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Abstract

The point spread function (PSF) produced by a coherent optical system under the influence
of defocus, coma, and primary spherical aberration (PSA) is examined in this work. This
paper deals with asymmetric apodization and pupil engineering to control monochromatic
aberrations. To reduce the influence of monochromatic aberrations on the diffracted PSF,
this approach uses amplitude and phase apodization. Analytical investigations on intensity
PSF are carried out with varying amounts of aberrations and degrees of amplitude and phase
apodization. Computed central peak intensity and full width at half maxima (FWHM) and
analyzed. The resolution of a diffraction-limited optical imaging system is improved by
using an asymmetric optical filter that minimizes the effect of defocus.
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1. Introduction

Apodization is the process of suppressing optical side-lobes in the diffraction field of an
optical imaging system [1-4]. For enhancing the depth of focus, phase apodization is used
[5-7]. The efficiency of the apodization technique is always associated with the design of
the pupil function. As reported in the earlier works [8-13], asymmetric apodization is the
simultaneous suppression of optical side-lobes and sharpening of the main peak of the
PSF. In this case, however, the lobes on the good side of the PSF were completely
suppressed at the expense of extended side lobes; on the bad side, the resultant PSF that is
asymmetric is crucial in confocal imaging [14]. The focal point of a high-aperture
focusing system can also be reduced by employing vortex phase functions [15,16]. A
substantial number of studies have been conducted on asymmetric apodization [17-21]. In
confocal scanning systems or optical imaging systems, asymmetric apodization is used to
achieve axial and lateral resolution. It is technically possible to detect the image of
extrasolar planets directly. It is evident that asymmetric apodization alters the distribution
of light flux enclosed in the diffraction pattern and provides the resolution of an optical
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system [22]. PSF engineering is the manipulation of light distribution in the focal region
of an optical system and is used to improve the performance of optical systems for many
applications [23-25]. This approach modifies the size of the focal spot and the level of its
neighboring side-lobes, as demonstrated by inserting an appropriate phase filter,
amplitude filter, or both in the Fourier plane of the given optical system [26-29]. Optical
aberrations reduce the overall performance of an optical system [30,31]. Aberrations can
be reduced by using an optical element with a high optical transmission function [32-42].
Traditionally, apodization of the exit pupil of the optical system has been aimed at
producing a high-quality output or increasing imaging qualities. PSFs from aberrated
lenses is greatly distorted, providing a serious concern in a wide range of optical
applications. Therefore, the generation of a smooth intensity PSF profile has become one
of the keynotes of contemporary imaging systems underneath aberrations. In this context,
the coherent optical system with the recommended apodization technique aims to reduce
aberration effects and enhance the resolving power. The resulting center peak of the PSF,
corresponding to the given point object, is being detected longitudinally shifted due to
defocus rather than at the diffraction focus, resulting in a decrease in central peak intensity
[43]. A spherical aberration of the lens, on the other hand, influences the resultant
intensity PSF of the point image due to a difference in optical ray paths from the source to
the focus, i.e., the peripheral rays of the lens do not converge into exact focus relative to
the paraxial rays [44]. It is evident that spherical aberration reduces the intensity of the
central peak, increases the intensity of the first-order side lobe, and shifts the first minima
location between the central peak and the first-order side lobe. Therefore, defocusing and
spherical aberrations play a critical role in defining the PSF of an optical system because
they have severely distorted PSF. An aberration-free lens pupil forms the Airy PSF, with
most incident light energy concentrated in the central region, or Airy disc, and the rest
scattered among the side lobes.

In this paper, a one-dimensional shaded aperture is designed and divided into three
zones: Applied phase apodization for the two narrow edge strips and, in the central zone,
applied amplitude apodization to modify the spatial distribution of light intensity in the
image plane of the optical system. By employing asymmetric apodization, the impulse
response of an optical system under defocus, coma, and primary spherical aberrations is
obtained. The optical system chosen in this paper is considered to be linear, shift variant
diffraction limited, and asymmetric. The relation between the coded image and PSF is
accomplished mathematically. The current study has a wide range of applications in
astronomical observations, confocal imaging, medical imaging, optical communications,
adaptive optics, etc.

2. Design and Mathematical Formulation

In optical systems, a diffracted image is a spatial pattern of light dispersion in the image
plane. The last aspect of the image resolution evaluation is whether or not the image
permits the detector to recognize the axial shape of the point spread function in the
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presence of wave aberrations in the pupil plane of the optical system with the appropriate
amplitude and phase apodizer. The Fourier Transform of the pupil functions is used in the
situation of one-dimensional amplitude and phase apodizer impulse responses of optical
systems. The schematic representation of an asymmetric optical imaging system with a
circular aperture is shown in Fig. 1.
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Fig. 1. General schematic representation of optical imaging system.

The optical system consists of a circular aperture of two circular strips of equal width;
one is opaque, and the other is transparent. Due to the deep suppression ability and
constant operational angles throughout the edge zones, they impose phase functions that
are complex conjugate. The central zone of the aperture is opaque. In the presence of
monochromatic aberrations such as coma, primary spherical aberration, and defocus, the
total diffraction amplitude transmittance A (Z) into the image plane is equal to the sum of
the individual phase transmittances contributed by the edge strips for which amplitude
transmittance is unity and the amplitude transmittance contributing by the central zone of
the pupil functions of width (1 — 2S) apodized by shaded aperture is given by

Lefi Opagque =™, —05<r<-05+8,
Central mask =1— 1%, —05+85<r<05-35, Q
Right Opaque =", 05-S<r<05

On introducing the wave aberrations such as defocus, coma, and primary spherical
aberrations, the complex amplitude impulse response of the optical system with one-
dimensional amplitude and phase filter is given as
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The intensity PSF formed by an apodized optical system is given by the squared modulus
of expression (2)
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B(Z)=|d(z)[ ©)

The resultant amplitude distribution of light A (Z2) in the focal region of the one-
dimensional optical imaging system is equal to the sum of diffraction amplitudes of three
zones. Here Z = (27/)) sin 0, r is the coordinate in the aperture function; 'Z' is the quantity
that has a dimension of inverse wavelength units; A is the wavelength of the
monochromatic light incident. ¢4, ¢, and ¢, are the defocus, coma, and primary
spherical aberration quotients, respectively. The width of the edge strip (S) is a parameter
determined from the minimum of the square of the intensity in the side-lobe range. In this
case, the side-lobe region is stated by 'Z', which is connected to the angle of orientation 6.
S is the control parameter of phase apodization or asymmetric apodization, or width of the
edge strips.

The pupil function of the shaded aperture is given by ~ f(r) = 1 — Br?

The level of non-uniformity of the transmission over the exit pupil is controlled by
the degree of amplitude apodization B. It accepts a range of numbers from 0 to 1. For f =
0, it is obvious that f(r) =1, implying uniform transmittance over the exit pupil. The
amplitude transmittance of this apodizer falls monotonically from the center to the
margins of the pupil. This phenomenon is depicted in further detail in Fig. 2. Due to
apodization, the pupil transmittance at the margins is lower than at the center, resulting in
a reduction of higher spatial frequency components in the image. This is manifested as
partial or complete reduction of undesirable optical side lobes or secondary maxima,
which improves imaging characteristics. It is evident from this that the shaded aperture is
the best apodizer for circular apertures.
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Fig. 2. Amplitude transmittance of the shaded aperture with various values of .
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3. Results and Discussion

The effects of asymmetric apodization on the PSF formed by coherent optical systems
apodized by the amplitude filter and phase filter in the presence of defocus, coma, and
primary spherical aberrations for several values of the dimensionless diffraction variable
Z ranging from -10 to 10, the intensity distribution B (Z) in the image of point objects
have been obtained. Only one side of the diffracted image, known as the PSF's good side
(right side), is computed. On the other side, the PSF has narrowed the central peak and
repressed the side lobes. In the presence of monochromatic aberrations, the lateral
resolution of the PSF in terms of the central peak width or its FWHM is evaluated for
various degrees of amplitude and phase apodization.

The influence of Coma and PSA on the performance of the shaded aperture on
coherent optical systems in the formation of PSF images has been investigated. The
degree of coma ¢, and PSA ¢, considered are © and 2n. By considering unapodized (=0)
and apodized (B # 0) pupil functions, the intensity distribution of aberrated PSF has been
computed at the planes of (defocus) ¢,=0, m, and 2rn. These figures demonstrate the
intensity profile of the PSF in the presence of aberrations.
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Fig. 3. Intensity PSF profiles in the presence of defocus (¢,=2x), coma (¢.=27), and PSA (¢s=27),
under asymmetric apodization(S=0.05) for different levels of apodization (a) =0, (b) p=0.25, (c)
=0.5, (d) B=0.75 and (e) p=1.
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Fig. 3 shows the shape of the aberrated PSF for various amplitude apodization values
while the phase apodization is held constant. In the presence of amplitude apodization, the
side lobes on the good side are greatly decreased and completely erased, even for p =0
(Fig. 3a) (from Figs. 3b-3e). The pupil function becomes more successful in translating
the spatial intensity distribution into the PSF with improved axial resolution when
apodization B = 0.5, as seen in Fig. 3c. Even when there are a lot of monochromatic
aberrations, the utilized asymmetric apodization across the pupil removes the side lobes
on the good side, resulting in a smooth intensity PSF.
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Fig. 4. Intensity PSF under asymmetric apodization for aberration-free and aberrated systems.

Fig. 4 illustrated the light intensity distribution under various considerations and
compared with the Airy case (solid black line). It is observed that for aberration-free PSF
subjected to both the amplitude (=0.5) and phase(S=0.05) apodization, optical side lobes
are almost removed, and the central peak is narrowed on the good side of the pattern,
whereas in the presence of a high degree of defocus, coma and PSA, the central peak is
broadened.

Fig. 5(A) illustrates the normalized intensity distributions of PSF along the
propagation direction at the planes of ¢;=0, x, and 2n (from left to right) underneath
aberrations of coma ¢.=n and PSA ¢,= 7. It is observed that the normalized intensities at
the planes ¢4=0, ©, and 2r are 0.6662, 0.6601 and 0.6436, respectively. The FWHM is a
useful metric for describing the size of a focal point spot. The FWHM at the planes ¢;=0,
n, and 27 are 3.15, 3.15, and 3.17, respectively. Fig. 5(B) shows the corresponding
intensity PSF when a coma ¢,=2n and PSA ¢,= 2x. From Fig. 5(B), it is observed that the
normalized intensities at the planes ¢,=0, =, and 2% are 0.6571, 0.6501, and 0.6327,
respectively, and the FWHM at the planes ¢,=0, &, and 2x are the same and are 3.2 (from
Table 1). It is a significant achievement that at these chosen planes, the optical system
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shows almost similar imaging characteristics and is hence useful in long focal depth

applications.
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Fig. 5. Intensity PSF at different planes ¢, =0, , and 2= for B=0.5 and $=0.05 (A) when coma ¢ ==
and PSA ¢ = r, (B) when coma ¢.=2r and PSA ¢ = 2n.

Table 1. Central peak intensity and FWHM values of asymmetrically Apodized PSF.

Central peak intensity FWHM
p=0.5 B=0.5 B=0.5 B=0.5

Oa S=0.05 S=0.05 S=0.05 S=0.05
Ps=P,=T Ps=P=2n Ps=@=T Ps=@=2n

0 0.6662 0.6572 3.15 3.2

T 0.6601 0.6501 3.15 3.2

2n 0.6436 0.6327 3.17 3.2

4, Conclusion

The characteristics of an aberrated optical system under asymmetric apodization have
been demonstrated theoretically. The resolution of PSF has been studied by employing
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amplitude and phase apodization at focused and defocused planes in the presence of a
high degree of coma and PSA. It is observed that for amplitude apodization $=0.5 and
phase apodization S=0.05 the optical side lobes vanish on the good side even in the
presence of aberrations. As a result, this effect implies giving super-resolution to two
closely spaced objects with different brightness. It is emphasized that for the given
considerations, the effect of defocus becomes insignificant, and the PSF has almost the
same normalized peak intensity and FWHM. The design of such a complex shaded
aperture is possible by deposition of the metallic and dielectric coating on a glass substrate
and for metasurfaces. It is very useful for high contrast astronomical imaging,
spectroscopy, and extended depth of focus imaging applications.
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