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Abstract: Obtaining a tiny focal spot is desired for super resolution. We do a vectorial numerical
analysis of the linearly, circularly, and radidally polarized electromagnetic fields being focused
through a dielectric micro/nanoparticle of size comparable to the wavelength. We find tiny
focal spots (up to ∼ 0.05 λ2) can be obtained behind micro/nanoparticles of various shapes, e.g.
spherical, disk-shaped, and cuboid micro/nanoparticles. Furthermore, we also investigate the
influence of the misalignment of a real lens system on the tiny focal spots. We find that tiny focal
spots can still be generated even though they are distorted due to the misalignment.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A focal spot with as small a lateral size as possible is desired, not only for high-resolution
microscopy [1–3], but also in optical lithography, optical data storage, and laser machining.
However, lateral spot size is restricted by the diffraction limit investigated by Rayleigh [4] and
Abbe [5]. In recent years, various methods have been proposed to obtain an ever-smaller lateral
size of the focal spot. Quabis et.al. found, through numerical investigations, that the focusing of a
radially polarized beam with an annular aperture results in an even smaller focal spot (∼ 0.16 λ2)
in air compared to the diffraction limit by linear polarization (∼ 0.26 λ2) [6]; later, experimental
results measured with the knife-edge method [7,8] by focusing with NA = 0.9, validated the
numerical prediction [9]. Additional experiments managed to provide an even smaller focal spot
(∼ 0.07 λ2) [10] by focusing in the immersion oil with NA = 1.4. The size of the focal spot when
linearly, circularly, and radially polarized fields are used in combination with an annular aperture
is investigated numerically in [11] and is reviewed in [12]. Some authors also demonstrated the
sub-diffraction focusing by using a mask based on the concept of superoscillation [13–17].

Besides the investigation of the polarization of the beams and the types of apertures/masks
which influence the size of the focal spot, other authors added a microsphere in the focal region
of the convectional microscopy system, which is called microsphere-based microscopy [18–20],
to demonstrate super resolution experimentally. However, the focal spot behind the microsphere
was demonstrated numerically only by assuming the ideal plane wave illumination [21,22]. Later
an engineered microsphere added in the focal region of a conventional microscopy system with
radially polarized beam was proposed [23]. A focal spot, which was called nanojet, with the size
∼ 0.14 λ2 behind the engineered microsphere, was demonstrated numerically [23].

In the present work, with a similar aim in mind, we do the vectorial physical-optics modeling
of the focusing of an electromagnetic field through a dielectric micro/nanoparticle of size
comparable to the wavelength. The focused field on the micro/nanoparticles is obtained with
linearly, circularly, and radially polarized input fields with both circular and annular apertures,
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shown in Fig. 1. The micro/nanoparticles have spherical, disk, and cuboid shapes. The tiny focal
spots with the sizes down to ∼ 0.05 λ2 are found in air behind the particles. It is smaller than
the previously reported size, ∼ 0.14 λ2 with a similar configuration. This merit is addressed for
the first time in the literature to the authors’ best knowledge. The size of the focal spot behind
the micro/nanoparticle is investigated and analyzed. Besides an idealized aplanatic lens which
satisfies the Abbe sine condition, shown in Fig. 1, the misalignment of a real lens system, shown
in Fig. 2, and its influence on the focal spot behind the micro/nanoparticle are also investigated
for the first time to the authors’ best knowledge.

Fig. 1. (a) Schematic of focusing through a micro/nanoparticle by ideal lens. Ro is the
radius of the aperture. Ri is the radius of the inner block. Ds denotes the diameter of the
spherical particle. Dd denotes the diameter of the disk-shaped particle. Td denotes the
thickness of the disk-shaped particle. Dc denotes the lateral size of the cuboid particle. Tc

denotes the thickness of the cuboid particle. (b) The corresponding field tracing diagram.

This paper is structured as follows: in Sec. 2 the theory we employ for the vectorial
physical-optics modeling of the entire system is formulated and presented, complemented by
the corresponding field tracing diagram; in Sec. 3 the numerical results of the focusing through
different shapes of micro/nanoparticles by an ideal lens are presented and analyzed; in Sec. 4 the
numerical results for the influence of the misalignment of a real lens system are presented and
analyzed.
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Fig. 2. (a) Schematic of focusing through a micro/nanoparticle by real lens. (b) The
corresponding field tracing diagram.

2. Field tracing techniques

To propagate electromagnetic (EM) vectorial fields through an entire optical system rigorously,
one can apply different Maxwell’s equations solvers [24], e.g. Finite Difference Time Domain
(FDTD), Finite Element Method (FEM), Fourier Modal Method (FMM). These methods require
heavy computational effort, thus making them impractical for this application. Therefore, we
apply the field tracing concept, by tearing the optical system into several regions and, in each
region, applying the appropriate field solver for Maxwell’s equations. Then the solutions of each
of the individual regions are interconnected sequentially or non-sequentially [25]. In this manner
the full modeling of the entire system is achieved without sacrificing the calculation accuracy and
with full consideration of the vectorial effects in the system, while still having quite reasonable
computational speed.

2.1. Source model

To start the field tracing, a vectorial field representing the source light can be generated in the
space domain, denoted by [x, y]⊺, or in the spatial-frequency domain, also called Fourier domain
for short, denoted by [kx, ky]

⊺ as shown in Fig. 1(b) and Fig. 2(b). x and y are the coordinates of
space domain. kx and ky are the coordinates of Fourier domain. In this paper, we generate the
Gaussian fields as the source in space domain shown by Ein in Fig. 1 and Fig. 2.

For the linearly and circularly polarized sources, the source field is a Hermite Gaussian wave:

E⊥ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
Ex0 exp

[︄
−

x2 + y2

w2
0

]︄
Ey0 exp

[︄
−

x2 + y2

w2
0

]︄
exp [iσ]

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (1)
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where E⊥ = [Ex, Ey]
⊺ represents the transverse components of the electric field. w0 is the radius

of the waist of the Gaussian wave. σ is the phase delay to define the linear (σ = 0) and circular
(σ = π/2) polarizations.

For the radially polarized source, it is defined as: [3]
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, (2)

where H0 and H1 are the zeroth and first orders of the Hermite polynomial.

2.2. Operators for components

Then the EM field of the source propagates through the entire system. In the framework provided
by field tracing, the effects of the curved surface of the lens systems and the micro/nanoparticles
are modeled with different operators as indicated in Fig. 1(b) and Fig. 2(b), a mathematical
construct which contains the information of how a component of the system modifies an input
field. The operators can be calculated by different field solvers, depending on the nature of
the components. This concept allows us to combine in a single simulation lens systems and
micro/nanoparticles.

We applied this concept to both previously mentioned cases: 1) When the focus of the field on
the micro/nanoparticle is obtained by an idealized aplanatic lens, shown in Fig. 1; and (2) when
the focus of the field on the micro/nanoparticle is obtained by the misaligned real lens system
shown in Fig. 2.

2.2.1. Curved surfaces

In both cases, the focusing systems consist of a high numerical-aperture (NA) objective lens. In
the idealized aplanatic case, the objective lens is interpreted as a fictitious curved surface [26]. In
the real lens system case, the collimating and objective lenses consist of different complex lenses.
The lenses consist of real curved surfaces separating different homogeneous media. In both cases,
the operator are computed in the framework of the Local Plane Interface Approximation (LPIA)
[26–29] in the space domain, denoted by B as shown in Fig. 1(b) and Fig. 2(b), to propagate the
field through the lenses vectorially with high accuracy and relatively fast computaional speed
[29] as:

Eout
⊥ (ρout; zout) = B(ρout, ρin;∆Z)Ein

⊥(ρ
in; zin), (3)

where ρout = [xout, yout]⊺ and ρin = [xin, yin]⊺ represent the spatial coordinates at the output and
input planes respectively. ∆Z = zout − zin denotes the propagation distance along z direction
through the component. zin and zout are the positions of the input and the output electric fields in
z directions, respectively.

2.2.2. Micro/nanoparticles

Besides the focusing system with the lenses, in both cases, there are micro/nanoparticles involved
near the focal region. The operators for the micro-/nano-structures, denoted by B̃ as shown in
Fig. 1(b) and Fig. 2(b), are calculated rigorously and therefore vectorially in the Fourier domain,
to propagate the EM field through the micro/nanoparticles:

Ẽout
⊥ (κout; zout) =

∬
B̃(κout, κ in;∆Z)Ẽin

⊥(κ
in; zin)dκ in, (4)

where κout = [kout
x , kout

y ]⊺ and κ in = [kin
x , kin

y ]
⊺ represent the spatial-frequency at the output and

input planes respectively. This modeling step is interpreted as several input plane waves with
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different spatial frequency interacting with the structure and generating the corresponding output
spectrum. The operator for the spherical micro/nanoparticle is calculated by Mie theory [30–32].
And the operators for disk-shaped and cuboid micro/nanoparticles are calculated by FMM with
Perfectly Matched Layers (PMLs) based on the S-matrix [24,33–35]. Please note that the operator
for a spherical micro/nanoparticle can also be calculated by FMM with PMLs, but with very
slow computational speed. Therefore, we take the Mie theory instead.

2.3. Operators for free-space propagation

In-between the different components of the system there are stretches of free space. This also
includes the homogeneous media sandwiched between the surfaces of a lens, as well as, evidently,
the air filling the gaps between components. We propagate the EM field rigorously via the
propagation (P) operator, denoted by P̃ as shown in Fig. 1(b) and Fig. 2(b), in the Fourier domain:

Ẽout
⊥ (κout; zout) = P̃(κout, κ in;∆Z)Ẽin

⊥(κ
in; zin), (5)

where κout = κ in. P̃ is discussed in detail in [36].

2.4. Fourier transforms

After reviewing the field tracing diagram in Fig. 1(b) and Fig. 2(b), we know that the Fourier
Transforms (FT) between the space domain (ρ,ω) and the Fourier domain (κ,ω) are also essential
to complete the entire modeling. They are applied to transform the vectorial field between the
two domains:

Ẽ(κ ) = Fκ

[︁
E(ρ)

]︁
, (6a)

E(ρ) = F−1
κ

[︁
Ẽ(κ )

]︁
. (6b)

In order to accelerate the computational speed of the FT, the Homeomorphic Fourier Transform
(HFT) [37,38], also sometimes called geometric Fourier transform [39], on the basis of the
stationary phase approximation is performed. The determination of the situation when HFT is
performed, is based on a calculation of the accuracy of the HFT with respect to the FFT. The
Inverse HFT (IHFT) is applied in stead of Inverse FFT (IFFT) with the same logic.

2.5. Detector model

Focal spot is defined as electric energy density:

we ∝ ||E| |2 = |Ex |
2 + |Ey |

2 + |Ez |
2, (7)

where Ez can be obtained by Fourier transform of Ẽz, follwing the equation Ez = F −1
κ

(︁
Ẽz

)︁
. Ẽz is

calculated by the Gauss’s law, ∇ · E = 0, of Maxwell’s equations in Fourier domain, following
the equation:

Ẽz =
kxẼx + kyẼy

−kz
, (8)

where kz is the z component of the wavevector k.
In the following sections, we normalize the above-defined electric energy density to simplify

the demonstration of the numerical experimental results as:

wNor
e =

we − wMin
e

wMax
e − wMin

e
. (9)

The size of the spot δ is defined as the area divided by square of the wavelength λ. The area
is defined where the energy density is above half the maximum. It is in accordance with the
definition in [9–11].



Research Article Vol. 29, No. 2 / 18 January 2021 / Optics Express 2337

2.6. Summary

How the above-mentioned field tracing techniques are applied to the following numerical
experiments is summarized in Table 1. All of the above-mentioned algorithms are implemented
in the software VirtualLab Fusion [40], with which all of the following numerical experiments
and analyses are performed.

Table 1. Summary of the applications of field tracing techniques.

B B̃ Fκ&F−1
κ

id
ea

ll
en

s(
Fi

g.
1) only focusing LPIA:ideal no HFT&IFFT

through spherical particle LPIA:ideal Mie HFT&IFFT

through disk-shaped particle LPIA:ideal FMM HFT&IFFT

through cuboid particle LPIA:ideal FMM HFT&IFFT

re
al

le
ns

(F
ig

.2
)

only focusing LPIA:real no HFT&IHFT
but IFFT for the last one

through spherical particle LPIA:real Mie HFT&IHFT
but IFFT for the last one

through disk-shaped particle LPIA:real FMM HFT&IHFT
but IFFT for the last one

through cuboid particle LPIA:real FMM HFT&IHFT
but IFFT for the last one

3. Focusing through a micro/nanoparticle with an ideal lens

In the first simulation, we assume an idealized aplanatic lens, which satisfies the Abbe sine
condition. We show the entire simulation results in two steps: 1) only focusing by the lens system
to obtain the focused field at the focal plane, and 2) the focused field propagates through the
spherical, disk-shaped, and cuboid micro/nanoparticles.

3.1. Focused spots of an ideal lens

We perform the numerical experiments for three different polarizations of the incident field:
linearly (in y direction), circularly, and radially polarized beams. For each of the polarizations,
circular and annular apertures are used. As indicated in Fig. 1(a), the input field is a Gaussian
wave with a radius (1/e2) which is 94% of the radius of the aperture Ro. We use the ratio of
the radius of the inner block to the radius of the outer aperture, written as Ro/Ri × 100% which
is illustrated in Fig. 1(a), to define the size of the annular aperture. The size of the annular
aperture for linearly, circularly, and radially polarized light are chosen to be 65%, 75%, and 90%
respectively. The reason is that the smallest focal spots can be obtained [11] as well as enough
energy passes through the annular aperture. The ideal lens has a numerical aperture (NA) of 0.95
in air. The wavelength of the incident field is 632.8 nm in accordance with the parameters in
[26,41].

The focal spots produced by the focusing lens system at the focal plane are shown in Fig. 3.
By measuring the sizes of the focal spots, we have the same conclusion as in [11] that the size
of the radially polarized beam is smaller than the linearly and circularly polarized beams. The
reason comes from the smaller size of Ez component which is shown in [11]. The use of an
annular aperture further decreases the size of the focal spots by further decreasing the size of Ez
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component which is shown in [11]. The sizes of the focal spot are noted in the corresponding
figures in yellow.

Fig. 3. Energy densities obtained by only focusing by the idealized aplanatic lens. The
sizes of the focal spot are noted in the corresponding figures in yellow.

3.2. Focusing through a micro/nanoparticle

Then we add a spherical, a disk-shaped or a cuboid micro/nanoparticle in the focal region and
analyze its effect on the focus. The micro/nanoparticles are dielectric with refractive index
np = 1.79. The size of the spherical particle is characterized by its diameter Ds, shown in
Fig. 1(a). The size of the disk-shaped particle is characterized by its diameter Dd and thickness
Td, shown in Fig. 1(a). The size of the cuboid particle is characterized by its lateral lengths Dc

which are assumed equal, and thickness Tc, shown in Fig. 1(a). All these size-related quantities
are scaled by the wavelength for easy demonstration.

3.2.1. Spherical particle

As shown in Fig. 4, we scan the parameter space defined by the diameter of the spherical particle
Ds/λ and the longitudinal distance between the center of the particle and the focal plane ∆z/λ.
By doing so, we like to find the parameter combination that corresponds to the smallest focal
spot behind the spherical particle. Please note that the tiny focal spot is obtained just behind the
particle. The position of the tiny focal spot is irrelevant to the focal plane. The focal plane is
defined only by the focusing lens, which does not consider the particle yet. As a result of this
analysis, we find the smallest spots for linearly and circularly polarized beams in both circular
and annular apertures are around ∼ 0.08 λ2 in Fig. 4(a), (b), (d), and (e). The smallest spots for
radially polarized beams in both circular and annular apertures are around ∼ 0.05 λ2 in Fig. 4(c)
and (f). They are all beyond the diffraction limit as compared with Fig. 3. The reason is that
the resonant effect of the spherical micro/nanoparticle generates evanescent waves which make
the focal spots tiny ones. By comparing the circular (Fig. 4(a)-(c)) and annular (Fig. 4(d)-(f))
cases, we find that the size of the focal spot is less sensitive to the longitudinal position of the
micro/nanoparticle in the case of an annular aperture. The reason for this is the optical needle
effect [42] in the focal region by the lens system when annular aperture is applied.

The tiny focal spots are shown in Fig. 5 with the size and longitudinal position marked by
"X" in Fig. 4. The dashed white circle represents the projection of the spherical particle on
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the detection plane. The size is comparable to the wavelength. The tiny spots in the radially
polarized case have less aberration compared to the linearly and circularly polarized cases. By
comparing with the diffraction limited focal spots in Fig. 3, the decrease in the size of the focal
spot behind the spherical particle is clearly demonstrated.

Fig. 4. Scan of the parameter space (diameter of the spherical particle Ds/λ and distance
from center of the particle to focal plane ∆z/λ) to locate the parameter combination that
minimizes the resulting spot size. The "X" is where the parameters are taken for the results
in Fig. 5. The color scale represents the spot size.

Fig. 5. Energy densities obtained by focusing the field through spherical micro/nanoparticles.
The dashed white circle represents the projection of the spherical particle on the detection
plane.
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3.2.2. Disk-shaped particle

The spherical particle has concave surfaces. Therefore, it is straightforward to interpret the fact
that it has a focusing effect. If the particle is disk-shaped with planar surfaces, does it still have
a focusing effect? To answer this question, we follow an analogous procedure to that of the
previous subsection 3.2.1. As shown in Fig. 6, first, we scan the diameter Dd of the disk-shaped
particle and the longitudinal distance between the center of the particle and the focal plane ∆z by
making the thickness constant Td = 1 λ. Then, we choose the smallest focal spots as indicated
by the white "X" and scan the thickness Td. The smallest focal spots are selected, as indicated
by the red "X". We find the smallest spots for linearly and circularly polarized beams in both
circular and annular apertures are around ∼ 0.10 λ2 in Fig. 6(d), (e), (j), and (k). The smallest
spots for radially polarized beams in both circular and annular apertures are around ∼ 0.06 λ2

in Fig. 6(f) and (l). They are larger than in the case of a spherical micro/nanoparticle but still
beyond the diffraction limit, which means evanescent waves are also generated in this case. They
are generated by resonant effects involving the entire disk, not only its planar surfaces. Without
the presence of the side walls, i.e. if instead of the micro/nanoparticle there were only a planar
slab, the focusing effect will not occur because no evanescent waves can be generated according
to the phase matching condition.

Fig. 6. Scan of the parameter space (diameter of the disk-shaped particle Dd/λ and
distance from center of the particle to focal plane ∆z/λ in (a)-(c) and (g)-(i), thickness of the
disk-shaped particle Td/λ in (d)-(f) and (j)-(l) ) to locate the parameter combination that
minimizes the resulting spot size. The white "X" is where the parameters are taken for the
results in the corresponding figures below. The red "X" is where the parameters are taken
for the results in Fig. 7.
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The tiny focal spots are shown in Fig. 7. The projecion of the disk-shaped particle on the
detection plane is indicated by the dashed white circles. On the other hand, the focal spots behind
the planar slabs, which have the same material and thickness as the corresponding disk-shaped
particles, are shown in Fig. 8 with the size noted in yellow which validates the above deduction
numerically.

Fig. 7. Energy densities obtained by focusing the field through a disk-shaped mi-
cro/nanoparticle. The dashed white circle represents the projection of the disk-shaped
particle on the detection plane.

Fig. 8. Energy densities obtained by focusing the field through a planar slab which has the
same thickness of the corrensponding disk-shaped micro/nanoparticle in Fig. 7.
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3.2.3. Cuboid particle

The cuboid particle, which is rarely discussed in the literature, should also provide the focusing
effect because it has side surfaces which have the potential to provide the resonant effect.
Therefore, to prove this hypothesis, we perform the same procedure as before, as shown in Fig. 9.
We find the smallest spots for the linearly and circularly polarized beams in both circular and
annular apertures are around ∼ 0.12 λ2 in Fig. 9(d), (e), (j), and (k). The smallest spots for the
radially polarized beam in both circular and annular apertures are around ∼ 0.08 λ2 in Fig. 9(f)
and (l). They are larger compared to the spherical and disk-shaped particle cases. The reason
might be that the planar surfaces provide a less effective resonant effect than the curved surfaces.
And the shape edges and corners introduce more scattering of the light. But the size of the focal
spots is still beyond the diffraction limit. The tiny focal spots are shown in Fig. 10.

Fig. 9. Scan of the parameter space (lateral size of the cuboid particle Dc/λ and distance
from center of the particle to focal plane ∆z/λ in (a)-(c) and (g)-(i), thickness of the cuboid
particle Tc/λ in (d)-(f) and (j)-(l) ) to locate the parameter combination that minimizes the
resulting spot size. The white "X" is where the parameters are taken for the results in the
corresponding figures below. The red "X" is where the parameters are taken for the results
in Fig. 10.
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Fig. 10. Energy densities obtained by focusing the field through certain cuboid mi-
cro/nanoparticles. The dashed white square represents the projection of the cuboid particle
on the detection plane.

4. Misalignment investigation by real lenses

When carrying out such an experiment in a real laboratory, naturally a real lens system must
be employed. Therefore, we would like to perform a physical-optics simulation of the real lens
system to guide the experiment. In this numerical experiment, the collimating lens consists of
three spherical surfaces with an effective focal length of 40 mm, as shown in Fig. 11(a). The
objective lens, placed 150 mm behind the collimating lens, is apochromatic, consisting of sixteen
spherical surfaces with NA = 0.95, as shown in Fig. 11(b). They are taken from the catalog of the
commercial company Edmund Optics and from a US patent [43] respectively. The incident fields
are Gaussian beams with a waist radius (1/e2) of w0 = 3 µm generated by a fiber laser. After
collimation, the beam has a diameter of ∼ 94% of the entrance pupil diameter of the objective.
The wavelength is 632.8 nm. The annular apertures for linearly, circularly, and radially polarized
beams are 65%, 75%, and 90% respectively, in accordance with the ideal lens case in Sec. 3.

Fig. 11. Cross section of the real lens system including the collimating lens and the objective
lens adapted from Ref. [26].
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4.1. Focused spots of a real lens

The details of focusing only by the real lens are discussed in [26]. In this paper, we take the case
in which the source has a lateral misalignment of −200 µm and 200 µm in x and y directions
respectively. The focused spots are shown in Fig. 12. The focal spots are distorted due to the
aberration from the real lens system when the source is misaligned.

Fig. 12. Distorted energy densities obtained by focusing only with a misaligned real lens.

Fig. 13. Distorted energy densities obtained by focusing through the spherical mi-
cro/nanoparticles with a misaligned real lens. The dashed white circle represents the
projection of the spherical particle on the detection plane.
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4.2. Focusing through a micro/nanoparticle

Then we focus the distorted focused spots through the previously investigated spherical
(Fig. 5), disk-shaped (Fig. 7), and cuboid (Fig. 10) micro/nanoparticles. The center of the
micro/nanoparticle coincides with the maximum value of the distorted spots in Fig. 12. The
focal spots behind each of the micro/nanoparticles are shown in Fig. 13, Fig. 14, and Fig. 15 for
spherical, disk-shaped, and cubic micro/nanoparticles respectively. We can see the tiny focal
spots are also distorted as expected. In this real lens situation, we can see from Fig. 13, Fig. 14,
and Fig. 15 that the tiny focal spots in the annular aperture case have more distortions compared

Fig. 14. Distorted energy densities obtained by focusing through the disk-shaped mi-
cro/nanoparticle with a misaligned real lens. The dashed white circle represents the
projection of the disk-shaped particle on the detection plane.

Fig. 15. Distorted energy densities obtained by focusing through the cuboid mi-
cro/nanoparticle with a misaligned real lens. The dashed white square represents the
projection of the cuboid particle on the detection plane.
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with the ones in circular aperture case in general. The reason is that the majority of the electric
field in the circular aperture case is in the center part of the lens system. It is relatively more
difficult to be influenced by the misalignment of the system. While the majority of the electric
field in the annular aperture case is closer to the edge of the lens system, which is easier to be
influenced by the misalignment of the system. Even though the distortions appear, the tiny focal
spots property is still obtained.

5. Summary and conclusion

We have investigated the focusing of linearly, circularly, and radially polarized beams through
spherical, disk-shaped, and cuboid micro/nanoparticles with sizes comparable to the wavelength.
The tiny focal spots are generated behind the variously shaped micro/nanoparticles. The size
of the tiny focal spots can be reduced down to ∼ 0.05 λ2 with a radially polarized beam and a
spherical micro/nanoparticle. Linearly and circularly polarized beams combined with disk-shaped
and cuboid micro/nanoparticles also generate tiny focal spots which are beyond the diffraction
limit due to a resonance effect. The real lens system can distorts the tiny focal spots should there
be misalignment in the system. But they are still tiny spots beyond the diffraction limit in the
investigated cases.
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