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Abstract-For achieving a super-resolution image of an object, it is necessary to use information included in
evanescent waves scattered from the object, for image reconstruction.Here, we show that using multiple
reconstruction processes in holography technique, we can extract information of a wide range evanescent waves
scattered from the object, and we can use them for reconstructing an image with a resolution beyond the
diffraction limit. In order to verify our proposed method, using full-wave numerical simulations and by applying
two reconstruction processes, a resolution of one-sixteenth of the working wavelength is achieved.
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1. Introduction

Waves scattered from an object, include both
propagating and evanescent waves. Conventional
optical 1imaging systems, such as ordinary
microscopes, use only the propagating section of
the scattered waves for image reconstruction [1].
This limits the resolution of the reconstructed
image to about half of the wavelength, which is
known as the diffraction limit [2].In other words,
information about sub-wavelength features of an
object are embedded in the evanescent waves
scattered from that object [3-4], and to achieve a
sub-wavelength image, these information must be
extracted from the evanescent waves.

Different methods have been proposed to convert
evanescent waves into propagating modes and
break the diffraction limit so far. Most of these
methods are based on complex nano-structures
[1,5-8], or fluorescent materials [9,10].However,
complexities in fabrication and using fluorescent
materials, limit practical application of these
methods [11].

In Ref. [12], we proposed a new sub-wavelength
imaging method based on converting evanescent
waves into propagating waves using holography.
We showed that, super-resolution images of an
object can be obtained without using complex
nano-structures and fluorescent materials (a
resolution of one-seventh of the working
wavelength was achieved [12]). Here, we show
both analytically and numerically that by using
multiple reconstruction processes in holography-
based sub-wavelength imaging technique, the
resolution can be significantly improved. To verify
our method, using full-wave numerical simulations
and by applying two reconstruction processes, a
resolution of one-sixteenth of the working
wavelength is achieved.

2. Theory

The steps of the proposed technique have been
shown in Fig. 1. In this technique, first, in step
(a)the propagating section of the sample field

angular spectrum is detected using a conventional
imaging system, with numerical aperture of NA =
1. This is equivalent to achieving information
included in transverse wavenumbers of [-ky, ko],
where kj is the free space wavenumber. Then, in
step (b), an emulsion (emulsion 1) is placed near
the sample, and the interference of the sample
field, a(x), with a known evanescent reference
wave, Aexp(jk.s), is recorded on the emulsion
(see Fig. 1(b)). Here, k. is the transverse
wavenumber of the reference wave. Evanescent
reference wave can be generated using total
internal reflection concept. After developing
emulsion 1, this interference intensity pattern
results in transmittance of [12]:

—Jjk
t, =1, +,6'(|a(x)|2 + A*a(x)e Srer X +

o
A01>x< (x)e] ref x),

where #, and /5 are constants.
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Fig. 1: Multi-step holography-based imaging.

Now, the evanescent reconstruction wave of
Bexp(j(2i+1)k. x) is applied to the emulsion 1
(where i = 0,1,2,..., shows the reconstruction stage
number), as shown in Fig. 1(c), and the transmitted
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field of, U,;, is generated. This transmitted field can
be written as:

Jj(2i+1)k, (2041 )k x

S\ plaf Be

dikeyy x| P J2Ai+ 1Yk, 4

U,=t,Be
(2)

* ]
+ BBA ae

A similar equation can be obtained by reversing
the direction of reference and reconstruction waves
in steps (b) and (c) of Fig. 1. The first term in the
right hand side ofEq. (2), shows an evanescent
wave, and therefore does not exist in far-field
region. However, the propagating section of the
other three terms are present in far-field.

The last term of Eq. (2), shows a shift of 2(i+1)k.
in the angular spectrum (Fourier space) of the
sample field. In other words, a range of evanescent
waves with transverse wavenumbers of [2k,., (i+1)-
ko, 2k (i+1)+ky] are transferred into propagating
range, and their corresponding information can be
detected in far-field region. By reversing the
direction of reference and reconstruction waves,
information of evanescent waves with transverse
wavenumber of [-kp-2k..s (i+1), ky-2k,.s (i+1)] can
also be detected in far-field. In fact, for different
reconstruction waves (different i), each time a
different range of evanescent waves are converted
to propagating waves, and their information can be
used for image reconstruction. However, these
information must be separated from waves due to
the second and third terms of Eq. (2).

To compute the propagating section of the angular
spectrum of the second term in the right hand side
of Eq. (2), steps (d) and (e) in Fig. 1, are
performed. First, the intensity of the sample field
(in the absence of the reference wave) is recorded
on another emulsion (emulsion 2). Then the same
reconstruction wave (i-th reconstruction wave) is
applied to the developed emulsion (emulsion 2).

For calculating the propagating section of the third
term of Eq. (2), a recursive relation is used. In the
first step of the reconstruction process (i = 0), the
third term is equivalent to fBA *a, which in fact is
a coefficient of the sample field. Therefore,
propagating section of this term, is already known

from step (a) (see Fig. 1), using a conventional
imaging system. At the end of the first
reconstruction process and by solving Eq. (2),
information included in evanescent waves
scattered from the sample with transverse
wavenumbers of [2k,. -kg, 2k.or +ho] and [-kp-2k;.,
ko-2k,], are obtained. In the second reconstruction
process (i = 1), the third term in Eq. (2), is
PBA*aexp(j2k.), which is known due to the
results of the first reconstruction process.
Therefore, by solving Eq. (2), this time information
included in transverse wavenumbers of [4k..s -k,
4kor +hkol and [-kp-4k.s, ko-4k.s are achieved.
Repeating similar processes, in each reconstruction
process, information of a different range of
evanescent waves is obtained.

In next section, we use full-wave numerical
simulations to validate our proposed method.

3. Numerical Simulation

3.1. Simulated Structure

In this section, based on numerical simulations, we
use two reconstruction processes to achieve a sub-
wavelength image of a sample. A schematic of the
simulated structure is shown in Fig. 2. Here, two
apertures in a PEC plane, are considered as the
sample. The width of apertures and the gap
between them are equal and shown by g in Fig. 2.
The distance between the sample and the emulsion
is chosen to be d =20 nm.Ports 1 and 2 are used to
generate gaussian illuminating and reference
waves at wavelength of 1 = 400 nm, respectively
(see Fig. 1). Here, we use total internal reflection,
to generate an evanescent reference wave with
transverse wavenumber of k., = 1.5ky. In this
regard, the wave generated from port 2 (from a
high refractive index medium), is incident on the
emulsion with incidence angle of 45°. The
refractive indices of the incident and refraction
(emulsion) medium, are 2.12 and 1.49,
respectively. It should be noted that we have used
scattering boundary condition, for boundaries other
than ports 1 and 2.
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Port 1

Fig. 2: Schematic of the simulated structure.

3.2. Simulation Results

The imagesachieved using one (dotted line) and
two (dashed line) reconstruction processes for the
case of g = 1/16, are shown in Fig. 3. These images
are also compared with sample itself (field
distribution 20 nm above the apertures), in Fig. 3.
As is evident in this figure, using one
reconstruction process, the apertures can not be
resolved. However, using two reconstruction
processes (using more evanescent waves), the
apertures are resolved.
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Fig. 3: Reconstructed images using proposed method.

4. Conclusion

Here, we proposed a multi-step holography-based
sub-wavelength imaging method. We theoretically
reconstruction

proved that wusing multiple

processes, information included in a wide range of

evanescent waves scattered from the sample, can
be extracted. Moreover, using the proposed method
and performing two reconstruction processes, a
resolution of one-sixteenth of the working
wavelength was obtained.
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