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In the rigorous electromagnetic simulation of an imag-
ing system, the evanescent waves from a point source or
from a sample are naturally mixed with the propagative
waves. Therefore, their contributions are difficult to distin-
guish. We present a point-source model made of only the
evanescent waves. To illustrate its potential, the model is
applied to the study of the evanescent-wave contribution in
microsphere-assisted microscopy (MAM). The contribution
of the evanescent waves in the microsphere imaging process
is clearly demonstrated. However, we also show that this con-
tribution is not enough to justify the super-resolution. The
destructive interference between two close point sources may
be the key physical phenomenon. © 2024 Optica Publishing
Group. All rights, including for text and data mining (TDM), Artificial
Intelligence (AI) training, and similar technologies, are reserved.
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The relevant numerical tools to investigate the performance
of an imaging system depend on the size, the aperture, and
the working distance of the optical elements. In the paraxial
hypotheses, when the diameter of lenses is larger than the wave-
length or the aperture is smaller, or when the image is in the far
field, ray-tracing methods appear to be well-adapted [1]. Fourier
optics can be used to include the wave nature of light in the
imaging process, e.g., to estimate the point spread function or
to simulate diffractive optical elements [2]. However, rigorous
vectorial electromagnetic simulations are required for smaller
optical elements, larger numerical aperture, or smaller work-
ing distances. In this case, Maxwell equations or the vectorial
propagation theory is thus needed. Moreover, the propagation of
the evanescent waves must be included in the propagation pro-
cess when the distance between the object plane and the lens is
comparable to the wavelength of light, such as in microsphere-
assisted microscopy (MAM) [3,4]. In MAM [5], as well as
in scanning near-field optical microscopy [6], solid immersion
microscopy [7], and imaging using superlenses and hyperlenses
[8], the evanescent waves are converted into propagative waves

and contribute to the image in the far field. Compared to the
SNOM or to the PALM/STORM techniques [9,10], MAM is
a full-field label-free imaging technique, enabling to achieve a
sub-diffraction-limit resolving power [11]. A dielectric micro-
sphere placed at a distance smaller than 1 µm from the sample
provides a magnified virtual image with a resolution of λ/5
in air and λ/7 in immersion [12,13]. A classical microscope
lens or ball-lens collects then the image [14]. However, if its
resolving power has been experimentally demonstrated in 2011
by Wang et al. [12], the physical understanding is up to now
not clearly defined. Several models and concepts have been
proposed such as the ability of a dielectric micro-particle to
generate a photonic jet (PJ). This is a beam focused by the
microsphere beyond the diffraction limit at the mesoscale. How-
ever, the PJ width is larger than the experimentally reached
resolutions [15,16]. The role of whispering-gallery mode reso-
nances within the microspheres has also been studied [17]. But
the numerical demonstration was performed by implementing
two point sources without indicating the specific contribution of
the evanescent waves from the point sources to the image for-
mation. The ability of the microspheres to convert evanescent
in propagative waves [18], deduced from experimental observa-
tions [19,20], has been theoretically demonstrated in 2021 [5].
However, the complete description of the imaging process was
missing. Finally, the role of coherence in the imaging process has
been pointed out where two point objects need to be out of phase
in order to be resolved [21]. In the theoretical investigations of
the imaging process mentioned before, rigorous electromag-
netic simulations have been used with two families of method
to describe the object: (1) using direct point sources (gener-
ally oscillating dipoles) and (2) considering secondary sources,
which are the real objects illuminated by a classical source (plane
wave, focused wave, or Khöler source). However, an important
limitation of these techniques is that they do not allow the sep-
aration of the contributions of the evanescent waves and the
propagative ones. While a super-resolved image has been pre-
dicted, the underlying physical phenomenon has not necessarily
been identified.
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Fig. 1. Theoretical description of the electric field of two evanes-
cent point sources. (a) Amplitude of the electric field E(x) of the two
point sources in the object plane (y= 0 µm). (b) Frequency-domain
decomposition of E(x) as a function of the wavenumber kx.

In this work, we propose a new kind of source: the evanes-
cent point source where the point source is only composed of
evanescent-wave components. Applied to helping in the under-
standing of the imaging process of MAM, we show that while a
microsphere is able to image such an evanescent point source,
unfortunately it is not sufficient to explain the super-resolution.
The destructive interference between the images of two close
point sources, possibly due to the short optical path differences
involved, seems to be the main explanation. This evanescent
point-source model opens new possibilities to investigate many
other micro-systems for applications from imaging to a sensor.

The model of the evanescent point source is defined in two
dimensions in the (0, x, y) plane. The object plane lies in the
x-direction at y= 0 µm and the wave is evanescent in the y-
direction, with ky an imaginary number. The wavenumber along
the x-direction can thus be defined as kx =

√︂
k2

0 − k2
y , with kx>k0

corresponding to high spatial frequencies in the object plane.
In optical imaging, these spatial frequencies correspond to the
details to resolve.

In our model, the free space wavelength is λ0 = 600 nm, and
the two in-phase point sources are separated by a distance d
smaller than half a wavelength (d = 200 nm). Their half-width
at 1/e of the electric field norm is W = 50 nm as illustrated in
Fig. 1(a). The electric field along the x-direction is given by
Eq. (1):

E(x) = E0 exp
(︃
−x2

W2

)︃
∗(δ(x − d/2) + δ(x + d/2)), (1)

where δ(x) is the Dirac distribution. In the frequency domain,
the electric field Ê(x) is retrieved by the Fourier transform the
E(x) (Eq. (2)), and the corresponding angular spatial frequencies
are shown in Fig. 1(b):

Ê(kx) = 2
√
πWE0 exp (−W2k2

x/4) cos (kxd/2). (2)

The kx axis has been divided into 19 kx,n values (= 2P+1, with
P= 9) from −0.1 nm−1 to 0.1 nm−1 by a step ∆kx = 0.1/9 nm−1/P.
The point sources may be ideally generated by summing these
19 waves, each one having an amplitude Ê(kx,n). Most of these
waves, when kx>2π/λ0 (kx > 0.01047 nm−1), are evanescent in
the y-direction.

These evanescent waves can be obtained by total internal
reflection, using a dielectric substrate with a high refractive
index (n= 10) placed under the object plane. To generate an
evanescent wave having a tangential vector kx, a plane wave
with an incident angle θi = asin(kx/(ko × n)) can be used. The

Fig. 2. (a) Electric field Ez of the evanescent point sources
obtained by summation of the total internal reflections. (b) |Ez |,
interaction of the evanescent point sources in phase with a 3 µm
microsphere (n2 = 1.5). λ0 = 600 nm. The microsphere is illustrated
in a white dashed line.

angle θi must be larger than the critical angle θc = asin(1/n),
reaching, in our case, θc = 5◦. The normal vector kx = 0 nm−1

(corresponding to θc = 0◦), the only one that would correspond
to a propagative wave is removed.

Periodic pairs of point sources along the x axis, as well as
the superposition of the total internal reflections, are shown
in Fig. 2(a). The period between two evanescent point sources
is determined by the sampling in the frequency domain kx. The
resulting wave is stationary along the x-direction and the evanes-
cent wave along the y-direction. Compared to oscillating dipoles,
light does not propagate in the y-direction. Out-of-phase point
sources can also be considered where their electric field is given
by Eq. (3) and their angular spatial spectrum by Eq. (4):

E(x) = E0 exp
(︃
−x2

W2

)︃
∗(δ(x − d/2) − δ(x + d/2)), (3)

Ê(kx) = 2i
√
πWE0 exp (−W2k2

x/4) sin (kxd/2). (4)

The imaging process in MAM is investigated using this new
model of evanescent point sources. A 3-µm-diameter micro-
sphere with a refractive index of 1.5 is introduced above the
two point sources. Figure 2(b) shows the electric field norm
|E |. The light emanating from the point sources is coupled
inside the microsphere. This coupling has already been stud-
ied in Ref. [5]. Internal reflections appear inside the sphere and
create an internal stationary state. Moreover, outgoing waves
propagate in the far field, confirming the ability of a micro-
sphere to convert evanescent waves into propagating waves. In
Fig. 2(b), two maxima of intensity can be observed near the
top of the microsphere which could initially be interpreted as
a real image of the point sources. However, when a translation
of the two point sources in the object plane is implemented,
the two maxima do not experience an equivalent translation
(taking into account the magnification) in the image-like plane.
In reality, the image is virtual. In order to simulate the virtual
image generation, the following trick can be used: the outgoing
wave is captured at the top of the simulation windows and, then,
used in a time-reversal propagation in free space without the
microsphere, nor the substrate, as explained in Ref. [21]. Fig-
ure 3(a) shows the virtual image of the two in-phase evanescent
point sources through the microsphere. Only one image feature
appears. The two points are thus not resolved despite the contri-
bution of the evanescent waves. A similar result is observed in
Fig. 3(c) when classical in-phase point sources (i.e., two dipoles)
are imaged. This numerical analysis shows that the origin of the
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Fig. 3. Backpropagation of the electric field from two point
sources by using the time-reversal propagation algorithm. Evanes-
cent point sources are (a) in phase and (b) out of phase. Classical
point sources (oscillating dipoles) are (c) in phase and (d) out of
phase. The image plane is illustrated in a black-dashed line.

super-resolution phenomenon cannot be explained only by the
evanescent contribution of the object.

On the other hand, Figs. 3(b) and 3(d) show the virtual images
from two out-of-phase evanescent source and classical sources,
respectively. Two distinct images of points appear. The features
of the object are resolved by the microsphere due to the destruc-
tive interference between their images. A profile of the intensity
in the image plane for the out-of-phase evanescent point sources
(Fig. 3(b)) is shown in Fig. 4.

This work presents the concept of evanescent point sources
and its numerical implementation. The size of each source and

Fig. 4. Norm of the electric field E(x) in the virtual image plane
(Fig. 3(d)).

the distance between them are smaller than half a wavelength.
Generated in the object plane by summing the total internal
reflections, these sources do not have any wave propagation
in the far field, compared with classical oscillating dipoles.
Using these sources, we have investigated the imaging process
of microsphere-assisted microscopy. The ability of the micro-
spheres to convert evanescent waves into propagating waves in
the far field is confirmed as demonstrated in Ref. [5]. Moreover,
their ability to image the evanescent point sources is demon-
strated for the first time. However, this phenomenon appears to be
insufficient to justify the super-resolution imaging. Indeed, only
the out-of-phase point sources are resolved. The super-resolution
phenomenon through the microspheres may be therefore due to
the phase difference along the object plane, as suggested in Ref.
[22]. Interference may also be experimentally possible despite
the low coherence source used in the experimental setup. In real-
ity, the coherence of light must be lower than the optical path
difference and the small size of the microspheres. These obser-
vations are in good agreement with the recent paper of Maslov
[22] where the sub-diffraction-limit phenomenon was demon-
strated only considering the coherence of light. Maslov has also
shown that the total internal reflections inside the microsphere
(also named whispering-gallery mode), excited by the evanes-
cent waves from the object, contribute not by their far-field
conversion but by their re-illumination of the object. Moreover,
as has been demonstrated for several microscopy techniques,
when the imaging is applied close or beyond the diffraction
limit, the resolution estimation also depends on the material
properties and on the applied estimation technique (PSF, MTF,
etc.) [13,23].
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