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SPECIAL TOPIC — Optical field manipulation

Near-field multiple super-resolution imaging from Mikaelian lens
to generalized Maxwell’s fish-eye lens

Yangyang Zhou(Ji#%FH) and Huanyang Chen([4/BH)"

Institute of Electromagnetics and Acoustics and Department of Physics, College of Physical Science and Technology,
Xiamen University, Xiamen 361005, China

(Received 3 February 2022; revised manuscript received 25 February 2022; accepted manuscript online 14 March 2022)

Super-resolution imaging is vital for optical applications, such as high capacity information transmission, real-time
bio-molecular imaging, and nanolithography. In recent years, technologies and methods of super-resolution imaging have
attracted much attention. Different kinds of novel lenses, from the superlens to the super-oscillatory lens, have been
designed and fabricated to break through the diffraction limit. However, the effect of the super-resolution imaging in these
lenses is not satisfactory due to intrinsic loss, aberration, large sidebands, and so on. Moreover, these lenses also cannot
realize multiple super-resolution imaging. In this research, we introduce the solid immersion mechanism to Mikaelian lens
(ML) for multiple super-resolution imaging. The effect is robust and valid for broadband frequencies. Based on conformal
transformation optics as a bridge linking the solid immersion ML and generalized Maxwell’s fish-eye lens (GMFEL), we
also discovered the effect of multiple super-resolution imaging in the solid immersion GMFEL.

Keywords: multiple super-resolution imaging, Mikaelian lens, generalized Maxwell’s fish-eye lens, conformal

transformation optics
PACS: 42.30.-d, 78.67.Pt

1. Introduction

The resolution of the conventional lens is inherently con-
strained by the diffraction limit, wherein the spatial informa-
tion of features smaller than one-half of the wavelength ex-
ponentially decays and cannot be transferred to the far field.
Although near-field scanning optical microscope has achieved
super-resolution by collecting the evanescent field in close
proximity to the object,!!! this serial technique suffers from
the slow scanning speed and non-negligible near-field per-
turbation preventing its application in real-time imaging. A
perfect lens,?! relying on negative index materials>*! to re-
store evanescent wave at the imaging point, as a first step to-
wards real-time imaging was proposed. Following the concept
of the perfect lens, a series of superlenses>'!l were fabri-
cated to project the sub-diffraction-limited imaging at the near
field of the superlens. Later, a hyperlens!'?! was designed
to far-field super-resolution imaging by metamaterials with
hyperbolic dispersion supporting the propagating waves with
very large spatial wave vector. Utilizing alternating metal—
dielectric structure in a curved geometry and other metama-
terial structures, optical hyperlenses were fabricated!'>~13! to
project the sub-diffraction-limited magnified imaging at the
far-field. However, for these designs both the superlens and
hyperlens, insurmountable manufacturing challenges and in-
trinsic losses from the lens are big obstacles to the applica-
tions.

Recently, a series of super-oscillation lenses (short as
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SOLs)!6-18] have been designed and fabricated to achieve
super-resolution focusing without evanescent waves based on

19201 From theoretical analy-

optical super-oscillation theory.!
sis, we can conclude that the resolution of SOL goes to infinity.
However, with the resolution increasing, a large sidebands will
emerge at the focus spots, which will severely constrain the fo-
cusing efficiency. Moreover, the working bandwidth of SOL is
limited to single frequency or some discrete frequency points,
which is another obstacle. As another super-resolution lens,

21221 has been studied extensively

solid immersion lens (SIL)!
through the application of high refractive index (RI) solid ma-
terial and specific geometric optical design.>*->>! The SIL im-
proves the imaging resolution utilizing high RI materials to
transfer electromagnetic waves with high spatial frequency to
the imaging point. So far, many types of SILs have been de-
veloped from conventional structures to novel metamaterials

s.[126-28]1 However, chromatic aberration constrains the

structure
applications scope of SIL.

Gradient refractive index (GRI) lens has been developed
rapidly for its excellent capability to control the propaga-
tion of electromagnetic waves?*~331 and enable focusing or
imaging.3**!1 Among these GRI lenses, the Mikaelian lens
(ML) as a self-focusing cylindrical medium was derived firstly
by Mikaelian in 1951421 and has drawn much attention, due
to its property of self-imaging in geometrical optics./*>#4]
Many applications based on the Mikaelian lens were de-
signed and fabricated from microwave frequency to optical

frequency. [43:43-46]

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

104205-1


http://dx.doi.org/10.1088/1674-1056/ac5d34
kenyon@xmu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 104205 (2022)

In this work, we proposed a solid immersion Mikaelian
lens (SIML) and proved that the SIML can achieve near-field
multiple super-resolution real-time imaging. We found that
SIML provides achromatic aberration imaging. Using con-
formal transformation,*”#3! the SIML was transformed into a
modified solid immersion generalized Maxwell’s fish-eye lens
(SIGMFEL), which can also realize multiple super-resolution
imaging. Although a drain-assisted GMFEL*! with extreme
RI profile also can achieve subwavelength imaging, the drain
located at the imaging position hinders the information col-
lection of the target object, and at same time the informa-
tion of the imaging includes both from the object and from
the drain which the imaging is no longer an intrinsic prop-
erty of GMFEL. Different from the drain-assisted GMFEL,
this modified SIGMFEL only alters the RI profile, maintains
the intrinsic property of GMFEL and circumvents complex
drain. The modified SIGMFEL is easier to realize due to its
RI profile with a feasible range compared with drain-assisted
GMFEL and conventional generalized Maxwell’s fish-eye lens
(GMFEL).%211 We will start from a semi-infinite SIML
and analyze the super-resolution imaging performance of the
SIML. Considering practical applications, a truncated SIML
with finite size and RI distribution of feasible range was pro-
posed and can maintain the super-resolution imaging perfor-
mance to the level of semi-infinite SIML. Later on, utiliz-
ing conformal transformation, a modified SIGMFEL was de-
signed for multiple super-resolution imaging based on the
truncated SIML. The designed truncated SIML and modified
SIGMFEL eliminates the extreme RI. Numerical simulation is
employed to prove the validity of super-resolution imaging by
commercial software COMSOL Multiphysics.

2. Results and discussion

Generally, the Mikaelian lens (ML)*?) is a cylindrical
lens, whose RI profile satisfies ngsech(fr) and decreases
gradually from the center to the edge in the radial direction,
where r is radial distance and ng is the maximum RI along
the symmetric axis, f3 is the gradient coefficient which deter-
mines the focusing period of the lens L = 27/f3. For a two-
dimensional case, the RI can be written as (assuming the sym-
metric axis is along the y axis)

n = ngsech(fx), (D

where n conventionally set as 1 and the RI on the symmet-
ric axis matching RI of the air background. In this case,
figure 1(a) shows one-half of conventional ML (with n = 1,
B =1) located in the region of (0 < x < oo, 0 <y <5L/2)in the
air, and no reflection and evanescent wave emerge at lens/air
interface. Light rays propagate along a sine-like path focus-
ing and the RI profile of ML is shown in Fig. 1(a). Different

from Fig. 1(a), figure 1(b) introduces impedance mismatching

at the lens/air interface by changing n = 3 and the evanescent
wave is ignited at the interface. Due to total internal reflection
(TIR) at the edge of the lens, light rays realize multiple focus-
ing points along the edge of the lens as shown in Fig. 1(b).
By full-wave simulation, we analyze field intensity profile of
the SIML and its performance of imaging at the wavelength of
10 (a.u.). Figures 1(c) and (d) show the field intensity profile
of the conventional ML and SIML and the corresponding full
width at half maximum (FWHM) of which a point source (line
current) (located at x = 0, y = L/2) excites a transverse elec-
tric (TE) cylindrical wave in the lens, respectively. In figures,
the solid red curves represent normalized electric field inten-
sity along the y-axis direction at air imaging plane and the re-
lated FWHMs are marked as well. Clearly, the corresponding
FWHM decreases from 0.984 to 0.394 with n = 1 increas-
ing to 3. It reveals that the resolution of the SIML is below
the diffraction limit 0.54 and keeps the sub-diffraction reso-
lution along the edge of the lens in multiple focusing points.
Predictably, the ML can achieve super-resolution imaging.

To further verify the super-resolution imaging of SIML, a
pair of identical sources with a spacing of (1/3)A are located
at the interface of the lens to excite a TE cylindrical wave at
wavelength of 10 as shown in Fig. 1(f). It shows that the SIML
resolves the two-point sources and realizes super-imaging suc-
cessfully. In the figure, the red solid curve illustrates the nor-
malized field intensity along the y-axis direction from L to L/5
and x = —1 at the air. As comparison, the conventional ML in-
teract with a pair of identical sources with a spacing of (1/3)A
as shown in Fig. 1(c). From the figure, the conventional ML
fails to distinguish the two-point sources, because the elec-
tromagnetic waves with larger wave number than one of vac-
uum exponentially decay and cannot propagate into far-field

[401 By contrast, the semi-infinite SIML suc-

imaging point.
cessfully realizes super-resolution imaging and the solid im-
mersion mechanism is valid for improving the resolution of
the lens. However, this semi-infinite SIML is difficult for fab-
rication and application. The RI profile of the lens along the
x-axis direction gradually decreases to 0. To circumvent the
problem, we truncate the semi-infinite SIML into finite width
to adjust RI ranging from 3 to 1 along the x-axis direction, as
shown in Figs. 1(g) and 1(h). The truncated SIML is located
in the region of (0 < x < arccosh(3), 0 <y < 5L/2). The trun-
cated SIML performance of super-resolution imaging is shown
in Figs. 1(h) and 1(j). Obviously, the functionality of the trun-
cated SIML is identical with that of the semi-infinite SIML.
As a comparison, the imaging of the truncated conventional
ML is plot in Figs. 1(g) and 1(i). The size of the truncated
conventional ML is the same as that of the truncated SIML
and the black solid line represents the boundary of the lens.
In the figures, the truncated conventional ML fails to realize
super-resolution imaging.
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Using an exponential conformal mapping’>3!1 w =

exp(—z(x,y)), a SIGMFEL was designed based on the above
semi-finite SIML with the RI profile n = ngsech(Bx) where
n = 3. We can obtain the RI profile of the SIGMFEL in u—v
space according to the following formula:

dz
dw

. )

ny =N,

By calculation, the RI profile of the designed SIGMFLE is

2n0
(r/R)P+ (r/R)P

where r is the distance from the center of the lens and n rep-
resents ambient RI, and R denotes the radius of SIGMFEL.
Therefore, we derive the RI profile of the SIGMFEL. Accord-
ing to transformation optics, we can deduce that the SIGM-
FEL also achieves super-resolution imaging. To verify the
super-resolution imaging performance of the SIGMFEL, we
choose three different semi-finite SIMLs with § = 0.8, 1, and
1.7 and transformed the three SIMLs into three circular SIGM-
FELs respectively, as shown in Figs. 2(a)-2(c). The size of
these SIGMFELSs are same and the corresponding radius is 60.

Light rays and the related RI profiles are shown in the fig-
ures. For § = 0.8 and 1.7, all the rays emitting from the point
source are converging at the two different points as present in
Figs. 1(a) and 1(c), respectively. For = 1, the GMFEL be-
comes well-known MFEL[*"] and can focus all light rays from
a point source into the opposite point and the RI decrease from
6 (at the center) to 3 (at the edge), as shown Fig. 2(b). A part
of light rays are reflected at the edges of lenses due to impen-
dence mismatching at the lens/air interfaces. The ambient RI
of the three lenses is n = 3. Next, we will stimulatingly calcu-
late the super-resolution imaging of three different SIGMFEL
at the wavelength of 10. A point source (line current) is lo-
cated at x = —60, y = 0 (the center of the SIGMFEL is located
at the origin) to excite a TE cylindrical wave. Figures 1(d)-1(f)
show the electric field intensity patterns and the corresponding
FWHMs of the three different GMFEL with f = 0.8, 1, and
1.7 respectively. In the figures, the red curves display the elec-
tric field intensity at the imaging plane and the related FWHM
of the imaging point in air. Notably, the corresponding FWHM
is less than 0.2A4 which is far below the diffraction limit 0.5
at the wavelength of 10 for the three lenses. It demonstrates
that the three GMFELSs achieve super-imaging successfully.

5L/2

(a)

FWHM=0.98\

FWHM=0.98\

(b)

5L/2

FWHM=0.44\ FWHM=0.45\ FWHM=0.45\

-« —
— e ——> +— —>

FWHM=0.39A FWHM=0.44\ FWHM=0.45\ FWHM=0.45\
== e —

e e ———

Fig. 1. Schematics and imaging functionalities of ML with n = 1 (conventional ML) and SIML with n = 3 respectively. Related results of conventional
ML are shown in the left column of the figure and the right column presents related results of SIML. (a) Schematic diagram of a semi-infinite conventional
ML with a gradient RI profile along x-axis direction and light trajectories from a point source in the lens. (b) Schematic diagram of a semi-finite SIML
with a gradient RI profile along x-axis direction and light ray trajectories from a point source in the lens. Multiple focusing points are formed along
y-axis direction at the edge. (c)—(d) Calculated electric field intensity distributions and the corresponding FWHM of the semi-infinite conventional ML
and SIML. The red curves present the normalized electric field intensity along y-axis direction distance 1 from the bottom edge of the lens and the
related FWHM is marked. (e)—(f) In the two semi-infinite MLs, a pair of identical point sources with a spacing of (1/3)A was severed as excitation
sources at the wavelength of 10 and the electric field intensity distributions are shown respectively. (g)—(j) The truncated conventional ML and SIML
with finite size and the related imaging performance. The black solid lines denote the boundary of the lens.
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Fig. 2. Schematics and super-resolution imaging functionalities of the modified SIGMFELs with 3 = 0.8, 1, and 1.7, respectively. (a)—(c) Schematic
diagram of the modified SIGMFELSs with a gradient RI profile and light trajectories in the lenses for B = 0.8, 1, and 1.7, respectively. All the rays
emitting from the point source are converging at the edge of the lenses and a part of the light rays are reflected respectively. (d)—(f) The super-resolution
imaging performance of the modified SIGMFLs with the value of = 0.8, 1, and 1.7 with a point source at the wavelength of 10 respectively. The
corresponding FWHM at three different SIMFELs are marked. (g)—(i) Imaging performance of the three modified SIGMFELSs of which two points
sources with a spacing of (1/3)A are placed at the edge of the lens at the wavelength of 10. The red curves present the normalized electric field intensity
along a concentric arc with a radius 61 of the lens from —135° to 135° at the air imaging plane and the related FWHMs are marked respectively.

For the above problem, we propose the modified SIGM-
FEL without extreme RI profile and it can keep functionality
of super-resolution imaging as same the original SIGMFEL.
To design the modified SIGMFEL, we start with a optimized
truncated SIML ((0 < x <4, 0 <y < 5L/2)) with the RI pro-
file n = npsech(fx) where ngp = 3 which can realize super-
resolution imaging. Utilizing the same exponential conformal
transformation mapping w = exp(—z(x,y)), based on the trun-
cated SLML with = 0.8, I, and 1.7, we obtain three an-
nular SIGMFELSs with outer radius R, = 60 and inner radius
R; = exp(—4)R, as shown in Figs. 3(a)-3(c). The relative RI
distribution satisfies

211()
(r/Ro)"P +(r/Ro)1 P
1

R <r <R,,
e 3)

n=
rSRh

9

where r is the distance from the center of the lens and R, de-
notes the outer radius and ny = 3 is ambient RI. Therefore,
the extreme RI at the central region is removed from the lens.
According to transformation optics, we can deduce that the
three modified SIGMFELSs will maintain the property of super-
resolution imaging which is consistent with that of the trun-
cated SIML.

To further verify the super-imaging of the lens, a pair
of point sources with a spacing of (1/3)A are located at the

edge of the lens as an excitation source at same wavelength.
In Figs. 2(g)-2(i), the electric filed intensity is clearly shown.
The related normalized electric field intensity of the air imag-
ing plane, along a concentric arc with a radius 61 of the
lens from —135° to 135°, are shown by the red solid curve.
The four obvious peaks in the figures represent the imaging
points. It is clear that the modified SIGMEL with § = 0.8
and 1.7 can resolve the two sources with spacing of (1/3)A
and achieve multiple super-resolution imaging. For SIGMFEL
with 8 = 0.8 and 1.7, they can resolve the two source points
and achieve multiply super-resolution imaging. For SIGMFEL
with B = 1, it only achieves single super-resolution imaging.

Therefore, we prove that the three modified SIGMFEL
can overcome the diffraction limit and realize super-resolution
imaging. However, for the value of B is not equal to 1, the
RI profile of SIGMFEL at center tends to the extreme value,
which is a big barrier to fabrication and application. For 3 less
than 1, the RI profile of the lens gradually increases to infinity
from the edge to the center. For  more than 1, the RI profile
of the lens gradually decreases to 0 from the edge to the center.
If the extreme RI profile of the lens can be adjusted within fea-
sible range and at the same time the modified lens maintains
its original functionality, the applications for super-resolution
imaging will be highly anticipated.
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Fig. 3. Schematics and super-resolution imaging functionalities of the modified SIGMFELs with 8 = 0.8, 1, and 1.7, respectively. (a)—(c) Schematics of
the modified SIGMFELSs with a gradient RI profile and light trajectories in the lenses for § = 0.8, 1, and 1.7, respectively. All the rays emitting from the
point source are converging at the edge of the lenses and a part of the light rays are reflected respectively. (d)—(f) Analysis of super-resolution imaging
performance of the modified SIGMFLs with the value of § = 0.8, 1, and 1.7 with a point source at the wavelength of 10 respectively. The corresponding
FWHM at three different SIMFELSs are marked. It is far below the diffraction limit. (g)—(i) Imaging performance of the three modified SIGMFELs of
which two points sources with a spacing of (1/3)A4 are placed at the edge of the lens. The red curves present the normalized electric field intensity along
a concentric arc with a radius 61 of the lens from —135° to 135° at the air imaging plane and the related FWHMs are marked respectively.

To verify the performance of super-resolution imaging for
the modified SIGMFEL with three values of f = 0.8, 1, and
1.7, raytracing simulation and full-wave numerical simulation
are performed at the wavelength of 10, respectively. A point
source is located at x = —60 and y = 0 to excite a cylindri-
cal TE wave. Figures 3(a)-3(c) display the imaging perfor-
mance and reflection at the lens/air interface for three value
of B =0.8, 1, and 1.7 respectively. The figures also illus-
trate the RI distribution of modified SIGMFEL with three val-
ues of B = 0.8, 1, and 1.7, respectively. Perfect geometric
focusing and reflection happen at the lens/air interface. Fig-
ures 3(d)-3(f) show electric field intensity distribution in the
three lenses and the related FWHMs are marked. It is clear
that the corresponding FWHM is less than 0.2A4, which is
far below the diffraction limit. The imaging performance of
the modified SIGMFEL agrees well with the original GM-
FEL. This demonstrates that the modified SIGFEL can achieve
super-resolution imaging as well. To further verify the super-
imaging performance of the three modified SIGMFELs, full-
wave numerical simulation is performance with a pair of iden-
tical point sources of spacing of (1/3)A at the wavelength of
10. The related electric field intensity distribution and normal-

ized electric field intensity at the air imaging plane are shown
in Figs. 3(g)-3(1). Four tiny spots emerge at the edge of the
two lenses with B = 0.8 and 1.7 respectively in Figs. 3(g)
and 3(i). The red solid curves present the normalized electric
field intensity at the air imaging plane, where the four obvious
peaks in the figures represent the imaging points. It is clear
that the modified SIGMEL with § = 0.8 and 1.7 can resolve
the two sources with spacing of (1/3)A and achieve multiple
super-resolution imaging. The modified SIGMEFL with f =1
resolves the two sources with deep subwavelength spacing and
the related normalized electric field intensity is shown by the
red solid curve in Fig. 3(b). Therefore, we prove that the three
modified SIGMFEL can overcome the diffraction limit and re-
alize super-resolution imaging.

3. Conclusion

Enlightened by solid immersion lenses, we introduce the
TIR mechanism to excite evanescent waves at the lens/air in-
terfaces for multiple super-resolution imaging of the SIML.
Utilizing conformal mapping, we derive the RI profile SIGM-
FEL from the SIML. The SIML and the SIGMFEL could be
used to overcome the diffraction limit. However, the extreme
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RI profile of the SIML and SIGMFEL have difficulties in fab-
rication and application. To circumvent the problem, we de-
sign a truncated SIML and a modified SIGMFEL without the
extreme RI profile and verify the validity of the lenses for
super-resolution imaging. The effect is robust and valid for
broadband frequencies. It provides feasible designs for over-
coming the diffraction limit from microwave to optical fre-
quencies and may pave ways for multiple super-focusing, real-
time bio-molecular imaging, nanolithography, high capacity
information transmission waveguide. Especially, for the SIG-
MEL, the high-resolution multichannel waveguide coupler,
multichannel waveguide crossing may be designed by trans-
formation optics.
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