoparticles (Marhaba, 

2015) the solution of Maxwell’s equations are determined numerically. Extinction cross section 

spectra of nanoparticles of arbitrary geometries and arrangements (El Samad and Marhaba. 2022) 

can be calculated using different methods such as finite difference time domain (FDTD) (Sadiku, 

2000) discrete dipole approximation (DDA) (Yurkina et al. 2007) and finite element method 

(FEM) (Pradhan et al. 2018). In this paper, FEM is applied to compute numerically the electric 

field and the optical response of Pd nanoparticles using COMSOL Software for Multiphysics 

Simulation 5.2a (Dickinson et. al. 2014). 

 

3. COMSOL REQUIREMENTS: 

COMSOL needs some basic information as parameters, geometry, materials and meshes to 

design the nanostructure and execute the simulation. We start with a new 3D model. The interface 

chosen is Radio Frequency, and then the Electromagnetic Waves, Frequency Domain (emw).  

To run the program, we should first insert several components, shown below: 

 

3.1 Parameters: 

The parameters are the constants that our program will be built on, such as the incident 

electric field amplitude E0, the geometry dimensions (height, width and length) of the 

parallelepiped, wavelength range of the incident electromagnetic wave incident (λ), incident 

light intensity (Sin), radius (rpml) and thickness (tpml) of perfectly matched layer (PML). 

Table 1: Parameters 
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3.2 Geometry, Material and Meshes:  

We have two geometries to obtain the desired design and calculate its optical response: 

the nanoparticle (geometry, size, shape and material) and the spherical perfectly matched 

layer (PML) as shown in Figures 1(a) and 1(b). In our case, we construct palladium 

parallelepiped nanoparticle embedded in air. Concerning the material, the dielectric constants 

of palladium are extracted from (Johnson and Christy, 1972). We should mention that the 

physical domain includes the nanoparticle geometry and the surrounding medium which the 

light will be incident on. We apply a perfectly matched layer (PML) to absorb and prevent 

reflection of the incident fields as shown in Fig. 1 (b). An electromagnetic plan wave strikes 

the surface of the palladium parallelepiped nanoparticle embedded in air. To calculate the 

solution of Maxwell’s equation of electric field presented in equation (2.1) using FEM, we 

should discretize the geometries into finite elements. A free triangular mesh was chosen for 

both Pd nanoparticle and PML surface. Whereas, the thickness of the PML is meshed by 

using free tetrahedral shape (Figure 1.c). COMSOL software comes up with a ready-to-use 

perfectly matched layer button (Grand, 2019), in which you can use it then choose your 

preferred geometry. Usually, tetrahedron shape is used for the thickness of the perfectly 

matched layer domain (Gracia et al. 2008). 

 

 
 

Fig.1: (a) Pd parallelepiped (b) Perfectly matched layer PML (c) boundary layers meshes 
 

3.3 Definitions: 

The scattering and absorption cross-sections are computed by evaluating the surface 

and volume integrals according to the following equations: 

𝜎𝑠𝑐 =
1

𝐼0
∬(𝑛⃗ . 𝑆 𝑠𝑐)𝑑𝑆,    (2.12) 

and 

𝜎𝑎𝑏𝑠 =
1

𝐼0
∭𝑄𝑑𝑉,      (2.13) 

where 𝐼0 is the incident light intensity, 𝑛⃗  is the normal vector pointing outward from 

the considered surface element, 𝑆 𝑠𝑐 is the scattered Poynting vector and Q is the power loss 

density inside the nanoparticle. In COMSOL, the expression intop_surf(nrelPoav)/S_in) is 

equivalent to equation (2.12) and the expression intop_vol(emw.Qh)/S_in) is equivalent to 

equation (2.13) as shown in Table 2. 
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Table 2: Definitions 

 
 

4. RESULTS AND DISCUSSIONS: 

The extinction cross sections 𝜎𝑒𝑥𝑡 (𝑛𝑚
2) as function of the wavelength 𝜆 (𝑛𝑚) are 

represented graphically to show the shape and size effect on the LSPR of a parallelepiped Pd 

nanoparticle. Two different cases have been considered: varying the width and length of a 

parallelepiped nanoparticle while fixing its height (size effect) and rounding the corners of a 

parallelepiped at different radii (shape effect). The surrounding medium for the palladium 

nanoparticle is taken air (𝜀𝑚 = 1) for all cases. Figure 2 illustrates the palladium parallelepiped 

nanoparticle with variable length and width and constant height of value 50nm.  

 

Fig.2: Dimensions representation of the parallelepiped Pd nanoparticle 

 

 

Fig.3: (a) Extinction cross sections spectra upon varying the length and width from 50 to 100 nm 

calculated using FEM of Pd parallelepiped for polarization parallel to x axis. (b) Extinction, 

absorption and scattering cross section spectra of Pd nanoparticle of length and width 70 nm placed 

in air and calculated by FEM. 

5

Marhaba and El Kawni: LOCALIZED SURFACE PLASMON RESONANCE OF PALLADIUM PARALLELEPIPED N

Published by Digital Commons @ BAU, 2023



Figures 3 (a) shows the 𝜎𝑒𝑥𝑡 spectra for palladium nanoparticle having the shape of 

parallelepiped of the length and width in the range 50 to 100nm for polarization along x-axis as 

function of wavelength. We can conclude that the peak resonance shifts to longer wavelengths 

(red shift) as the nanoparticle length and width increase. Moreover, the intensity of the extinction 

cross section is increasing as a result of the increase of the material quantity (Table 3).  

Table 3: Peak wavelength and magnitude of extinction cross section of palladium parallelepiped 

nanoparticles of various lengths and widths in the surrounding of air medium 

Length and Width of the nanoparticle (nm) 
Peak Resonance 𝜆𝑚𝑎𝑥 

(nm) 
Extinction Cross Section (nm2) 

50 335 13749.67276 

60 380 19894.3409 

70 400 25954.17284 

80 435 34370.75005 

100 480 51649.06265 

 

The increase of the size induces a broadening and red shifting (Fig. 3 (a)) of the resonance 

due to the increasing influence of the multipolar terms. Regarding the width of LSPR, multiple 

parameters will play on its evolution with the size of the particle. For a single Pd nanoparticle, the 

width of the resonance reflects the lifetime of the collective excitation. The width is inversely 

proportional to the lifetime so as the lifetime gets shorter the width of the nanoparticle increases. 

All processes of collisions of the electrons (electron-electron, electron-phonon ...) will limit the 

lifetime of the plasmon resonance contributing to the dissipation of energy, which decreases the 

spectral amplitude and broadens the spectral width of LSPR. For more understanding the 

extinction cross section behavior, we calculate the scattering and absorption cross sections spectra 

of single parallelepiped Pd nanoparticle for length and width of 70 nm and height of 50 nm as 

shown in Fig. 3 (b). As we saw in section 3, the extinction cross section of metal nanoparticle is 

the sum of absorption and scattering cross-sections (Bohren et al. 1983 and Kreibig et al. 1995). 

It is obvious that the extinction is strongly dominated by the absorption cross-section. The 

extinction spectrum shows a spectral peak which corresponds to the LSPR around 400 nm. 

 

 
Fig.4: (a) Calculated extinction spectra for Pd parallelepiped according to case 2, polarization along x-

axis, with different aspect ratio indicated in the figure. (b) Resonant position and intensity of the SP as a 

function of the parallelepiped aspect ratio. 

 

Fig. 4 (a) shows the aspect ratio, which is the ratio of height to width, of the parallelepiped. 

We notice that the peak resonance is having a red shift (larger wavelengths of range 330 to 480nm). 

Moreover, the extinction cross section intensity increases with the increase of length and width. 
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As the aspect ratio increases, the peak resonance and extinction cross section decrease (see Fig. 4 

(b)). The reason behind that is that as the width of the parallelepiped nanoparticle increases, the 

charge accumulation on the surface of the nanoparticle increases too, leading to high extinction 

intensities. The restoring force is proportional to this charge accumulation, and therefore, for 

electrons oscillating along the height surface we should expect smaller forces and consequently 

smaller resonance frequencies thus higher resonance wavelengths. The resonance condition is met 

when 𝜀1 = −2𝜀𝑚, which occurred in the near ultraviolet range for length and width up to 70nm. 

The peak changes to the visible range once the length and width moved from 80nm to 100nm. 

 

 

Fig.5: Pd parallelepiped nanoparticle with corners of radius (a) 0 nm (b) 5 nm (c) 10 nm, (d) 15 nm. 

 

 
Fig.6: Extinction cross sections spectra upon varying the corner’s 

radius from 0 to 15 nm calculated using FEM of Pd parallelepiped 

for polarization parallel to x axis. 

Figure 5 illustrates the palladium parallelepiped nanoparticle with fixed length (50nm), 

width (100nm) and height (50nm) while rounding the corner, which is the second case. Extinction 

cross sections spectra upon varying the corner’s radius from 0 to 15 nm are calculated using FEM 

of Pd parallelepiped for polarization parallel to x axis (Fig.6). When 𝑅 = 0 𝑛𝑚 there was a flat 

peak resonance, by increasing the corner’s radius from 5 to 15nm a sharper peak is obtained. The 

extinction spectrum shows a spectral peak which corresponds to the LSPR between 225 and 265 

nm (near ultraviolet region) when the nanoparticle is placed in air (𝜀𝑚 = 1). Moreover, the intensity 

of extinction cross section decreased with the increase of the corners’ radius (Table 4). This is a 
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result of the cut-off of the nanoparticle volume which clearly affects the localized surface plasmon 

resonance. 

Table 4: Peak wavelength and magnitude of extinction cross section of palladium parallelepiped 

nanoparticles of different corner radii (polarization along x-axis) 
 

Corner radius of the 

nanoparticle (nm) 
Peak 𝝀𝒎𝒂𝒙 (nm) Extinction Cross Section 

0 320 18774.27033 

5 235 17537.52967 

10 225 16733.31783 

15 225 15553.09393 

 

 
Fig.7: Extinction cross sections spectra upon varying the corner’s radius 

from 0 to 15 nm calculated using FEM of Pd parallelepiped for polarization 

parallel to y-axis. 

Figure 7 shows the variation of extinction cross section as function of the wavelength within 

the change of the corner shape when the polarization is parallel to y-axis. As shown in Figure 7, 

the spectral peak position of wavelength is blue shifted as the radius on the corners of the 

parallelepiped nanoparticle is increased (Table 5). This blue shift is due to the decrease of the 

surface size of the nanoparticle due to the round shape corner. The results showed that when 

polarization was along x-axis, which means that it was perpendicular to the nanoparticle 

(transversal direction), we had a resonant wavelength of 225nm for a corner radius of 15nm. 

However, when the polarization of the electromagnetic wave changed into the y-direction, we got 

lower energy of the oscillating electrons on its surface thus higher wavelength resonance peak of 

415nm in the same case. This verifies that when the electromagnetic wave is parallel to x axis of 

parallelepiped having dimensions (50 nm, 100nm, 50 nm) we get lower wavelength resonance 

peaks. When the polarization of light is parallel to y axis, we have higher peaks due to larger 

numbers of oscillating electrons on the surface.  
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Table 5: Peak wavelength, magnitude and width of extinction cross section of palladium 

parallelepiped nanoparticles of corner fillet radii in the surrounding air medium (incident light 

polarization along y-axis) 
 

Corner radius of the 

nanoparticle (nm) 
Peak 𝝀𝒎𝒂𝒙 (nm) Extinction Cross Section 

Width 

(nm) 

0 500 38317.74302 369.61067 

5 445 33637.74742 323.00327 

10 425 31856.81798 307.9918 

15 415 29467.34622 298.00694 

 

5. CONCLUSION 
Reducing the size of a metallic material to the nanoscale leads to major changes in its optical 

response as compared with the bulk metal. The optical properties of palladium (Pd) nanoparticles 

are extremely important in nanotechnology applications. They are dominated by Localized Surface 

Plasmon Resonance phenomenon. The characteristics of LSPR (spectral position, amplitude and 

width) depend on the intrinsic properties of nanoparticles: the size, shape, structure and their 

environment. The absorption, scattering and extinction cross-sections are calculated using Finite 

Element Method (FEM) implemented in COMSOL Multiphysics. This work aimed to investigate 

the size and shape effect on the LSPR of Pd nanoparticles. We have investigated a nanoparticle 

having the shape of a parallelepiped in two different cases. The first case studied the size effect on 

the LSPR upon changing the length and width while fixing the height. The second case studied 

the shape effect on the LSPR upon changing the corners shape. It has been intended to round the 

corner of the parallelepiped nanoparticle with different radii. In the first case, upon varying the 

length and width of a parallelepiped palladium nanoparticle, the incident electromagnetic wave 

was polarized parallel to the x-axis. The peak resonance was red shifted. It reached the visible 

range when the length and width reached the value of 80nm. We concluded that as the size of the 

parallelepiped Pd nanoparticle increases, the extinction magnitude enhances whereas the spectral 

peak position of LSPR is red shifted. The mechanism of the second case was rounding the corners 

of the parallelepiped with radii from 0nm to 15nm. When the polarization of light is along the x-

axis, the peak resonances, which are in the ultraviolet range, decreased with the increase of the 

radius of the corner. Whereas, when the polarization is along the y-axis, the peak resonances are 

located in the visible range with blue shifting peak resonance when increasing the radii corners 

from 0 to 15 nm. Thus, we can deduce the LSPR of a Pd nanoparticles not only affected by the 

size of the nanoparticle but also by its shape. Keeping in mind that all these parameters which are 

affecting the LSPR of Pd nanoparticle produced a large enhancement of the electromagnetic field 

at their surfaces which leads to a wide range of nowadays applications. 
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