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Abstract ─ In this study, the interaction of nano-
particles with focused beams of various angular 
spectra is investigated. This study demonstrates 
that the focused light can be used to manipulate 
the near-field radiation around nanoparticles. It is 
shown that suppressing strong lobes and 
enhancing weaker lobes is possible for spherical 
particles by altering the angular spectrum. This 
can have an impact on plasmonic applications 
where strong and weak fields are desired at 
specific locations. 
  
Index Terms ─ Nanoparticles, nanoscale, plasmo-
nics, radiative energy transfer, scattering, surface 
plasmons. 
 

I. INTRODUCTION 
Surface plasmons [1-2], optical nanoantennas 

[3-6], and radiative energy transfer at the 
nanoscale [7-9] have led to significant advances in 
nanotechnology. Plasmonics and interaction of 
light with nanoparticles have fascinated scientists 
because of their ability to manipulate light beyond 
the diffraction limit. Such an achievement at the 
nanoscale has enabled scientists to overcome 
technological barriers and expand the frontiers for 
scientific breakthroughs in near-field imaging 
[10], solar cells [11], optical data storage [12], 
heat assisted magnetic recording [13], light 
emitting devices [14], spectroscopy [15], medical 
applications [16], and bio-chemical sensors [17]. 

The interest in the interaction of photons with 
metallic nanoparticles for emerging 
nanotechnology applications is driven mainly due 
to the large enhancement and tight localization of 
electromagnetic fields in the vicinity of 
nanoparticles. Although there has been much 

effort to understand the effects of various 
parameters on the plasmon resonances of 
nanoparticles, the interaction of nanoparticles with 
a focused beam of light has not been significantly 
investigated in the context of particle plasmons. 
Similarly, the interaction of a tightly focused beam 
of incident light with metallic prolate spheroids 
has also been largely overlooked in the literature. 

In this study, we investigate the effect of the 
angular spectrum of a focused beam of light on the 
near-field radiation from spherical nanoparticles 
and prolate spheroids. This paper is an extended 
version of previous conference papers [18, 19]. 
Focused beams with various angular spectra are 
used in this study to understand field distributions 
and their formations over the nanoparticles. 
 
II. RICHARDS-WOLF VECTOR FIELD 

FORMALISM 
To obtain an accurate representation of a 

tightly focused beam of light, the theory 
established by Richards and Wolf [20, 21] is used. 
In this approach, rays that are incident onto a lens 
are collected and focused based on the rules of 
geometric optics. After each ray is diffracted by 
the lens system, the overall contribution is 
calculated by summing up the individual rays. 
Formulas based on the Richards and Wolf vector 
field theory have been previously used in the 
literature [22-25] for focused beams of various 
polarizations.  

A linearly polarized beam in the x-direction, 
which is focused onto the x-y plane and 
propagating in the z-direction is used. The beam is 
cylindrically symmetric around the z-axis with the 
focal point at (0, 0, 0). The incident electric field 
near the focus is given as [24] 
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for a linearly polarized focused beam, where α is 
the half angle of the beam, r is the observation 
point, and  

   θ
φθ

φφφφθ
φφθ

φθ cos
cossin

sincossincoscos
sincoscos

),(

22

















−
+

=a .  (2) 

The half-beam angle α, which defines the upper 
limit of the integral in Eq. (1), represents the span 
of angles at which the corresponding plane wave 
has a non-zero contribution to the focused field. 
The half-beam angle is illustrated in Fig. 1. Any 
lens has a finite size, which results in the integral 
in Eq. (1) having an upper limit α. The half-beam 
angle is determined by the physical configuration 
and the size of the lens system. The largest α used 
in this study is 60°, which yields a full-width half-
maximum beam waist of 405 nm at a 700 nm 
wavelength. The amplitude of the focused beam is 
normalized so that the value at the focus is 1 V/m. 

 
Fig. 1. A graphical illustration of the half-beam 
angle, α. The focus of the lens is illustrated with 
the point O. 
 

The spatial distributions of incident focused 
beams are plotted in Fig. 2 for various α. The 
results in Fig. 2 illustrate the field distributions in 
the absence of a metallic particle. The results in 
subsequent figures illustrate the impact of placing 
a spherical nanoparticle on the electric field 
distributions. In Figs. 2(a), (c), and (e), the            
x-component of the electric field Ex(x, y, 0) is 
plotted on the x-y plane for α=0°, α=30°, and 
α=60°, respectively. The beam with α=0° 
corresponds to a plane wave. As α is increased, 
the beam becomes more tightly focused. Similarly 

in Figs. 2(b), (d), and (f), the x-component of the 
electric field Ex(x, 0, z) is plotted on the x-z plane 
for α=0°, α=30°, and α=60°, respectively. The 
field distribution is elongated in the z-direction 
due to the poor axial resolution of lenses [22]. 

 
Fig. 2. (a) Ex(x, 0, z) on the x-y plane for α = 0°, 
(b) Ex(x, 0, z) on the x-z plane for α = 0°,            
(c) Ex(x, 0, z) on the x-y plane for α = 30°,           
(d) Ex(x, 0, z) on the x-z plane for α =30°,           
(e) Ex(x, 0, z) on the x-y plane for α = 60°,           
and (f) Ex(x, 0, z) on the x-z plane for α =60°. 

 
In the representation in Eq. (1), each ray is 

identified by angles θ and φ depending on their 
incidence angle. Only the rays incident on the lens 
can be collected. The rays beyond the size of the 
lens cannot be focused by the lens system. The 
half-beam angle imposes a cut-off for the upper 
limit of the integral in Eq. (1). Therefore, the half-
beam angle incorporates the physics of the lens 
system into Eq. (1). The finite size of the lens 
results in the integral in Eq. (1) having an upper 
limit θ = α where α ≤ 90°. If the size of the lens 
approaches to infinity, the upper limit of the 
integral in Eq. (1) will approach to 90°. To study 
the interaction of nanoparticles with incident 
beams with different angular spectra, the half 
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beam angle will be varied. 
 

III. RESULTS 
The plasmon resonances of nanoparticles have 

been investigated in the literature to understand the 
effects of various parameters [26] and to engineer 
the spectral response [27-29]. Until recently, the 
interaction of nanoparticles with a focused beam of 
light has not been significantly investigated in the 
context of particle plasmons. With emerging 
potential applications, there is an increased interest 
in the interaction of focused beams and 
nanoparticles [25, 30-38] as well as developing 
computational solutions to numerical aspects of 
scattering problems [39, 40]. To analyze the effect 
of the angular spectrum, a silver nanoparticle is 
illuminated using a focused beam of light with 
small and large α. The focused beam propagates in 
the z-direction, and is polarized in the x-direction.  

 
 
Fig. 3. Ex(x, 0, z) on the x-z plane for various 
[α (°), λ (nm)]: (a) Ex(x, 0, z) for [5, 400],             
(b) Ex(x, 0, z) for [60, 400], (c) Ex(x, 0, z) for         
[5, 500], (d) Ex(x, 0, z) for [60, 500], (e) Ex(x, 0, z) 
for [5, 600], and (f) Ex(x, 0, z) for [60, 600]. 
 

In Fig. 3, the electric field is computed at 
various wavelengths on the x-z plane for a silver 
sphere with a 250 nm radius. The field distribution 
Ex(x, 0, z) is plotted for α=5° and α=60°. A 

comparison of Figs. 3(a) and (b) suggests that the 
field distribution at λ = 400 nm for α=5° shows a 
significant difference compared to the results of 
α=60°. In Figs. 3(c)-(f), deviations are observed at 
other wavelengths as well. The Ey(x, 0, z) 
component is negligible for the solutions. The 
impact of altering the angular spectrum is more 
drastic for the Ez(x, 0, z) component, as shown in 
Fig. 4. For example, when the angular spectrum is 
narrowly distributed along the direction of 
propagation, as shown in Fig. 4(e), two stronger 
lobes are observed at the back of the spherical 
particle. As α is increased, and therefore the angular 
spectrum is widened, the stronger lobes are moved 
from the back of the particle to the front of the 
particle, as shown in Fig. 4(f). This was achieved 
without changing the frequency, geometry, or 
composition of the particle.  

 

 
 
Fig. 4. Ez(x, 0, z) on the x-z plane for various 
[α(°), λ (nm)]: (a) Ez(x, 0, z) for [5, 400],              
(b) Ez(x, 0, z) for [60, 400], (c) Ez(x, 0, z) for         
[5, 500], (d) Ez(x, 0, z) for [60, 500], (e) Ez(x, 0, z) 
for [5, 600], and (f) Ez(x, 0, z) for [60, 600]. 

 
The results in Figs. 3 and 4 demonstrate that 

suppressing strong lobes and enhancing weaker 
lobes is possible by altering the angular spectrum. 
These results have important implications for 
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plasmonic applications. Some plasmonic 
applications require strong fields at specific 
locations. For example, in heat assisted magnetic 
recording (HAMR) [13] strong fields are necessary 
at the air-bearing surface [41] to change the 
magnetic properties of the recording medium. The 
results in this study suggest that the location of 
strong fields, such as the air-bearing fields used in 
HAMR, can be adjusted using the angular spectrum 
of the incident field. Additional potential 
applications include single molecule spectroscopy 
[42, 43], single molecule fluorescence enhancement 
[44], plasmonic waveguides [45-47], directional 
plasmonic emitters [48-50], plasmonic routers and 
switches, which can benefit from manipulating the 
location of strong optical spots using the angular 
spectrum of the incident beam.  

 
 
Fig. 5. Ex(x, 0, z) on the x-z plane for various    
[α (°), r (nm)]: (a) [5, 200], (b) [60, 200],              
(c) [5, 50], and (d) [60, 50]. 

 
Ex(x, 0, z) and Ez(x, 0, z) are plotted for 

various particle sizes at λ = 400 nm in Figs. 5 and 
6, respectively. The results suggest that the      
Ex(x, 0, z) and Ez(x, 0, z) distributions vary for 
small and large α, even when the particle size is 
small. The difference becomes smaller as the 
particle size decreases. If a particle smaller than 
λ/10 is placed at the focus of a tightly focused 
beam of light, the interaction becomes quasistatic. 
Therefore, for small particles the results of the 
small and large α begin to resemble each other. 
For very small particles smaller than λ/10, the 

nanoparticle is not impacted by the wide range of 
spectral components, even if the incident light has 
a wide angular spectrum. A very small particle 
does not feel the variation in the field, since it is 
much smaller than the variations shown in Fig. 2. 
However, as the sphere gets larger it will start to 
interact with various components of the angular 
spectrum.  

 
 
Fig. 6. Ez(x, 0, z) on the x-z plane for various   
[α (°), r (nm)]: (a) [5, 200], (b) [60, 200],              
(c) [5, 50], and (d) [60, 50]. 

 
Figure 7(a) shows the results for a linearly 

polarized plane wave at the incidence angle 0°. 
Figures 7(b)-(d) illustrate the results for a linearly 
polarized focused wave with half beam angles of 
5°, 45°, and 60°. A comparison of Figs. 7(a) and 
(b) suggests that the result of the small α is similar 
to that of a plane wave at θ = 0°. Figures 7(c) and 
(d) show that the plasmon distribution for a large 
α deviates from that of a plane wave. This 
deviation can be interpreted using Figs. 7(a), (e), 
and (f). As shown in Figs. 7(a), (e), and (f), the 
field distribution changes for plane waves of 
different incidence angles. Plane waves with 
different angles are scaled and summed up based 
on the angular spectrum of the focused beam. For 
small half-beam angle α, the plane wave at an 
incidence angle 0° is the dominant contributor, as 
shown in Fig. 7(b). Contributions from larger 
incidence angles start to dominate as the angular 
spectrum gets wider, which impacts the 
distributions in Figs. 7(c) and (d).  
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Fig. 7. Ez(x, 0, z) on the x-z plane: (a) plane wave at 
0°, (b) focused beam with α = 0°, (c)  focused beam 
with α = 45°, (d)  focused beam with α = 60°, (e) 
plane wave at 30°, and (f) plane wave at 60°. 
 

Although the field distributions over the 
spheres resulting from off-angle plane waves in 
Figs. 7(e) and (f) are asymmetric, the field 
distributions over spheres excited with focused 
beams in Fig. 7 are symmetric. The primary reason 
why the asymmetry in the results in Figs. 7(e) and 
(f) does not result in asymmetry in the focused 
beam results can be explained as follows: In    
Figs. 7(e) and (f), the results for the plane waves 
with non-zero incidence angles are presented in 
the global coordinate system, in which the results 
are asymmetric. For a plane wave with a non-zero 
incidence angle, however, the results are 
symmetric in the rotated coordinate system, which 
is rotated by the incidence angle with respect to 
the global coordinate system. The asymmetry in 
the individual plane wave results is not reflected in 
the focused beam results, because for each (θ, φ) 
ray, there is a corresponding (θ, φ+π) ray. The sum 
of these rays, each of which are asymmetric in the 
global x-z coordinate system, result in a symmetric 
distribution. Therefore, the asymmetry of the 
individual components shown in Figs. 7(e) and (f) 

do not result in asymmetry in the focused beam 
results. 

 
 
Fig. 8. Intensity  distributions for a prolate spheroid. 
The distributions are given for various half-beam 
angles: (a) α = 15°, (b) α = 30°, (c) α = 45°, and 
(d) α = 60°.  
 

In Fig. 8, the impact of the angular spectrum 
distribution of the incident beam on the near-field 
radiation of a prolate spheroidal nanoparticle is 
studied. In Fig. 8, the total intensity profile is 
plotted on the x-z plane, which passes through the 
center of a prolate spheroid particle with a 
major/minor axis ratio of 5. Intensity distributions 
for a prolate spheroid are given for various half-
beam angles. In this figure, the prolate spheroids 
are illuminated with a radially focused beam with 
half-beam angles α = 15°, α = 30°, α = 45°, and 
α = 60° The field distributions in Fig. 8 are 
normalized to the value of the incident intensity at 
the focus. The results suggest that the electric field 
distribution does not change as the half-beam 
angle is increased. The amplitude of the near field 
electric field distribution, however, increases as 
the half-beam angle is increased. The angular 
spectrum of the incident beam is tight for α = 15°, 
becoming wider as the half beam angle is 
increased. Therefore, the incident wave amplitude 
onto the particle and resulting total field amplitude 
increases as the half-beam angle increases.  

 
VI. CONCLUSION 

In summary, the angular spectrum of the 
incident beam had a significant impact on the 
plasmon distribution of nanoparticles. Beams with 
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narrow and wide angular spectra interacted 
differently with a nanoparticle. For a focused 
beam with a small α, the results were similar to 
those of a plane wave. As α was increased, the 
results differed significantly from those of a plane 
wave. The results suggest that it is possible to 
manipulate plasmon distributions by adjusting the 
angular spectrum of an incident focused beam. On 
the other hand, for prolate spheroids the electric 
field distribution does not change as the half-beam 
angle is increased. The amplitude of the near-field 
electric field distribution, however, increases as 
the half-beam angle is increased. 
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