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Abstract

This paper deals with the study of light flux disttions in the point spread function formed by
an optical system with a one-dimensional apertm@etthe influence of the coma aberration. The
traditional design of an asymmetric optical filterproves the resolution of a diffraction-limitedtsp
cal imaging system. In this approach we explorectir@rol of monochromatic aberrations through
pupil engineering with asymmetric apodization. Ttashnique employs the amplitude and phase
apodization for the mitigation of the effects afdhorder aberrations on the diffracted image. ©n i
troducing the coma wave aberration effect, theraépeak intensity in the field of diffraction is a
function of the edge strips width and the amplitagedization parameter of a one-dimensional pupil
filter, whereas the magnitude of the reduction pfical side-lobes is a function of the degree of
phase apodization at the periphery of the aperftre.analytically computed results are illustrated
graphically in terms of point spread function cirwmder various considerations of the coma aberra-
tions and a different degree of amplitude and plagealization. Hence, for the optimum values of

apodization, the axial resolution has been analysety well-defined quality criteria.
Keywords asymmetric apodization, amplitude masking, opfiitirs, resolution, monochro-

matic aberrations.
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1. Introduction

From previous studies on apodization-H], it is the
process of suppression of optical side-lobes irdiffeac-
tion field of an optical imaging system. Also, pba
apodization is used for increasing depth of fiedd-1].
The efficiency of apodization technique is alwagsagi-
ated with the design of the pupil function. As rapd in
the earlier works [8-13], asymmetric apodizatiorthie
process of simultaneous suppression of opticatlsides
and sharpening the main peak of the point spreaatifun
(PSF). Vortex phase functions are also used toceethe
focal spot of high-aperture focusing system [14]. 1
There exist a significant number of investigatiamsthe
concept of asymmetric apodization, B&0] pursue: sup-
pression of side-lobes with asymmetric apodizati
Asymmetric apodization applied to arrays of theuar
aperture. Two-point resolution of asymmetrical
apodised optical systems. Asymmetric apodization
ploys to achieve axial and lateral resolution imfogal
scanning systems or optical imaging systems. Dideet
tection of the image of extra solar planets is mbéadly
possible by employing asymmetric apodization. Age
studies are the basis for the current investigatias ob-
vious that asymmetric apodization alters the distion
of light flux enclosed in the diffraction pattermcaren-
ders the resolution of an optical system, i.e. iolethsup-
pressed side-lobes and steep principal maxima @n
side of the PSF at the cost of enhanced side-labds
broadened main peak on the other side of the PSF.

D

b

Aberrations usually limit the performance of optica
systems. Except the case of sharply focusing when-a
rations may reduce the focal spot size [21, 22hoalgh
usually at the cost of growth of side lobes. We ehav
known that aberrations are produced by the dewiatio
from the actual size, shape and positions of amy@ras
calculated by simple equations. Point Spread Fonsti
has been investigated for different aperture shaes
apodised filters in an optical system, degradeit theg-
ing resolution primarily by defocusing and primadyer-
ration effects. The third order off-axis aberratgurch as
coma is important in designing optical systems ém-p
spective of large field imaging. There are certaimbers
of studies [23-28] are done on the images of point or line
objects under the defocusing and third order abens

PNAN optical system free from spherical aberratioadpic-

es an image of point body is positioned off thesakke

Y comet shaped image. When a point object is situ@ed
Moff the axis, a streak of light that appears to ea@ from

focusing spot at the periphery of the view filedhn@a is
regularly considered as a most challenging aberratue
to the irregularity in the image. It is also onetloé easi-
est aberrations to demonstrate like spherical aber.
Coma aberration can become a severe problem ifgghe
tical imaging system is out of proper alignmentd&e
tion of coma is done with the help of suitable sthpp-
ertures and materials of suitable apodization tiegknby

Ofhlacing it in a suitable position of an optical t®ys. By

looking into the deep mechanism of apodization pss¢
we understood that a pupil function with a suitadatepli-
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tude and phase apodization is very helpful to abritre

third order aberrations for achieving super resotutFor

an instance, the reduction of coma, i.e. this igstthe

outer zones and permits only the central zonegftaat

the light rays from point objects. This approachvésy

effective in enhancing the resolution of opticalagimg

systems over a limited region in the diffracted gmady

controlling third order monochromatic aberratiolmsthis

paper, we designed one-dimensional shaded ape
functions divided into three zones. Two narrow ed
strips apply phase apodization and the shade ircehe

tral zone applies amplitude apodization to modifypa-

tial distribution of light intensity in the imagdame of

systems. By employing asymmetric apodization we

tained the impulse response of the optical systadeu
third order aberrations. The optical system taketthis

paper is pretended to be linear, shift variantrdiffion

limited and asymmetric. The relation between thdecb
image and Point Spread Function is accomplishedh-m
ematically. The current study has an extensive raurob

applications viz. Astronomical observations, coalog
imaging, medical imaging, optical communicationsl a|
adaptive optics laser imaging, etc.

2. Theory and Formulation

A patch of light could be expressed as a distrdyut
of light radiation in the image plane of opticak®ms. A
diffracted image is a spatial pattern of light dimition.
the resolution of the image is evaluated basederend
to which an image allows the detector to recogtime
axial shape of the point spread function in thespnee of
wave aberration with the suitable phase and anddit
modulation in the pupil plane of the optical systémthe
case of one-dimensional amplitude and phase apert
impulse response of optical systems is the Fourgars-
form of the pupil functions. Fig.1 shows the modél
asymmetric optical imaging systems.

Left edge
strip, —1

Amplitude
mask

Incident Point
wave Spread
front Function

Right edge
strip, +i

Fig. 1. General scheme of one dimensional optical
imaging system
The aperture systems consist of two narrow edgess
of equal in width, that are opaque and transpaiiaré.to the
deep suppression ability and constant operationgles
throughout the periphery zones, they impose phasgidns
which are complex conjugated. The central zoneugfilp
functions is being opaque. In the presence of thider ab-

erration such as coma the total diffraction amgétarans-
mittanceV(u) into the image plane is equal to the sum of the
individual phase transmittances contributing byigbery
edge strips for which amplitude transmittance igyuand

the amplitude transmittance contributing by thetraézone

of the pupil functions of width @23 Hanning amplitude
filter is given by:

Leftopaque = &@7%, -0.5sp<-0.5+ §
~05+ Xp<05 S
05- Sp<0.5.

On the introducing the third order wave aberration
hpma, the amplitude impulse response of the optigstes
with one-dimensional amplitude and phase filter is:

ture

ge Central mask

1)
Rightopaque= &2

-0.5+S

V= | -iexp@ap)d+

-0.5

At { 1 left edge strip zone}

{ « central zone with amplitude mask

n known as Hanning amplitude filte}
05-S cr? (2)
+ I cos(rth)ex{—i (cosr%% exp(p )+
-0.5+S

{l Right edge strip zor'ue}
0.5
+ j iexp{ 2p) .
0.5-S
The resultant amplitude distribution of light(u) in
! the focal region of one-dimensional optical imagsys-
tems is equal to the sum of diffraction amplitudéthree
zones, by taking the square modulud/¢é) gives the re-
sultant intensity PSP (u) which is the actual quantifiable
quantity. Hereu=(2n/)) sinb, p is the coordinate in the
aperture function,u’ is the quantity has dimension of in-
verse length units, is the wavelength of monochromatic
light radiation.C is the coma aberration control parame-
ter. The width of the edge strif®)(is a parameter deter-
mined from the minimum of the square of the intgnii
the side-lobe range. In this case, the side-lolg@mneis
stated by U, which is connected to the angle of orienta-
tion 0. Sis the control parameter of phase apodization or
asymmetric apodization or width of the periphenypst
‘B’ is the degree of amplitude apodization in thet@n
region of the pupil function. The effects of th@dhorder
wave aberrations on the point spread function dicap
systems are given, as a result:

P =|V(Y[.

ur

(3
3. Results

In the present paper by employing one-dimensional
pupil filters of amplitude and phase apodizatidwe PSF
in the presence of third order wave aberration$
the coma are tabulated and presented. An iter@augss
quadrature method of numerical integration has len

veloped and applied to obtain the PSF from the toua
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(3), which is a function of dimension less opticabrdi-
nate U is varying from —25 to +25. This method holg
important properties and accuracy to find the ngsmh
and improved side-lobe suppression on the botls sl
diffracted PSF under third order monochromatic ebel
tion. However, results are computed only on one sfl
the diffracted image known as good side of the R3f.
the good side of the PSF has suppressed side-fotubs
narrowed central peak. Here we investigated therdht
resolution of the PSF in terms of the central pe@kh
or its FWHM and axial resolution of the PSF hageal
lated with respect to optical side-lobes intensifier dif-
ferent degree of amplitude — phase apodizationnaoia-
ochromatic aberration, coma. These parameters div g
tion to FWHM are enough for the resolution analysis
the asymmetric optical imaging system under varid
considerations.

S

d
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Fig. 2. PSF profile curves in the presence of igma (C)
aberration for various degrees of phase-only apaiiin
(S#£0 andp=0)

Fig. 2 illustrates that the central peak on thé teff
pattern of the point spread function is shiftechadatened
at the cost of suppressed side-lobes and steefacpabak
on the right half pattern. The magnitude of thetizdn
peak shift depends on the degree of phase apaxfizati
takes place at edge strips of the aperture syatéenob-
served that the magnitude of suppression of opsick-
lobes is increasing on the good side of the patigth
the edge strip widthg]. It also found that for optimum
value of phase apodizatid®=0.06, higher order optica
side-lobes on the good of the pattern are compleiah-
trolled and the first-order optical side-lobe isifiol with
almost zero-level intensity. In this case the PSEuiffer-
ing from high coma aberration due to the resulvaria-
tions in the refractive index by light waves pagsi
through the various zones of the lens or apertysees.
Primarily the effect of coma aberration due to light
waves passing through the periphery of aperturéesys
can reach the image plane closer to the light wa|
emerging from the central region of the lens oraype.

For S=0.06 andB =0 (phase-only apodization), ther
exists a maximum correction of coma aberration &0
side of the diffracted image, i.e. for optimum pha

H

e

S

apodization at periphery strips of the one-dimemaio
aperture, the distinct shape of the image on othe Isas
corrected by reducing the edge ringing effect illated
that a negligible amount of light intensity distrtion into
the optical side-lobes of the PSF of the imagé-itn 2 a
solid black line curve represents Airy Pattern éasy
comparison with asymmetrically apodised PSF unker t
coma aberration. The magnitude of the effect olesbin
Fig. 2 increases with degree of amplitude apodimain
the central region of the pupil function. It hawih in
detail in Fig. 3 as a function of reduced opticabiinate
‘u’. Fig. 3 depicts that, for all values of edge drividth
andp =0.5 similar trend results are found like Fig. 2t Bu
in this case axial resolution of the PSF is indreasnore
effectively relative to the values 8fat definite amplitude

ugpodization. It is found that for all values $fower and

higher order optical side-lobes are nearly vanistrethe
good side of the PSF. It is also observed thastippres-
sion of optical side-lobes on the bad side of tB& -
proved considerably from Fig. 2 to Fig. 3 with tdhegree
of amplitude apodizatiof. In this case it is found that for
S=0.06 andp=0.5, the magnitude of correction of the
coma aberration increases to a larger extent omgaloe
side of the PSF however similar observations atEe
in Fig. 2 in the presence of a transparent cem&gilon
(B=0). The study found in the Fig. 3 facilitates tdeds
the direct image of faint object in the close viirof the
bright point object, known as two-point resolutiohop-
tical systems under optical aberrations.
oo
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Fig. 3. PSF profile curves in the presence of ligma

aberration for various degrees of phase apodizaf®hn

when the central region of the pupil function
is amplitude apodise@£0.5)

The effect of the Hanning-amplitude filter on thgps
pression of optical side-lobes for optimum asymioetr
apodization underneath comma has been depictdd.id.F
It shows that the asymmetry in the light distribatiof the
PSF does not vary with the values of amplitude &asd

5 10 15 20 25

velion control paramete but the suppression of side-lobes

have a great dependence on the valugk f displays a
proof for agreeable outcome of the amplitude ajzitia
mask in the central region of the pupil functiory &m-
ploying amplitude and phase apodization the cameaif
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coma aberration on the good side is much apprecthbh
earlier cases. Listed PSF curves in the Fig. 4 adseal
that in the presence of coma aberration the sideslaup-
pression considerably improved on the bad sidbefPiSF
to the degree of amplitude apodization at a defipériph-
ery strip widthS. Here the intensity of optical side-lobe
have obtained on the bad side of the PSF is lesszéro
apodization case for the central regi@r= Q) of the aper-
ture. for S=0.06 andp=0.75, the side-lobes are suy
pressed on the good side and the intensity of itie- g
lobes found on the bad side, which are less than 1
apodized onedt renders the axial resolution on both sid
of the PSFFor $=0.6, the side-lobes on the good side
the PSF are suppressed to the zero intensity letere-
as on the bad side, the intensity of the side-loba®ot
lessthan the case §=0.75 Hence, it concludes that o
both sides of the PSF the optimum valuesSaindf are
0.06 and 0.75, respectively. F8r~0.06 the intensity of
the side-lobes on the good side of the PSF incdeasze

than unapodized ones and also the PSF found with no

zero minima on the good side, results the resaiutso
degradedso that the study is limited to the certain valu
of ‘S. In this study, coma has reduced to an apprecia
extent by the use of suitable shaped complex aptioiiz

mask placed at a measurable distance from the ima

plane. This mask restricts the outer zones on ae of
the field and permits only the central zones toacfthe
light rays at the cost of a considerable amourtlofred
image on the other S|de of the fleld

0.9 — 0 N
ost ﬁ .......... B=0.25
——= B=0.50
i C=2rn 1\ —-— B=0.75
0.7 §=0.06
0.6} ,\l
!
05 i
041
0.3F
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0.1
0 1 ) L ecnthe [
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0

>
I

Fig. 4. PSF Profile curves for various values ofpditnde
apodization parametef under the influence of high coma
aberration for optimum asymmetric apodization

Table 1. FWHM values of Apodised PSF
under the Wave aberration, Comma

aberration increases tor 2he FWHM increases from
2.997 to 3 and then decreases to 2.973. BuSf00.06
andp=0.5, the FWHM decreases from 3.118 to 3.036 as
wave aberration effect increase from 0 to R is clear
that in the presence of Hanning amplitude apodinati
s only there is significant improvement in the axiesolu-
tion of the comma effected PSF. On the other héod,
optimum anti-phase apodization the PSF under thh hi
- coma effect obtains FWHM values which are lowentha
aberration-free case. It concludes that by emptpyip-
otimum asymmetric apodization the lateral resolutadn

esthe PSF under comma aberrations has been improved.

offFig. 5 illustrates the distribution of light rad@t into the
image plane under different considerations and ligh
ma aberration in which solid black line represehilsy
PSF. It is observed that for aberration made P®kesti
ed to apodization, optical side-lobes are foundveoy
lower than the Airy case, whereas central peakais n
rowed on the good S|de of the pattern.

h

Lo (—— 4iry PSF )
09r Y] e Phase-Only
es apodization
ble 08| : =0.06)
0.7t C=2n ..-' Al - ?[gnh;;i{ézfde-
e apodization
o5t \ 5:0.%6,5
I | eta—0.
0.5} ik \___ Dbeta=0) )
\
0.4} i %
] 4
0.3} ] \
/ :
0.2 /
oI S
0 - I A Vv
-10 -8 -6 -4 -2 0 2 4 6 & 10

- UY—>
Fig. 5. Comma effected Point Spread Function
under different considerations

4, Conclusion

Asymmetric PSF under the third wave aberration ef-
fect such as comma is formulated and investigafElde
resolution of the point spread function under vasigon-
siderations has been studied by employing amplitude
phase apodization. It is concluded that $r0.06 and
B=0.5, the magnitude of correction of coma incredses
a larger extent on the good side of the PSF anérow
higher order optical side-lobes are vanished to m@en-
sity level. This effect can give rise to super-fegon for
two closely spaced companions with widely varying i
their intensities. In the presence of high comarraltien
the suppression of optical side-lobes have beemnowegl

g | B=0 | B=05] p=0 | p=05| p=0 | p=05 on the bad side of the PSF also to the degree plitaiaie
=01 €C=0|C=n2| C=nl2 | C=2t| C=2 | | zpodjzationd at a definite periphery strip widt®=0.06.
0%6 22'223;12 i‘gﬁz‘é 23'2%33 23'%27%‘)71 22'?283 32'3§§‘ It emphasized that for the modified PSF on botlesid
' ' ' : —L - : the optimum values d8 andf} are 0.06 and 0.75, respec-

Table 1 shows FWHM values of PSF for various val-tively. For clear central region aperture by empigyop-
ues ofS, B andC (coma aberration). From the computgdtimum asymmetric apodization at the edges of ther-ap
values in Table.1 fo8=0 andp=0.5, as comma aberra- ture we found the PSF with decreased FWHM undédr hig

tion increases from 0 tor2the FWHM decreases fro

comma effect. The design of this complex apodiratio

2.982 to 2.921 whereas f&=0.06 and3 =0, as comma| mask is technically feasible by superimpositionmftal-
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lic and dielectric films on glass substrate usirguum
thermal evaporation thin film deposition systemsd &
future prospects, it is very helpful for high casr astro-
nomical imaging and spectroscopy.
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