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Abstract

Abstract

Optical systems generally have a circular pupil and the imaging
elements of such systems have a circular boundary .Hence they also
represent circular pupil in fabrication and testing .Such that is not always,
an example of system with non-circular pupil, is a Cassegranian
telescope, which has an annular pupil.

For system with annular pupil the aberration, and the variance over
annular is different from that of circular pupil. Also the amount of
defocus that balances spherical aberration, which yields minimum
variance over annular pupil, is different from that for circular aperture.

Although in many imaging applications the amplitude across pupil
1s uniform but this is not always the case, for example in system with an
apodized pupil .An example of an apodized pupil is a Gaussian pupil
when the amplitude across the pupil has the form of Gaussian due to
either an amplitude filter placed at the pupil or the wave incident on the
pupil being Gaussian as in the case of Gaussian beams. Also the variance
and the balance, for Gaussian pupil have a form that is different from the
corresponding balanced aberrations for a uniform pupil.

In this research various an apodized Gaussian filters are placed at
the pupil of an annular system and different obstruction ratio () of the
secondary mirror (¢ = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7.0.8, and 0.9) are
used.

A formula for the point spread function for the annular system was
derived and numerically evaluated by using Gaussian quadrate method. A
programms in Q.Basic language has been written to calculate the point
spread function, for different obstruction ratio and different amount of
aberrations. The results show the great dependence of the point spread
function and Strehl ratio on the type of Gaussian filter and the amount of

aberration in the annular optical systems.
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endi.

Program to calculate PSF for free optical system.

R E M FhhkAAhkAkrkhkhkrhkhkrhkhkrhkhkrhhkhhhkhihhkhhhkhkkhhkhkihkhkrhhkihhkihikkihiiik

CLS

PRINT * POINT SPREAD FUNCTION PSF "
PRINT " ANNULAR APERTURE "
PRINT " FREE SYSTEM ABERATIONS "
PRINT

PRINT " BEGIN CALCULATIONS..."

20

36

38

46

KEIAIAAAAAAAAAAAAAXX kK DEFI N E CONSTANT
Pl = 3.14159265#
KK=2*PI
A =SQR(PI)/2
N =20
DIM T(N), W(N)
RESTORE 80
FORI=1TO 20
READ T(I), W(I)
NEXT I
R R R R T 2 2 T T 2 S S P P S S T T S S o BEGI N
INPUT "ENTER FILE NAME WITH [ *.DAT] ", NA$
OPEN NA$ FOR OUTPUT AS #1
INPUT " Abscuration Ratio E ", E
INPUT " Zmin, Zmax , STEP ", Z0, Z1, ST
PRINT "Wait..."
w20=0
W40 =0
bzl = 9.8708048#
Z2=270
SJ=0:CJ=0
FORJ=1TON
YJI=T(®)
RJ=SQR(1-YJ"2)
SI=0:ClI=0
FORI=1TON
XI=T()*RJ
R=XI"2+YJ"N2
ARG=Z*XI+(2*Pl*(wW20*R +W40* R " 2))
CS = COS(ARG)
SS = SIN(ARG)
SI=SI+SS*W(l)
Cl=Cl+CS*W(I)
NEXT |
SJ=SJ+SI*W(J)*RJ
Cl=CJ+CI*W(QJ)*RJ
NEXT J
SQ=SJCQ=CJ
R R T R S e S R P R S S R P R S P S S T R S P e S P e S S e S S o
SJ=0:CJ=0
FORJ=1TON
YI=TQ)*E

91
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RI=SQR(E"2-YJI"2)
48 SI=0:Cl=0
FORI=1TON
X1 =T(I) * R
R=XI"2+Y]N2
ARG = Z * X1 + (2 * Pl * (W20 * R + W40 * R / 2))
CS = COS(ARG)
SS = SIN(ARG)
SI = SI + SS * W(I)
Cl=CI +CS * W(l)
NEXT |
SI=SJ+SI*W(J)*RI*E
CI=CJ+CI*W(Q)*RI*E
NEXT J
SB = SJ: CB = CJ

49 PSF=((SQ-SB)"2+(CQ-CB)"2)/bzl
PRINT "Z =", Z; " G(Z)="; USING "# ##tt##": PSF
PRINT #1, Z; " " PSF
IF Z >=Z1 THEN 50
Z=7+ST
GOTO 36

50 PRINT"
PRINT " W20 ="; w20, "WA40 ="; W40, "W60 ="; W60, "Norm="; NORM
FOR1=1TO20
PRINT #1, T(1), W(I)
NEXT |

CLOSE #1

END

! KTEEXEXKIXKIKXAAAAAAAAAAAAAAAAAAAAXd kK GAUSS POINTS & WEIGHTS DATA

80 DATA 0.9931286, 0.01761401 ,0.9639719
DATA 0.04060143 , 0.9122344, 0.06267205
DATA 0.8391169,0.08327674 ,0.7463319
DATA 0.1019301, 0.6360536 , 0.1181945
DATA 0.510867, 0.1316886 , 0.3737061
DATA 0.1420961 , 0.2277858, 0.149173
DATA 0.07652652, 0.1527534 ,-0.07652652
DATA 0.1527534 , -0.2277858, 0.149173
DATA -0.3737061, 0.1420961 ,-0.510867
DATA 0.1316886, -0.6360536, 0.1181945
DATA -0.7463319, 0.1019301,-0.8391169
DATA 0.08327674, -0.9122344, 0.06267205
DATA -0.9639719,0.04060143,-0.9931286
DATA 0.01761401

92



Appendix (B) 93

Program to calculate PSF for obstruction optical system with super

Gaussian filter.

R E M B R R R R R T S R R S R R S R R S R R S R R R R R R R R R R R R R R R S R R S R R S R R S R R T S T S

CLS

PRINT ™ POINT SPREAD FUNCTION PSF "
PRINT " ANNULAR APERTURE *
PRINT ™ FREE SYSTEM ABERATIONS "
PRINT

PRINT " BEGIN CALCULATIONS..."
! *khkkhkkkhkkkkhkkkhkkhkkhkhhkkhkhikkk DEFINE CONSTANT
Pl = 3.14159265#
KK=2*PI
a=SQR(PI)/2
N =20
20 DIM T(N), W(N)
RESTORE 80
FORI=1TO20
READ T(1), W(1)
NEXT I
! *hkkhkkkhkkhkkhkkhkhkhkhkhkkhkiikkikik BEGIN
INPUT "ENTER FILE NAME WITH [ *.DAT] ", NA$
OPEN NA$ FOR OUTPUT AS #1
INPUT " Abscuration Ratio E:", E
INPUT " a Factor: ", aa
INPUT " Zmin, Zmax , STEP :", Z0, Z1, ST
PRINT "Wait..."
W20=0
W40=0
bzl = 9.8708048#
Z=270
36 SJ=0:CJ=0
FORJ=1TON
YJ=T(Q)
RJ=SQR(1-YJ"2)
38 SI=0:Cl=0
FORI=1TON
XI=T()*RJ
filter = EXP(-XI * X1/ (aa * aa))
R=XI"2+YJ"2
ARG = Z* XI + (2 * Pl * (W20 * R + W40 * R  2))
CS = COS(ARG) * filter
SS = SIN(ARG) * filter
SI=SI+SS*W()
Cl=Cl+CS*W(I)
NEXT I
SJ=SJ+SI*W()*RJ
Cl=CJ+CI*W(J)*RJ
NEXT J
SQ=SJ.CQ=CJ
REM PRINT SJ, CJ
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' khkhhhhhkhkkhkhkhkhirhhkhhkhkhkhkhrirhirihkhkhhkhiiiix

46 SJ=0:CJ=0
FORJ=1TON

YI=TU)*E
RI=SQR(E"2-Y]"2)
48 SI=0:Cl=0
FORI=1TON
XI=T()*RJ
filter = EXP(-XI * X1/ (aa * aa))
R=XIN2+YJN2
ARG =Z * XI + (2* Pl * (W20 * R + W40 * R 2))
CS = COS(ARG) * filter
SS = SIN(ARG) * filter
SI=SI+SS*W()
Cl=Cl+CS*W(I)
NEXT I
SJ=SJ+SI*W(QJ)*RJ*E
Cl=CJ+CI*W(I)*RIJ*E
NEXT J
SB=SJ.CB=CJ
49 PSF=((SQ-SB)"2+(CQ-CB)"2)/bzl
PRINT "Z ="; Z; " G(Z)="; USING "# #Ht##H", PSF
PRINT #1, Z; " " PSF
IF Z>=Z1THEN 50
Z=7Z+ST
GOTO 36
50 PRINT"
PRINT " W20 ="; W20, "W40 ="; W40, "W60 ="; W60, "Norm="; NORM
FOR1=1TO 20
PRINT #1, T(I), W(I)
NEXT I
CLOSE #1
END
! *hkhkkkhkhkhkkhkhkkkhkhkkkhhkkkhkhkhkhkhhkhhhhkihhiikkx GAUSS POINTS & WEIGHTS DATA

80 DATA 0.9931286, 0.01761401 ,0.9639719
DATA 0.04060143 , 0.9122344, 0.06267205
DATA 0.8391169,0.08327674 ,0.7463319
DATA 0.1019301, 0.6360536 , 0.1181945
DATA 0.510867, 0.1316886 , 0.3737061
DATA 0.1420961 , 0.2277858, 0.149173
DATA 0.07652652, 0.1527534 ,-0.07652652
DATA 0.1527534 , -0.2277858, 0.149173
DATA -0.3737061, 0.1420961 ,-0.510867
DATA 0.1316886, -0.6360536, 0.1181945
DATA -0.7463319, 0.1019301,-0.8391169
DATA 0.08327674, -0.9122344, 0.06267205
DATA -0.9639719,0.04060143,-0.9931286
DATA 0.01761401



Chapter one General Introduction 1
Chapter one

General Introduction

1.1 Introduction

The production and industrialization of the optical system pass through
several stages, the optical design is the first one, after this stage is
completed, the optical components industrialization will be the next stage
and then, the evaluation and the testing of these components will be the last
stage before the lens is being used.

The optical design include specification of the radii of the surfaces
curvature, the thickness, the air spaces, the diameters of the various
components, the type of glass to be used and the position of the stop. These
parameters are known as ''degrees of freedom'" since the designer can
change them to maintain the desired system.

The image that is formed by these optical systems will be
approximately corrected from the aberrations. But there isn't ideal image
correspond to the object dimensions because of the wave nature of the
light, which almost affects with several factors like the type of illumination
that be used (incoherent, coherent and partial coherent), the object shape
(Point, Line or Edge) and the aperture shape [1].

There are several factors that affect the evaluation of the image quality
which is formed by the optical system, from these important factors that
effect on evaluation of the image quality, measured spread function (Point,
Line and Edge) [1,2,3] which represents descriptions of the intensity
distribution in image plane for an object (Point, Line and Edge). The
spread function depends on diffraction that produces by the lens aperture
and the amount of the aberrations and its type in lens or in the optical
system. The point spread function is an important parameter that is used for

identification the efficiency of the optical system, where several of the
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other functions are derived from the point spread function or in differential

relation or integral relation with it.
1.2 Lens Testing

There are generally three basic reasons for carrying out series of test on

lenses:

1. To determine if the lens is suitable for a given purpose.

2. To determine whether a lens which has been constructed fulfills the
design characteristics.

3. To study the limitation on accuracy of optical imagery and the relation
among various methods of assessing image quality [4].

There are two ways to test the lenses and optical systems.
1.2.1 Qualitative Test

By the qualitative test we have the ability to know the type of
aberrations in the tested lens, without measuring it, and the star test is
classified under the qualitative test ways. In the star test a collimator used
to produce plane waves and fall directly on the tested lens. The image
formed by the tested lens is examined through a microscope as show in the
figure (1-1). The lens rotates around it axis through the test. To examine the
decentering aberrations and asymmetric aberrations in the point image. If
the tested lens is perfect the observer sees bright circular surround by
several ring rapidly diminishing brightness which called Airy pattern [5].
This process of examination managed us for deduction on some aberrations

which reach to (1/10) from the wavelength that be used.
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3 B

Source Collimator Lensunder  Microscope Eye
test

Figure (1-1), star test

In this process we use the human eye which is practically a good
detector for asymmetric and for the change in the form, but it can not show
us the exact difference value of the intensity and the distance between the

fringes.
1.2.2 Quantitative Test
The Quantitative test is divided in two types:

1.2.2.1 Visible Test

It is the test that contains all the required measurements that are
designed on the basis principle of interference between the wave front
coming from the lens through using ideal wave of mono wavelength from
point source (the ideal wave is considered as a reference to the wave
coming from the testing lens).

From the instruments that used for this purpose Twyman-Green
interferometer [6] which is widely used in examination the lens and prisms,
and the interferometer is a good instrument to know the amount of moving
away from the ideal state, starting from (1/20) A part from the wavelength
until little wave length (3A).When the wavelength moving away for
hundred wavelengths the interferometer will be useless. The Twyman-

Green interferometer is essentially a variation of the Michelson



hapter one eneral Introduction 4

interferometer. It is an instrument of great importance in the domain of

modern optical testing as shown in figure (1-2).

Figure (1-2): Twyman-Green interferometer [6]

This device is setup to examine lenses .This spherical mirror M1 has its
center of curvature tested is free of aberrations (which is usually plane
mirror), the emerging reflected light returning to the beam splitter will
again be plane wave. In case, an astigmatism, coma, or spherical
aberrations deform, the waveform, fringe pattern will manifest these
distortions and can be seen and photographed. When M2 is replaced by
plane mirror, a number of other elements (primes, optical flats) can be

equally tested as well [7].
1.2.2.2 The Photometer Test

This way of examination includes the measurement of special function
that explains the lens efficiency, its ideality, and the amount of aberrations
that is present in it.

Some of these functions e.g. point spread functions (PSF), line spread
function(LSF) , disk spread function (DSF)and other spread function that
give good description of the intensity distribution in the image plane of an

object by the optical system that be wanted to be examined. The spread
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function depends on the aperture lens diffraction and the aberrations type
and the amount of aberrations in the lens or in the optical components.
There is another important function which is used to examine the
optical system like the optical transfer function (OTF). We can define the
OTF as the ability of the optical system to transfer the different frequency
from the object plane to the image plane as shown in figure (1-3) [8].One
of the other important functions used to evaluate the image specificity is

the contrast transfer function (MTF):

MTF = IMAX _IMIN

(1-1)
Ly + Loy

where:

Iy 4x ¢ represents the maximum intensity.

Iy - represents the minimum intensity.

Figure (1-3): The optical transfer function [5]
1.3 Diffraction

Diffraction is a phenomena or effect resulting from the interaction of
the radiation wave with the limiting edges of the aperture stop of optical
system [5, 9]. Diffraction is a natural property of light arising from its wave
nature, possesses fundamental limitation on any optical system. Diffraction

is always present, although its effects may be made if the system has



Chapter one General Introduction s

significant aberrations. When an optical system is essentially free from
aberrations, its performance is limited solely by diffraction, and it is
referred to as diffraction-limited. The image of a point source formed by
diffraction-limited optics is blurring, which appears as a bright central disk

surrounded by several alternately bright dark rings [5,10,11].this diffraction
blur or Airy disk, named in honor of Lord George Biddel Airy; is one of
those who analyzed the diffraction process. The energy distribution and the

appearance of Airy disk are shown in figure (1-4).

Figure (1-4): Airy disk, energy distribution and appearance [5].

If the aperture of the lens is circular, approximately (84%) of the energy
from an image point energy is spread over the central disk and the rest is
surrounding rings of the Airy pattern [5]. The angular diameter of Airy disk
(Bang) which is assumed to be the diameter of the first dark ring is
[5,10,12].

B.y,=2.44 A/D (1-2)
The Airy disk diameter B, is then:

Bui= Bung f=2.44 Mf /D = 2.44 M( f #) (1-3)

Where A is light wavelength that is used. The angular diameter is

expressed in radians if A and D are in the same units. Since the blur size is
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proportional to the wavelength as indicated in equation (1-3) the diffraction

effect can often become the limiting factor for optical system.
1.4 Aberration

For a perfect lens and monochromatic point source the wave
aberrations (Wa) measure the optical path difference (OPD) of each ray
compared with that of the principle ray [13].

The wave aberration polynomial in polar coordinates is [14]

Wa =W (c>,r>,rcos @) (1-4)
Wa=>>> W,o'r".cosg (1-5)
1 m

Where (i,m,j) represent the power of (o, r, cosg) respectively [14]
Where
r: represent the radius distance B , £ in exit plane
o the angle between the two variable x r.
o: represent the amount of principle ray high on the optical axis in the

image plane.
1.4.1 Monochromatic Aberration

The most important aberrations in the majority of application are Seidel
aberrations [15].The aberrations of any ray are expressed in terms of five
sums S; to Ss called Seidel sums [16] .Seidel was the first one who studied
this type of aberration. If a lens is to be free of all defects all five of these
sums would be of equal zero. No optical system can be made to satisfy all
these conditions once. Therefore it is customary to treat each sum
separately, and vanishing of certain once, thus, if for a given axial object
point the Seidel sum S,=0, there is no spherical aberration at the
corresponding image point. If both S;=0 and S,=0, the system will also be
free of coma. If, in addition to S;=0 & S,=0 the sums S;=0 and S;,=0 as well

the 1mages will be free of astigmatism and field curvature .If finally Ss
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could be made to vanish, there would be no distortion of the image. These
aberrations are also known as the five monochromatic aberrations because
they exist for any specified colour and refractive index. Additional image
defects occur when the light contains various colours. We shall first
discuss each of the monochromatic aberrations and then take up the

chromatic effects.
1.4.1.1 Spherical Aberration

In paraxial region (and with monochromatic light) all rays originating
from an axial point again pass through a single point after traversing the
system. This is not generally true for larger angle of divergence; different
zones of the aperture have different focal length, depending on their
distance from the axis. This difference called spherical aberration when the
separation of these foci is taken as a measurement of the aberration, it is
referred to as longitudinal, and where the accompanying spread in the
image point is referred to as transverse aberration [4] .The primary

spherical aberration seen in figure (1-5).

Marginal Ray

Paraxial Ray

Figure (1-5): Spherical aberration [5]
The algebraic formulation of spherical aberration which is even and

rotationally symmetric.
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W= z Moot =Woort + Wer® + .. (1-6)

m=even

In Cartesian coordinates where

x'=r.sing
y' =r.cos¢g
W =W (x4 "7) + Wy (X +37) +.. (1-7)

Where (x',»") is the exit pupil coordinates. The spherical
aberration may be minimized for a single lens when the deviation is nearly
equal at the two refracting surfaces. The radii of curvature minimize the
spherical aberration for an infinitely object where only spherical aberration

is considered and the thickness of the lens is neglected as follows:

2+ 2)n-1)f L2+ 2)m - 1)f

: n(2n—1) e 44+n-2m°’

(1-8)

where (f) is the focal length and (n) is the refraction index of the material.
The spherical aberration can be eliminated by combining two lenses

of different glass and opposite parity power [17].
1.4.1.2 Coma

Coma is the first of the lens aberration that appears as the conjugate
points moved away from the optical axis [18].Parallel input beam

approaching the lens at an oblique angle is shown in figure (1-6)

Optical axis

Figure (1-6): Coma aberration [5]
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The ray at the upper edge of the lens has higher angle of incidence
with the curved surface than the ray at the lower edge. The deflection of the
upper ray will be greater, and it will intersect the chief ray closer to the lens

than the ray from the lower edge [13].

Coma is un rotated axis and given as [14]:-

W= > W,or"cos ¢g=W,or’cos ¢+ W or’cos ¢+ ... (1-9)

m =odd
In cartesian coordinates the above equation will become as:

W(x',y')=1W3](x'2 + y'z)y'JerSI(x'2 +y"” )2 Y+ (1-10)

If the axis is rotated by angle  then the coordinates becomes [14]:

x'" = x'cos — y'sin
' ros v y! v (1_11)
y'=x"sin w + y'cos v
then the equation (1-10) takes the form
W(x’,y'):lel(x’2 + y’zj(x’sin(// + y'cos (//)+1W51(x'2 +y’2)2(x’sin w+y'cosy)+.. (1'12)

Where:

W,y : represents the aberration polynomial.
Coma can be controlled by the lens curvature and for an object of no limits

the condition to eliminate coma completely are given in [4, 19]--

_(?=1)f _ (m’-0f 1-13
1 02 ’ > —m ( )

1.4.1.3 Astigmatism

The word (Astigmatism) is derived from the Greek a-means not, and
stigma means spot or point [12].When a narrow beam of light is obliquely
incident on reflecting surface, astigmatism is introduced and the image of
the point source is formed by small lens aperture becomes a pair of focal

lines. Astigmatism in Cartesian is given by [14]:
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W(x'y) =Wy, (Xzsinzt// + yzcoszt// + xysinzt//) (1-14)

Astigmatism is off-axis and asymmetric aberration and it is
controlled by lens curvature, by choosing the refractive indexes of the lens
components, and by which the location of the iris and the refractive

surfaces are selected, Astigmatism shown in figure (1-7).

Tangential

image line Sagittal image

line

\Circle of least
confusion

Tangential fan

Optical axis

Sagittal fan

&
Object point

Figure (1-7): Astigmatism aberration [5].
1.4.1.4 Field Curvature

When a plane surface, normal to the optical axis is imaged by a lens,
in which all the above aberrations have been eliminated, the image will not
be plane but will lie on curved surface, This image defect is known as

curvature of the field, figure(1-8)[13].
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- plane
/ Tangential - —~—""
I Saglttal

mage surface
Petnral

Figure (1-8): Field curvature aberration [5].

Field curvature is given by

W=W,,0°r* + ..o (1-15)

To minimize the aberration relatively strong negative element of low-
index glass, it can be combined with positive elements of high-index glass.
The positive and negative elements must be axially separated to provide the

lens with useful amount of positive power.
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1.4.15 Distortion

Distortion is produced when the chief rays intersect the image
surface at heights different from these predicated by the paraxial
approximation. The case of pincushion and barrel distortion is shown in

figure (1-9) [4, 13].

Pincushion (positive) Barrel (negative)

=—
.

undistorted image

Figure (1-9): Distortion aberration [5].
Distortion is given by:

w 3 tcos /2 (1-16)

W = 11°

3
Distortion is sensitive to lens shaping, spacing and iris position and its

elimination may require skilful manipulation of these Parameters.
1.4.2 Chromatic Aberrations

The presence of material dispersion causes the refractive index to vary
with wavelength [20].The aberrations previously described are purely
functional of the shape of the lens surface, and can be observed with
monochromatic light. There are however other aberrations that arise when
this optics is used to transform light containing multiple wavelengths.
Chromatic aberrations caused by variation in the index of refraction of the

lens material with wavelength. The first two chromatic errors are variation
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of the paraxial image plane position and image height with wavelength.
These are known respectively as longitudinal axial and lateral chromatic.

Figure (1-10) illustrates these two types of aberrations.

Short A focus Long A focus

Longitudinal axial chromatic
aberration

(a) Longitudinal axial chromatic aberration.

Lateral chromatic
aberration

Long A ray

~\

Short A ray

—Ii Image plan

(b) Lateral chromatic aberration or lateral color.

1
—

Figure (1-10): Chromatic aberration [5].
Chromatic aberration is given by [14]:

W=W,B,.cosO+ W,r’ (1-17)
1.5 Strehl Ratio

The ratio of the intensity at the Gaussian image point in the presence
of aberration is divided by the intensity that would be obtained if no
aberrations are present, is called, the Strehl definition, or Strehl intensity.

Strehl ratio (S.R) is proportional to the on-axis intensity [21] .
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Strehl ratio S.R is expressed as:

sr=1G) (1-18)
Io

Where I(z) is the misfocus intensity [22]. The intensity in the PSF can be
expressed as Fourier transform for pupil function (we shell refer it in the

second section).

F(u',v') = N [ [eRWOXYD2m RV gyrgy e (1-19)
¥xX

where:

(v.u) : represents the radius coordinates of the image.

27
k=—"—
/1)

k: represents the wave number (

N: represents the normalizing factor which is used to make F(0,0)= 1.

By using polar coordinates
x'=rsing y' =rcos¢g

u'=p'siny > Vv =p'singy (1-20)
The equation (1-19), for circular aperture which its radius is r =1

and its area equals .7 in the image plane can be written as:

2z

1
:;£

To calculate the axial intensity, put p=0 and W(r,0) = W,u", then the

1
lkW r ¢ Zmp 7 cos l// ¢
‘([e rdrd ¢ (121)

equation (1-21) will be in the form:

2z

1 %F¢ 27iWyy "
F(O)z;_“.e Am’rdqb (1-22)

By solving the integral:

— il i2r
F(O) — 27[W (e 27W4 /A _ 1) (1_23)

20
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So that the intensity equals:

) 2
G(0)=|F () = —2;;; (2> - 1* (1-24)
20

after long series of simplification occur on:
sin’ (7w, / 1)
G(0)=——"2 " =sinc*(aW,,/ A 1-25
( ) (7Z'VV20/Z)2 ( 20 ) ( )

When the focus coefficient W, =%the equation (1-25) abbreviates

Strehl intensity ratio of 0.8 is good tolerance which is equivalent to
the Rayleigh quarter-wavelength criterion [23], for defocused system
Marshal [24] has shown that decrees in the Strehl ratio resulting from
presence of aberrations is determined by the total variance (V) of the wave

front aberration W, Let us define:

)

V=W -W (1-26)
Where the bars denote mean value over the pupil domain and for

circular aperture of normalized area equal 7, the variance is:
y= LIl
4 0
Marshal shows that for small aberrations, (S.R) is given by:

SR = [1— 2”2’/} (1-28)

2

[ W (r,¢)] rdrd ¢ - —DIW(}* ¢ )rdrd ¢5} (1-27)

0

When the exit pupil contains annular aperture (¢), then the intensity

equals to [25]:-

S.R {1—(2}’;2}/} (1-e) (1-29)
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1.6 Aberration Balancing

To improve optical system performance, optical designers make sure
that the total aberration contribution from all surfaces taken together sums
to nearly zero. Normally, such process requires computerized analysis and
optimization [26].We will use the way that Marshal used it, by obtaining
the minimum value to mean square derivation consequently, we get the

maximum intensity central value according to Strehl criterion.

Let us take the primary spherical aberration for axial image:
W(r,)=Wyr’ + Wyr' (1-30)

For circular pupil (x*+y’=1) and area (4 = ) Substitution in equation
of variance (1-27) is as follows:

127 11 2
y=[ [ rdrdqﬁ——ZDIW rdrdd
4 00 00
by solving the above equation for primary spherical aberration we get:

4 1 1
14 =EW402 +EW202 + =Wl (1-31)

The maximum Intensity value becomes maximum when the variance
at minimum 1is:

o€ 1 1

=—W,, +=W,
ow, 6 2 6 ° (1-32)
oe
8WQO__0 when W, =-W,, (1-33)

Substitute W= -Wyo in the equation (1-31) and entrance Strehl
condition, then:

2
1—W4o2 = 4
180 180

Then we get the tolerance value for primary spherical aberration with

focus error:

W, <1A, W, <-14
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We get best focus when there are optimum balance values (third

order aberration and focus error) in the optical system.

1.7 Resolution of Optical System

Consider an optical system which images two equally bright point
source of light, each point, is imaged as an Airy disk with the encircling
rings, and if the points are close, the diffraction patterns will overlap. When
the separation is such that it is just possible to determine that there are two
points and not one, the points which are said to be resolved [27]. The most
widely used value for the limiting resolution of an optical system is
Rayleigh's criterion. Rayleigh suggested that the image formed by an
aberration free system of two self luminous points of the same brightness
may be regarded as resolved if the central maximum of one image falls on
the first minimum of the other.

This minimum resolvable separation known as "limit of resolution"
which is given by [28]

_0.614

n'sinu’

Z

=1.22A(f /#) (1-34)

This represents Airy disk [27]. If slit aperture has been used
Rayleigh's criterion for resolving power will be in the new form:
Z=1.0 N (f/#) (1-35)

Dawes criterion is used only for circular and annular aperture and
gives the separation between point image centers for circular aperture:
Z=1.02 A (f/ #) (1-36)

Both of Raleigh's and Dawes criterions apply only for incoherent
source .But Sparrow gives special criterion for resolving power .He seems
that the second intensity derivation between half distance of point image
center equal zero [29].This criterion apply on coherent and incoherent

source, according to that the separation distance for circular aperture:
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38)
For slit aperture:-
7=0.829\ ( f/#) Incoherent (1-39)
7=1.325N (f /#) Coherent (1-40)

Therefore the resolution power of slit aperture performs more than
the circular aperture for the two type of light source (coherent and

incoherent), figure (1-11) represents the criterion discussed.

Figure (1-11): Raleigh's and Dawes criterions.

1.8 Focus Error

There are two types of focus error, longitudinal focus shift and
transverse focus shift. The following equations represent the longitudinal focal
shift and transverse focal respectively:

W(x’,y'):Wzo]ﬂZ:OWzo(xlz +y’2) (1'41)
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w(x',y' )= W, orcos ¢g= W, (x'sin w + y'cos y ) (1-42)
It is possible to reduce these two types of focus error through the

search about a best image place; therefore this type of error is not affected.
1.9 Depth of Focus

The concept "depth of focus" rests on the assumption that for an
optical system, there exits blur (due to defocusing) of small enough size
such that it will not adversely affect that performance of the system. The
depth of focus is the amount by which the image may be shifted
longitudinally with respect to some reference plane and introduces no more
than the acceptable blur. This is amount of the shifted image which is

corresponding to being out of focus by one quarter wavelength. The depth

of focus (8) which is corresponding to an optical path difference of J_ri/l 1s

[30]
§ =420 (f/#)? (1-43)

1.10 Literature Survey

Many scientists and researchers are interested in the study of the
intensity of the image that is formed by the optical system and find the
ways and instruments which work on improving the image of optical
system and specifying the qualification of the optical systems through
specifying goodness of image that is formed by the optical system. Lord
George Biddel Airy [31] studied the intensity distribution in image plane of
a point source for free optical system. Airy [31] is the first to analyze the
diffraction process using circular aperture .Rayleigh [32] studied the effect
of wave front on the point spread function (PSF) .Barakat [33] a counts
from the researchers who made their researches on point spread function
because it is one of the important criterion that evaluates image quality.

There are another researchers who made their researches on optical systems
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contained aberrations.Q'Nill [34] and Hopkins [35] were the first of them.
Sutton [36] <« Mahajan [37]¢ Linfoot and Wolf [38] study the effect of
focus error on the intensity distribution in image plane. Hopkins [35] and
Wolf [28] studied the effect of object illumination (coherent, incoherent
illumination) on the intensity distribution of the image that is
formed..Mahajan [26] works on the creation and development of simple
pattern to calculate PSF for optical systems that contain asymmetric
aberrations and illuminated with incoherent source. O'Neill [40] explains a
process which evaluates the intensity distribution of a point image for
annular aperture by using 2D-fourier transform. Poon [41] uses Fourier
approximation in calculation the intensity distribution around the geometric
focus. Gauss [42] was the first to give equivalence between the I* orders
spherical aberration and the 2™ orders spherical aberration in presence of
the focus error. Strehl [43] studied the effect of the I™ orders aberrations on
the image of a point source and evaluate the optimum balance values.
Dufieux [3] studied Fourier transforms technique for optical systems.
Hopkins [44] used the simple canonical coordinates in calculation the
diffraction pattern in image plane. Barakat [45] calculates the intensity for
optical systems contains circular aperture in presence of the spherical
aberration and he uses Gauss rule in the numerical analysis. And in another
research Barakat [46] calculates the PSF for optical systems contains
aberrations.

There are many researches in the field of image apodization by using
different kinds of filters. O'Neil [34] and Marechal [47] made their
researches on the filters that used coherent light. Luneburg [48] used the
optical systems with circular exit pupil and concluded that homogeneous
energy distribution on the circular exit pupil in limits of the paraxial rays
gives perfect results. There are other researches [49, 50] who used only the
paraxial rays. Forskin [51] studied the non-paraxial state .RAO [52] studies

the effect of filters forms (pupil's transparency form) on the edge spread
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function (ESF). Reddy [53] indicates that the resolution limits increased
with presence LANCZOS filters. RAO [54] notices that if the optical
systems contain BARTLETT filters the secondary peaks will be
disappeared.

In 1997 RAO [55] studied the modulation transfer function (MTF) by
using different filters types. J.campos, J.C.Escalerd and M.J, Yzuel [56]
studied the effect of aperture form on characteristic's symmetric image. In
the field of calculation the total object energy in image plane Wolf [28]
gives a study for calculating the total illumination by using Lommel
function. Mahajan [57] calculates the total illumination function for

obstruction diffraction- limited system.
1.11 Aim of this Work

This research, aims to study an obstructed optical system with or
without different aberration. Also study the effect of the Gaussian form of
the filter, on the annular optical system and circular optical system (with

and without aberration).
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Chapter two

Point Spread Function

2.1 Introduction

For the importance of the point spread function (PSF) in testing and
evaluating optical systems, it becomes the dependent measurement to
know the optical systems efficiency .It has been studied for optical systems
with circular aperture and also for annular aperture with Gaussian filter,
where that function could evaluated the image efficiency for point object in

image plane.
2.2 Point Spread Function (PSF)

The image of point source formed by a lens system is known as the
point spread function (PSF) of the lens. Other names for the PSF include
"impulse response", "Green's function", and "Fraunhofer diffraction
pattern" it is one of the most completed functions for describing the
performance of an optical system and can be extended to include the
effects of an obstructed aperture, apodization and any factor external to the
optical system [4]. The most fundamental type of objects used in the
testing of optical components is point source of light which is effectively
of negligibly small dimensions. The PSF is a characteristic of the system
under test. When the system contains less aberration, the image of a bright
point is a finite disk of light surrounded by a series of weak diffraction
rings; only the first is usually bright enough to be visible to the eye. This
phenomenon was early expanded by Airy [5], who was the first one to
calculate the intensity in the image of a point source as a formed by a
diffraction-limited system, seen in figure (1-4) [17]. To calculate the
intensity in the image plane for monochromatic point source, suppose that

we have an optical system contains a lens forming an image for a point
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source, and we know that all optical systems have aperture in some place
in the optical system and it form an image in object space called "Entrance

pupil" and it's image in image space called "Exit pupil" as in figure (2-1).

B H

Object Plane |

Entrance
Pupil

Figure (2-1): Optical axes, object plane, entrance pupil, exit pupil,
image plane
The ray which comes from the point source is spherical and of less

aberration and its spherical center in the point source like in figure (2-2)

Figure (2-2): Diffraction image of a point source [10].

The wave (E) passes through Entrance pupil and the wave (E’)
passes through exit pupil. The complex amplitude function distributed on
the front (EB) is uy(x,y) and The complex amplitude function distributed

on the front spherical reference (E'B') for the center (0’) in the image
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space is uy(x'yy'), therefore we can define the pupil function for the

optical system as[28].

Fly)= el @-1)
u,(x,)

The coordinates (X,Y), (X,Y’) are real space coordinates for
entrance and exit pupil respectively. The ray heights that pass through the
edges of entrance pupil and exit pupil are (h, h') respectively, for
aberration less system:

h=y max; B' =" max

We can use the reduced coordinate to describe the pupil function [28]

p=X 2t
Tk
2-2
x'_£ '_z ( )
Y T

The spherical wave (EB) is empty of aberration and diffraction, it is
an ideal and it could be uy(x,y)=1 and on the other side the wave (E'D’)
represents the real wave that suffers from the aberrations and diffraction.
The wave (E'B’) will be represented as spherical reference and the phase
difference between the two waves (E'D', E'B’) in the aperture B’ is
k(B'D') where (k = the wave number) and equals :-
Where the path difference (B'D’) between the two waves represents the

aberration function for coordinates (x',y’) at the exit pupil therefore:-

W(x'y')=B'D' (2-3)
We can right the pupil function as:-
fxy)=t(x,y)e"" (2-4)

When we use the polar coordinates

r=Ax74+y7 ¢=tanl(%j

y' =r'sing , x'=r'cos¢g
Then the equation (2-4) will take the new form as:

f(xy) =(r',g) &7 (2-5)
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(r',0’) and t(x'y') represents the real amplitude function
distributed in exit pupil and it is called "pupil transparency’ or called
"Transmission function" and it taken different values according to its
use, and when we use the reduced coordinates of the object, it is defined

as [28]

y _{nsina}ét v_{nsina}
- ﬂ« sV /1 77 (2—6)

and the reduced coordinates of the image:

' {n.sina}g, o {n.sina} ,
27 K (2-7)

Where 1, &', n, & represent the coordinates in the image space and

object space respectively where:

!

sinazﬁ and sin o' =—

!

R, R' represent the radii of spherical waves in the entrance and exit pupil

respectively, therefore we can express PSF in its integral form as [28]
ror 1 i27(u'x+v"
F(u,v)zjjff(x,y)ez ( y)dxdy (2-8)
y X

Where A’ represents the area of exit pupil and F(u',v’) represents
the complex amplitude function.

The equation's limit can be defined from the circular aperture of
normalized area (7) and radii equal (1) therefore:-
(x, p)e™ ) x4 % <1

0 x* 4yt >1

flxy)= (2-9)

Let m'=2n v', 7'=27 u' equation (2-7) takes the new form [28]

1 e
Flu'v)=—[[£Cr e dxdy (2-10)
y x

The intensity G(u',v’) can be expressed as:

G'(u',v)=F(u',v").F (u',v") (2-11)
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where F*(u',v') the complex conjugate.

G(M',V,) — N J.J.f(x’y)eZﬂ'i(u'x+v'x)dxdy (2_12)
y X

or
R

G(z',m')=N .[ J-f(x,y)ei(zlﬁmry)dxdy (2-13)

The intensity distribution on the two axis (z',m’) are symmetric, so
we can reduce it to one axis only.

Let m'= 0 therefore equation (2-13) will take the form:-

! 1*}’2 .
J- If(x,y)e’”dxdy
~1_ /l—yz

2

G(z')=N (2-14)

2.2.1 PSF for Circular Aperture.

2.2.1.1 PSF for a Diffraction-Limited System

If the optical system is of less aberration it is called "diffraction-
limited system". Fore more simplification let 7(x, y) =1, therefore f(x, y)

=], then the intensity function is as follows:

2
lfy2

I e” ™ dxdy

—

G(z)=N (2-15)

To find the normalization factor that made G(z')=I1 when z' -0

we must simplify the above equation (2-15)

2

1 1=y
1 = N I Ielz xdxdy (2-16)
-1 fic,?

Whenz' -0, e”* =1
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2

1 A1-y7
1=N j jdxdy (2-17)
-1 1*}/2
1
N=—
71_2

In substituting the normalization factor (N) in equation (2-14) the
equation will take the new form:

2

1! Vi-y? y
G(z)=—5|[ [/ (x,y)e" dxdy (2-18)
T _I_W
For a diffraction-limited system:
Bt Vi-y? y ?
G(z')=— I (x,y)e” “dxdy >
an -
L Ji-y? 2
G(z)=—5|[ [r(x,p)cos(z'x)+ jsin(z'x)]dxdy (2-19)
L] ’ L ’
G(z')=— j j 7(x, y)cos(z'x)dxdy| +— j j (x, y)jsin(z' x)dxdy (2-20)
T4 1=y 4 71_\/?

sin( z'x) is odd function, therefore (2" part of the integral will be

negligible, and the equation will be:

G(z') = ;—zlj jf(x,y)cos( 2" x)dxdy ] (2-21)
_17\/?

Equation (2-21) represents PSF for a diffraction- limited system.

We can use the polar conditions where:
Yy =rcos¢ , X =rsing

V= pcosy , u= psiny

p=~u’+v’ , 1//=tan‘1£1j

u
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Where

Y= the angle in polar coordinates.

P=polar distance from the plane center.

Equation (2-8) takes the new form:-

127
ikW (r, i2 7pr cos(w—
F(p,w)= Nj j r(r, @)™ D 2D g (2-22)
00
For a less aberration system and r(x,y)=1 equation (2-22) is
solved as:-
Fpoy) - 2222 (2-23)
zp

where J;(2np) = Ist order Bessel function and the intensity is given as:
2
2J,(2
p

Equation (2-24) represents the intensity in Airy diffraction.

2.2.1.2 PSF with Focus Error

The spherical aberrations polynomial is:-
Wx,y) :I/Vzo(x2 +y2)+VKo(x2 +y2)2 "‘V%o(x2 +y2)3 T (2-25)

If the optical system does not contain spherical aberration and
when axial focus is moved from focus plane to another therefore the

equation of spherical aberration gives inductively the focus error
W,,(x* +y*).When pupil function S, y)=1(x, y)eikw(x’y) 1s substituted
in equation (2-14) we shall get:

1| 1=y _ . ?
G(z')= — J. Iz‘(x, y)e™ e dxdy (2-26)

-1 2

—1-y

LI ’
G(z') = % [ [2Cepcostm(x,y)+2'x) + jsin(e (x, y) + 2 x)]dxdy{ (2-27)

—1_ 2

I-y
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where sin(k(x,y)+z'x) is an odd function therefore

2

LA
[ [rCe.)cos@W (x,y) + 2'x)dxdy

-1_

G(z) = % (2-28)

l—y2

In substitution the value of the wave number (& :277[) and

regarding the aberrations function measured in unit of wave number we
shall get:

2

117
I Ir(x, y)cosQaW,,(x* + y*) + z'x)dxdy

-1_

(2-29)

2

G(z') = ﬂl

l—y2

By using equation (2-22) and substituting the value of focus
error (W,,r*) we shall get:-
1 i ikW20r2 i2pr-cos(y—¢)
F(py)=—] [r(r.g)e"™"e rdrdg (2-30)
00
Let p = 0 along the optical axis then we get:-
1 0 r iszor2
F(0,0) =— j j r(r,p)e” " rdrd¢ (2-31)

r=0 ¢=0

For more simplification 7(7,¢)=1

(ﬂ'WZO J
Sin T
F(0,0)=¢""='" (2-32)

the intensity will be:

. [ W, ’
- A — 2 7Z'VV20
G(0,0) =sinc 7 (2-33)

W

G(0,0) =
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The axial intensity go to zero when the focus error takes the values
(W,, =+1,422,431)
The intensity in the center of the PSF counts as a function of focus plane

position[44]. We can observe it in the figure (2-3), which represents the

intensity in image plane or PSF for different values of focus error.

Figure (2-3): The intensity in image plane.
2.2.1.3 PSF with Third Order Spherical Aberration

When we enter the factor of third order spherical
aberration(W20 (x2 + y2)+ W (xz + yz)z), the intensity equation will contain

the focus error and spherical aberation, then equation (2-14) will take the

new form:
1-y? 2
— Ir(x, y) cos(27z(W20 (x2 + y2 )+ Wi (x2 +y2 )2 )+ z'x)dxd){
6= M 1234
112
+— I J.z'(x, V)Jj sin(27z'(W20(x2 +y° )+ W4()(JC2 +y° )2 )+Z'x)dxd
,1_ 1_y2 )
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Where sin(2z(#,, (x> + y* )+ W, (x> +y> )} )+2'x) is an odd function

therefore:
1] Ji? ?
G(z")=— I Iz'(x,y) cos(27z(W20 (x2 +y? )+ W, (x2 +3? ) )+ z'x)dxdy| (2-35)

Equation (2-35) reresent PSF with 3™ sperical aberration.
2.3 Annular Aperture

Annular aperture is of a considerable practical importance and
usually encountered when using control stop in the optical system with
circular aperture. Considerable work in this direction done by Steel [58] ,
O'Neill [34]. They evaluated independently the (OTF) for different
values of annular aperture. Welford [59] published a theoretical study on
increasing the focus depth of photographic object using annular aperture.
The transfer function of an annular aperture in the presence of spherical
aberrations and defocusing is evaluated by Richard Barakat [46]
Mahjan [37] has shown that for symmetric pupils, a noncentral
obstruction always produces a higher concentration of energy image
center obstruction. Tschunko [60] investigates the image of infinity thin
incoherent bright lines generated by annular aperture of central
obstruction ratio approaching (1).Jarge Ojeda—Castaneda [61] calculates
Strehl ratio for annular aperture system in the presence of focus error and
primary spherical aberration. In the present work a formula is derived to
determine the intensity in the image of coherently of illuminated point
object using annular aperture .A new formula is derived to determine the
intensity in image illuminated point object using apodization annular
aperture. This formula is of finite limits and can be expanded for any
kind of aberrations. The annular aperture is illustrated in the figure (2-4)
where (p) represents the circular aperture and its radius (r,, p') represents

the central obstruction with radius (r;), where (g) represents the



Chapter two Point Spread Function 33

obstruction ratio (&= o/ r;). We can express the annular aperture by using
pupil function where:

f(x,») =1(x, )™ Within Q

f(x,y)=0 Out side Q

Then image intensity for annular aperture =

Image intensity for outer circle Image - Intensity for inner circle.

Optical axis

|~1— Focal length —*

Figure (2-4): Annular aperture.
By using equation (2-14), the PSF for annular aperture can be

calculated.
G =N [ feeyededy—[ [fx,3)e™ dx'dy’ (2-36)

Where (x,y) represented the coordinates of the central
obstruction (0 < £ <1) the intensity /, =(1-&") (2-37)

Where I = Intensity for circular aperture.

2.3.1 PSF of Annular Aperture for a Diffraction-Limited
System

When the system is a  diffraction-limited  W(x,y)=0
therefore 7 (x,y)=1. To find the normalized factor that makes G(z')=1

when z' = 0,we shall integrate equation (2-39):
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G)=1=N|[ [ddy -[ [dx'dy’ (2-38)
_I*W —f_Je-y'?
1 3 & — 2
lzdey-x‘_lJ%—jdy'-x'% (2-39)
-1 -&
1 & 2
1=N‘j2\/1—y2dy— [2e-y"a (2-40)
’ b
Let y=sinf,y' =¢&sind
2 2 ?
1= N4icos2<9d6’—4j-gzcos29d0 (2-41)
0 0
N=— 1 (2-42)
ﬂz(l—gz)z

In substituting the normalized factor (N) in equation (2-36):

2

1 1 y1-y° y e Ve »
G(z") = —v I I f(x,y)e " dxdy — .[ J.f(x',y')e’” dx'dy’ (2-43)
(- P e

For a diffraction-limited system f(x,y) =1 therefore equation (2-43)

will be:

1 417 £ W ?
G(j):ﬁj [ cose)+jsinlzx)dxdy- [ [cose’x')+jsinlz)ax'ay|  (2-44)
T (l—g ) R S o

sin(z'x) is an odd function and this part of equation will be neglected, we
shall write equation (2-44) in a new form:

1 y1-y? e-y"

2

G(z'):ﬁ [ cos(z'x)dxdy—j [ cos(zx")dx'dy" (2-45)

Equation (2-45) represents function of the intensity of annular

aperture with obstruction (g) for a free system.
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2.3.2 PSF of Annular Aperture with Focus Error

If the aberration polynomial W, (x2 - yz) which represents the focus

error is substituted in equation of pupil function, equation (2-43) will be:

1 L e 2
G(Z’) — - J. j tkWZO(x +y ) lzxdxdy J. J. lszo(x +y lZ‘C dxrdy (2_46)
7o (1- S S e

Substituting the wave number k:% and regarding the aberrations

function measured in unit of wave number .Then equation (2-46) takes

the new form:-

G(Z!):ﬂz 1_ ol J. ezZﬂWzo(x +y )+zxdxdy_J. J.eZZHWZO(x +) 72X dxrdy! (2_47)
A=)k e
_ i , -
j J-cos(Ziszo (x2 + y2)+ z’x)dxdy
S
+ j Iy] sm(27rW20 (x +y )+zx)dxdy
G(z') = ﬁ lyi-y? (2-48)
r°(l-¢7) s 2
- J. J.cos(ZizW20 (x'z + y’2)+ z’x')dx’dy
—6_Je-y?
. e ’
- J. J.)] s1n(27rW20 (x +y' )+zx )dx

SiIl(ZﬁWZO(xz + y2)+ z'x) is an odd function therefore equation (2-48) will

be:
1 1-»° 2 |
I _[cos 27zW20 x*+y )+ z’x)dxdy
1 1 1-y?
G(2") = 2-49
R 2 (2-49)

m'—"”

&‘yz

jcos 27W,, (x'z +y" )-i- z'x')dx'dy

Equation (2-49) represents PSF for annular system with focus error. The

axial intensity for perfect system with annular aperture is given as:
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Sin(sz (1—52)] 2

A
w5, (1 - 52) (2-50)
A

G(0)=

If =0 then one has:

Gl0)=| — — (2-51)

G(0) represents the axial intensity of annular aperture with focus

CIror.

2.3.3 PSF of Annular Aperture with Focus Error and Spherical

Aberration

If the polynomial of spherical aberration which contains the focus

error and spherical aberration (WZO (7 + )+ W (x7 + yz)z) is substituted in

equation of pupil function. Equation (2-43) will be:

2
-y

1 41
J‘ jeik(Wzo(x2+y2)+W40(x2+y2)z)eiz'xdxdy
G(2) o
Z )=
2 (1-g%) \/; (2-52)

&
J e Wzo(x )W (X2 4y )) tz’x’dxrdyr
-

~Jo-y
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1
—-1_ 1—y2

—

2
005(27Z(WZO (x2 +y? )+ W, (x2 +y? )2 )+ z'x)a’xd)~

o

+
[ —

zjsin(27T(VVz<)(x2 +y2)+W40(x2 +y )2)+Z'x)dxa’>~
A=)=——% 253

cos(27r(W20 (x’2 +y" )+ W, (x'2 +y" )2 )+ z'x')dx’a’y'

T ‘-—-v;f

<

k‘w
_—
| —_
3
5
N—
o
|
i
<,
®

|
T—

|
i;wh--:
<. L

2

— 7
<

il (¢ e o o b

T—

|
T
<

Where sin(27z(W20 (x2 + y2)+ W (x2 + y2)2)+ z’x) is an odd function

therefore the equation will be:-

1y

I .[ (:05(272(1/1/20()62 +y° )+ Wi (x2 +y° )2 )+256de)~
6) -] | @59

L A N A S R e

S

Equation (2-54) represents the PSF of annular aperture with focus

error and spherical aberration.
2.4 Apodization

Apodization is a complicated word for the simple process of shading
part of the aperture usually the out side. "Apod" means "without feet"
and, judging from the name. The process of apodization is to reduce the
intensity of the diffraction rings [4,12,17].

The meaning of the term "Apodization" has been extended by usage
to include all terms of modifying the PSF through the amplitude
transmittance pupil function z(x,y) [4]. A considerable amount of our
work has been done taking into account the use of filter to improve the

image qualities, such as a resolving power, depth of focus and energy
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distribution in the image. Five-level classification of the apodization
function is given bellow.

Class-1: z(x,y)=1 at all point in the pupil.

Class-2: z(x,y)=10r0 at all point in the pupil.

r(x.y)
Class-3: z(x,y)=r? increases monotonically from center to edge
r(x.y)

Class-4: z(x,y)=1-r decreases monotonically from center to edge.

Class-5: 7(x,y)= e_%z super Gaussian filter with various width (a).

In this research a super Gaussian filter has been used with various width
(a=0.1,0.2,0.3-1). The super Gaussian filter is important in laser
application because it is making us to use the center spot of laser beam
(TEMgo) central mod only. Figure (2-5) illustrates super Gaussian filter
function according to its width which is used in this research, the super
Gaussian filter works on specification area of entering rays to the optical

system.

Figure (2-5): Super Gaussian filter with various widths.
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2.4.1 Apodization of Annular Aperture for a Diffraction-
Limited System

Equation (2-43) of annular aperture will be used to express the

rla? iW (x,y)

apodization of annular aperture in substitution with e = "~ e where

e™)  will be negligible because there is no aberration and

_2

2
e”"'“ represents the super Gaussian filter that is used to apodize the

annular aperture with a width factor (a).

2

1 1 W . & m o
G =——|] | femedwdy—[ [f(x,y)e™ dx'dy’
7 (1—8 ) S_fin? o fomy?

where is f(x,y) = ef%z .Therefore equation (2-43) will be:

2

G(z) = ﬁ j lj.yz eir%ze"zyxdxdy — i \/Terzze”’x’dx'dy' (2-55)
a (1_‘9 ) iy ooy
G(Z'):—2 ! .y j IJ:VZ eizrx_(’%z]dxdy— j. \/?eizyx’_(rzz)dx'dy' (2-56)
T (1—8 ) S PR P
— ~ 2
PT o /) sl /-
. Al a a
G(z") =m = (2-57)
_:[_\/17005(2%’—(’”%2))+jsin(z'x'—(’”%))dx'dy’_

sin(z'x— (”%2 » is an odd function therefore the equation will be in the new

form:
| 1 _j.l\;gcos (z'x - (”%2 ))dey - i
G(z') = 2(1 - )2 = (2-58)
i I I cos (z x' - (’”%2 ))Jx'dy’

where equation (2-58) represents the apodized annular aperture for

a diffraction-limited system.
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2.4.2 Apodization of the Annular Aperture with Focus Error

In substituting the super Gaussian filter with the focus error in pupil

function, we shall get:

_ iszo(x2+y2) —r?/a?
f(X,J/) =€ € (2-59)
in substituting equation (2-59) in equation (2-43), we shall get:
, 1 L2 ey i g A ey D 2
G(Z):m :|.1 IJ. ze dXdy :[ \/Le e dxaﬁ/ (2_60)
2
, 1 PR PR RENTEN) P Vg
=iy e dxdy—[ J e Hd (2-61)
(by substituting the value of the wave number & = 2%)
> 2
L ‘ﬁ iy (22 ye(x) }( )
I e “ dxdy
’ 1 112
GE= iy : (2-62)
A=) e e ool
—J. I e “ dx'dy’
—c_ g_y,z
_[ J. cos(27zW20 x*+y° +z’x—2—2dedy
-1_ [ yz
L - ’
+J. I ]sm(27zW20(x +y )+ Z'x——szxdy
G(z') = —— e ’ (2-63)
i _7[2(1_82)2 e—y? 2

|
& =
— |

|
; &

|
~ =
N} )

Y
|
<

2
co s(27zW20 (x'2 +y'2)+ z'x'—Z—zjdx'dy'

2
2

J sin[ZﬂWzo (x'2 +y"” )+ z'x' —;—zjdx'dy'

d

|
ﬂ'—-.
\<‘

2

Where sin[zﬂWzo(x2+y2)+ Z'x_r_zj is an odd function therefore
a

equation (2-63) will be in new form:
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1 W VZ
I J. cos(27zW20 (x2 + y2)+ z'x ——szxdy
a
1 “1y1-y?
G(z)=——
- J- cos[27zW20 (x'2 + y'2)+ z'x' —r—szx'dy'
RN a

aperture with focus error.

(2-64)

Equation (2-64) represents the apodization of annular

2.4.3 Apodization of the Annular Aperture with Focus Error

and Spherical Aberration

In substituting the super Gaussian filter with the focus error and

spherical aberration in pupi

i(szo (x2+y2)

f(x,y)=e

il function we shall get:

et}

then equation (2-43) will be:

1 1=y

[ [e

(Wzo(x +y )+W40(x +y )2)—* i

“dxdy

1

ey

(by substituting the value of the wave number & = 2% )

le dx’dy

(Wzo(x +)/ )+W40(x +y' )Z)_i

(2-65)

(2-66)

r2

IF 7 X2y W2+ +iz'x—
J' J‘ ez Wao( Y ) Wo( Y )zj 2 dxdy
R
G(z)=————
7[2(1_82) é \/; 2711 Wzo(x +) )+W40(x +) )Zjﬂzx—ﬁ
J I e < dx'dy’
.

(2-67)
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|0 i N L

I J co {2 Vzo(x2+y2)+%0(x2+y2)z)+z'x%ded+
cl

+zx—;2jdde(
+2x ——}iaj/

- j ‘T’ j si\{Ziszo(x'2 + y’2)+m0(x'2 +y? )2 +2x —g}b/cb/

+j; I 151\{2 VI/z'O(x2+)/2)+m0(x2+y2)2

G)= (2-68)

21-&)

Jor
_J.jj.ﬁco{%z(%o +y7? "‘on +y)Z

2

Where Sin[27r(VV20(x2 + 32 )+ W2 + 7 )+zx—r—j is an odd function.
a

Therefore equation (2-68) will be in new form:-

117

J

2
I 00{2 Wzo(x2 +)/2)+I/I/40(x2 +y° )2 +z'x—2—z de(
1 "y
G(z') =

. 2-69
72'2(1—82)2 ( )

e
.f I 00{2 Wzo(x +y' )+W40x +J’ +Zx— }I’dy
L e

Equation (2-69) represents the apodization of annular aperture with

focus error and spherical aberration.
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Chapter three

Numerical Evaluation

3.1 Introduction

The equations which contain triangle functions and aberrations can not
be solved analytically, therefore numerical integration method used to
solve these equations. From these numerical integration methods,
Trapezoidal rule and Simpson rule where the points distribute
homogenous over the integration interval. In Gaussian qadrature the
points distribute non homogenous over the integration interval. There are
two types of numerical integration methods classified according to their
point's distribution.

1. Numerical integration ways which have points distance equally and its
point's distribution is homogenous over the integration interval. Form
these methods (7Trapezoidel rule, simpson rule and filon rule) [62].

2.  Numerical integral methods that have non homogenous points
distribution which have difference weight values, these point values
and weight coefficient given in special tables depend on number of
points over integration interval from these numerical integration Gauss
rule. In spite of complexity which Gauss rule contain in comparison
with integration methods which have a non homogenous points
distribution, but it is the best way to solve the equation which contains
oscillating function like ((sin, cos) functions) and it gives high

accuracy in solving these equations.
3.2 Gaussian Method

Gauss rule in numerical integration is regarded an application for

Legendr polynomials(p (x)). Gauss proved that f{z) represents

polynomial of (zﬁ—l) order or less, SO we can say:
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1
where:
Wi: represents Gaussian weight values which have numerical values that

depend on number of points (N') used.

ti: represents Legendr polynomial roots of order(ﬁ) that make P.(t;)=0.

Reference [63] included weight values, and the points used in the method
reach toN96.

Al-Hamdani[4] indicates the optimal Gauss number which gives
more accurate results in comparison with Simpson rule .Also
Al-Hamdani [4] indicates the effect of points distribution process in exit
pupil and on results accuracy and he suggested the optimal points
distributions for annular aperture. Figure (3-1) illustrate integral limits for
circular aperture with optimal Gauss points distribution in exit pupil,
where the short distance on x-axis contains less number of points and the
longitudinal distance contains large number of points, that for reduction
computing-time which increases with the increasing number of Gauss
points. Also the accuracy increases with increase Gauss point; therefore
we make a balance between, the accuracy and computing-time when
choosing the optimal number of Gaussian points

When the integration limits of f(x) are (a,b) the next expression can

be used:
bh-a b+a
X =———t, +——
2 2 (3_2)
_b—at +b+a
Y= 5 5

Therefore equation (3-1) can be written as:

b b_gd
_[ f(x)dx = TaZWi f(x) (3-3)
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Figure (3-1): Integral limits for circular aperture with optimal Gauss
point's distribution in exit pupil

3.3 Numerical Evaluation of PSF

3.3.1 Numerical Evaluation of a Diffraction-Limited Optical

System

Equation (2-21) (which represent the PSF for a diffraction-limited

optical system) can be written according to Gaussian formula.

1 1 y1-y? ?
G(z’):—zj jr(x,y)cos(z’x)dxdy
ey
where:
yj:tl
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By using equation (2-21) we get:

2
, 1 20 20 )
G (z') = — (X, Y)W /1=y, > W, cos (z%; )
=1 i1

(3-4)

3.3.2 Numerical Evaluation of PSF for Optical System

Contained Focus Error.

Equation (2-29) can be writing in Gaussian formula:
2

(x, y ZW V1Y, ZW cos(27r(\/v20 (x +Y, ))+ z'x. (3-5)

G(z)_

3.3.3. Numerical Evaluation of PSF for Optical System
Contained Third Order Spherical Aberration.

According to Gaussian formula equation (2-35) is written as

follows:

2

r(xy 1Y, ZWcos(Zzz(Wzo(x +Y, )+W40(xi2+y2,-))+z'xi (3-6)

3.4. Numerical Evaluation of PSF for Optical System

G(Z')—

Contained Annular Aperture

3.4.1. Numerical Evaluation of PSF for a Diffraction-Limited
Optical System Contained Annular Aperture.

Equation (2-45) (which represents the PSF for a diffraction-limited
optical system with annular aperture) can be written according to
Gaussian formula.

1-y? e Jey? ?

G(Z)=— (1_ Zj; !yz 7(X, y)cos(z'x) dxdy— _J; _ Jg)s(z’x)dxdy (3-7)
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where
Yi =§ y, = &t
X, =1-y;°t, X =4Je-y, -t
therefore:
20 2
z(x, yZW V1-Y, ZW cos(z'x; )
G()=— (3-8)

”2(1_‘92) —7(x,y) giwj,/g— y;? iwi cos(z'x/
3.4.2. Numerical Evaluation of PSF for Annular Aperture
Optical System with Focus Error.

When the focus error is present equation (2-49) will take the

new form according to Gaussian formula.
. z(x, y)iwj NEA iwi cos(27r(\lvzo(xi2 + yjz))+ z’xi)
1 i1
Pl-s2f | z(x, y)giwj Je-yy’ iwi cos(Zyz(\Nzo(xi’2 + y}z))+ z'x!
i1 i1

2

G(2)= (3-9)

3.4.3. Numerical Evaluation of PSF for Annular Aperture
Optical System Contained Third Order Spherical Aberration.

Equation (2-54) will take the new form according to Gaussian
formula:

2

. 7(x, y)_zzol\/\/j NiESA 2Zol\/\lI cos(Zﬁ(\Nzo(xi2 + yj2)+W40(xf +V? )Z)+ z’xi)
i= i=
Z-ef 7(x, y)eiwj Je iwn COS(Z”(WZO()Q’Z + y;2)+W40(x{2 +Y%) )2)+ 7%
i= i

G@)= (3-10)
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3.5 Numerical Evaluation of PSF for Optical System Contain

Apodized Annular Aperture:

3.5.1 Numerical Evaluation of PSF for a Diffraction-Limited
Optical System Contain Apodized Annular Aperture.

Equation (2-58) can be written according to Gaussian formula as

follows.
20 20 2
D W, 1-yi > W, cos(z'x, —r—z)
i=1 =1 a
20 v 20 ., r2
—eY Wi Je—y;" D W, cos(z'x, —?)
j=1 i=L

-
r?(1-g?)?

G(2) = (3-11)

3.5.2. Numerical Evaluation of PSF for Optical System

Contained Apodized Annular Aperture with Focus Error

Equation (2-64) (which represents the PSF of apodized
annular aperture contained focus error) will take the new form according

to Gaussian formula:

20 20 2
1 Z;WJ ‘Vl_ yJ? Z;Wi 003{2”\/\/20()92 +yjz)+zrxi _%j
i= i=

G(Z) = ,

—2\2
Tl —giwj,/g—ygziwj co{Z;szo(xi’z +y}2)+ z'xi’—%
fi=n i1

(3-12)
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3.5.3. Numerical Evaluation of PSF for Optical System

Contained Apodized Annular Aperture with Third Order

Spherical Aberration

In the presence of the aberrations (third order spherical aberration)

equation (2-69) will take the new form according to Gauss formula:
20 20 2
oSty eyl -
= =1
rA-&y| 2 20 2
W ey W, co{2ﬂ(\/%(><2+>/,.2)+V\40(><2+yf)2)+z'>q —;2
=1 i=l

2

(7)= (3-13)
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3.6. The Programs

After writing the last equations for PSF according to Gaussian
formula in numerical integration for each state of aberrations present in the
optical system and after choice the optimum number and the optimum
distribution for Gaussian's points, program in Q.Basic language version 4.5
has been written to calculate the results of these functions that contain
focus error and spherical aberrations with obstruction and super Gaussian
filter.

Appendix (A) explains a program to calculate PSF for free optical
system. This program help us to change the focus error values (W,,=0.25,
0.5and 0.757) and spherical aberrations values (W,=0.1, 0.3, 0.5,
0.7and0.94) or width factor of the super Gaussian filter (a=0.1-0.9).

Appendix (B) explains a program to calculate PSF for obstruction
optical system with super Gaussian filter. This program help us to change
the obstruction ratio (¢) and focus error values (W,,=0.25, 0.5and 0.757)
and spherical aberrations values (W,=0.1, 0.3, 0.5, 0.7and0.9) or width
factor of the super Gaussian filter (a=0.1-0.9).

Table (3-1) explains the comparison between the extracted results
by using the programs placed to calculate PSF in this research and
Hopkins results [57] also calculated results from Airy pattern for a
limited-diffraction optical system equation (2-24).

The programs that are used to compute the PSF were correct because the
values of free aberration PSF of annular aperture were in agreement with

the numerical analytical values.
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Table (3-1) comparison between the written program results and
Hopkins results and the results calculated from the equation (2-24).

Z The current Hopkins results The results
research calculated from
Airy pattern
Equation(2-24)
0 1 1 1
1.25 0.6675 0.6645 0.6645
2.5 0.1581 0.1543 0.1544
3.75 0.0003 0.0002 0.0002
5 0.0171 0.017 0.017
6.25 0.0049 0.0046 0.0046
7.5 0.0013 0.0015 0.0015
8.75 0.0037 0.0036 0.0036
10 0 0 0
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Chapter four

Results and Discussions

4.1 Introduction

This chapter is containing of results and discussions. Where the
different obstruction ratio effect has studied on the optical system with or
without aberrations. Also the Gaussian filter with different width factor
on the annular optical system with or without aberrations, to know it is

effect on PSF and Strehl ratio.
4.2 Effect of the Obstruction Ratio on the Free Optical System

The central tops of the PSF effected with the increase of the
obstruction ratio in the optical system which clearly appears through the
data that is calculated from equation (3-8) and is given in table (4-1) and
according to figure (4-1). The first curve represents optical system
without obstruction. The intensity in the PSF is almost containing under
the curve with few intensity distributions on the secondary tops. The first
curve contained on (84%) from total intensity , and the remaining
intensity(16%) distributed on the secondary tops . The first curve
represents Airy disk .When the obstruction increases, the intensity will
decrease about original value and equals to zero when the obstruction is

completed.
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Figure (4-1): Effect of the obstruction ratio on the free optical
system.

Table (4-1): Effect of the obstruction ratio on the free optical system.

e=0 [e=01|e=02]¢=03|e=04|e=05)|¢e=06]|¢=0.7|e= 08 |¢e=09
1.00012 | 0.98022 | 0.92171 | 0.8282 0.70569 | 0.56257 | 0.40965 | 0.26013 | 0.0361 0.0361
0.77469 | 0.7572 0.7062 0.62594 | 0.52321 | 0.40689 | 0.2874 0.17601 | 0.02232 0.02232
0.33268 | 0.3213 0.28899 | 0.24086 | 0.18425 | 0.12727 | 0.07717 | 0.03896 | 0.00285 0.00285
0.05112 | 0.04675 | 0.0353 0.021 0.00869 | 0.00161 | 4.3E-05 | 0.00153 | 0.00151 0.00151
0.00109 | 0.00183 | 0.00488 | 0.0116 0.02159 | 0.03138 | 0.03574 | 0.03111 | 0.00577 0.00577
0.01715 | 0.01979 | 0.02761 | 0.03917 | 0.04984 | 0.05309 | 0.0451 0.02872 | 0.00229 0.00229

0.00849 | 0.01035 | 0.01572 | 0.0226 0.02609 | 0.02211 | 0.01238 | 0.00358 | 0.00013 | 0.00013
1.6E-06 | 0.00011 | 0.00104 | 0.0025 0.00231 | 0.00044 | 0.00051 | 0.0038 0.00272 | 0.00272

0.00345 | 0.00245 | 0.00091 | 0.00039 | 0.00106 | 0.00448 | 0.01071 | 0.01374 | 0.00216 | 0.00216

0.00298 | 0.00208 | 0.00083 | 0.00063 | 0.00212 | 0.00644 | 0.01012 | 0.00755 | 2.5E-05 2.5E-05
0 | 77605 [ 0 0.0002 0.00013 | 0.0002 0.00172 | 0.00176 | 8.8E-05 | 0.00126 | 0.00126

4.3 Effect of the Obstruction on the Optical System Contained
Focus Error (W,y=0.25, 0.5) A.

The central tops of the PSF effect in the presence of the focus error

=(OONO(ON|A(WIN=ON

in the optical system which clearly appears through the data that is
calculated from equation (3-9) and is given in the tables (4-2), (4-3) where
the maximum intensity of the PSF in figure (4-2) equals to (0.810646)
when the focus error equals (W»,=0.25)1).The intensity ratio reduced with
obstruction increases like in figure (4-2). When the focus error equals to
(W20=0.51), the maximum intensity will reduce to (0.405283) from its
value, and this value will be reduced with increase the obstruction like in

figure (4-3).
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Figure (4-2): Effect of the obstruction on the optical system contains
focus error (Wy=0.25) A.

Table (4-2): Effect of the obstruction on the optical system contains focus
error (Wy=0.25) L.

e=0 [e=01|e=02]¢=03|e=04|e=05)|¢e=06]|¢=0.7|e= 08 |¢e=09
0.81064 | 0.79791 | 0.75974 | 0.69642 | 0.60905 | 0.50043 | 0.37628 | 0.24651 0.12619 | 0.03583
0.62859 | 0.61700 | 0.58263 | 0.52673 | 0.45180 | 0.36206 | 0.26404 | 0.16680 0.08187 | 0.02215
0.27725 | 0.26868 | 0.24409 | 0.20674 | 0.16156 | 0.11446 | 0.07134 | 0.03703 0.01422 | 0.00282
0.06226 | 0.05746 | 0.04474 | 0.02843 | 0.01369 | 0.00427 | 0.00100 | 0.00166 0.00259 | 0.00150
0.02692 | 0.02544 | 0.02257 | 0.02170 | 0.02489 | 0.03047 | 0.03358 | 0.02963 0.01843 | 0.00572
0.03061 | 0.03117 | 0.03379 | 0.03952 | 0.04628 | 0.04863 | 0.04195 | 0.02736 0.01177 | 0.00227
0.01210 | 0.01329 | 0.01714 | 0.02268 | 0.02571 | 0.02198 | 0.01255 | 0.00374 0.0002 | 0.0001
0.00183 | 0.00268 | 0.00531 | 0.00813 | 0.00782 | 0.00421 | 0.00205 | 0.00396 0.00552 | 0.00270
0.00508 | 0.00532 | 0.00628 | 0.00705 | 0.00638 | 0.00685 | 0.01075 | 0.01319 0.00881 | 0.00214
0.00369 | 0.00351 | 0.00356 | 0.00363 | 0.00393 | 0.00676 | 0.00986 | 0.00742 0.00201 | 2.6E-05
0 | 0.00035 | 0.00012 | 7.5E-05 | 5.8E-05 | 0.00063 | 0.00274 | 0.00279 | 0.00055 0.00086 | 0.00124

=[O N|O(N|A(WIN=ON

o
P=) I

Figure (4-3): Effect of the obstruction on the optical system contains
focus error (W5=0.5) A.
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Table (4-3): Effect of the obstruction on the optical system contains
focus error (Wry=0.25) A.

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

0.40528 | 0.40518 | 0.34595 | 0.39724 | 0.38023 | 0.34595 | 0.28894 | 0.20902 [ 0.11637 | 0.03504

0.31579 | 0.31477 | 0.25061 | 0.30137 | 0.28265 | 0.25061 | 0.20287 | 0.14147 [ 0.07550 | 0.02166

0.15582 | 0.15268 | 0.08235 | 0.12794 | 0.10715 | 0.08235 | 0.05603 | 0.03172 [ 0.01315 | 0.00276

0.07796 | 0.07307 | 0.01019 | 0.04167 | 0.02368 | 0.01019 | 0.00335 | 0.00200 | 0.00245 | 0.00147

0.07187 | 0.06689 | 0.02748 | 0.04035 | 0.03064 | 0.02748 | 0.02779 | 0.02552 [ 0.01703 | 0.00560

0.05382 | 0.05062 | 0.03709 | 0.03803 | 0.03672 | 0.03709 | 0.03359 | 0.02362 [ 0.01092 | 0.00222

0.02131 | 0.02074 | 0.02114 | 0.02235 | 0.02407 | 0.02114 | 0.01279 | 0.00416 [ 0.00031 | 0.00012

0.01002 | 0.01151 | 0.01281 | 0.02016 | 0.01962 | 0.01281 | 0.00584 | 0.00438 | 0.00519 | 0.00264

0.01139 | 0.01344 | 0.01217 | 0.02113 | 0.01792 | 0.01217 | 0.01071 | 0.01169 [ 0.00818 | 0.00209

0.00632 | 0.00757 | 0.00755 | 0.01086 | 0.00839 | 0.00755 | 0.00909 | 0.00704 | 0.00200 | 2.9E-05

= OO |N|O|N|A~|WIN|=|O|N

0 | 0.00167 | 0.00166 | 0.00531 | 0.00188 | 0.00259 | 0.00531 | 0.00534 | 0.00177 | 0.00097 [ 0.00122

4.4 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for Free Optical System without an Obstruction.

The effect of the super Gaussian filter on the free optical system is
shown in figure (4-4). This figure is drawn from the data that is calculated
from equation (3-8) and is given in table (4-4).The upper curve in the
figure (4-4) represents the intensity distribution for a diffraction-limited
system contains super Gaussian filter with width factor a=1, where the
Strehl ratio equals to (0.642352) and it is decreased with decreasing the
width of super Gaussian filter, and the same think is done in the other

curves.

Figure (4-4): Strehl ratio for the free optical system contains super
Gaussian filter & (¢ = 0).
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Table (4-4): Strehl ratio for the free optical system contains super
Gaussian filter & (¢ = 0).

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

1.2E-02 | 4.9E-02 | 0.10932 | 0.18651 | 0.27437 | 0.36401 | 0.44820 | 0.52310 | 0.58764 | 0.64235

1.2E-02 | 4.9E-02 | 0.10475 | 0.17355 | 0.24753 | 0.31935 | 0.38425 | 0.44036 | 0.48769 | 0.52716

1.2E-02 | 4.6E-02 | 9.2E-02 | 0.13974 | 0.18129 | 0.21413 | 0.23894 | 0.25747 | 0.27137 | 0.28194

1.1E-02 | 4.1E-02 | 7.4E-02 | 9.7E-02 | 0.10697 | 0.10725 | 0.10288 | 9.7E-02 9.1E-02 | 8.5E-02

1.1E-02 | 3.6E-02 | 0.05513 | 5.8E-02 | 5.0E-02 | 0.03837 | 2.7E-02 | 1.9E-02 1.3E-02 | 8.8E-03

1.0E-02 | 3.0E-02 | 3.7E-02 | 3.0E-02 | 0.01841 | 9.0E-03 | 3.4E-03 | 7.9E-04 1.1E-05 | 2.8E-04

1.0E-02 | 2.4E-02 | 2.3E-02 | 1.3E-02 | 5.2E-03 | 1.2E-03 | 5.0E-05 | 1.8E-04 8.4E-04 | 1.6E-03

9.4E-03 | 1.9E-02 | 1.3E-02 [ 5.0E-03 [ 1.1E-03 | 9.2E-05 | 1.5E-05 | 1.1E-04 1.9E-04 | 2.2E-04

8.6E-03 | 1.4E-02 | 7.0E-03 [ 0.00165 [ 2.0E-04 | 1.2E-05 | 4.5E-06 | 2.5E-05 9.2E-05 | 2.1E-04

7.8E-03 | 1.0E-02 | 3.3E-03 | 4.6E-04 | 3.4E-05 | 1.2E-05 | 4.8E-05 | 1.4E-04 3.0E-04 | 4.9E-04

= OO |N|O|N|A~|WIN|=|O|N

0 | 6.9E-03 | 7.0E-03 | 1.4E-03 | 1.1E-04 | 5.9E-06 | 6.5E-06 | 2.1E-05 | 4.2E-05 6.3E-05 [ 7.8E-05

4.5 Effect of the Width Factor of Super Gaussian Filter on

Resolution of the Free Optical System without an Obstruction.

The width factor of the super Gaussian filter will affect on the
resolution of the free optical system without obstruction ratio .The effect
will be shown in the figure (4-5) that is drawn from the data which is
extracted from equation (3-8) and is given in table (4-5). The lower curve
of figure (4-5) represents the resolution of the optical system which
contain super Gaussian filter with a = 1. Also, it is noticed clearly that in
the same figure that the resolution ability of the optical system increases
with the increase of the width factors of the super Gaussian filter, where

the resolution is better when a = 1.

Figure (4-5): Point spread function for the free optical system contains
super Gaussian filter & (¢ = 0).
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Table (4-5): Point spread function for the free optical system
contains super Gaussian filter & (¢ = ().

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

1 1 1 1 1 1 1 1 1 1

9.9E-01 | 9.8E-01 [ 0.95815 [ 0.93047 [ 0.90217 | 0.87732 | 0.85733 | 0.84182 | 0.82990 | 0.82068

9.7E-01 | 9.2E-01 | 0.84243 | 0.74922 | 0.66076 | 0.58826 | 0.53311 | 0.49219 | 0.46179 | 0.43892

9.5E-01 | 8.4E-01 [ 0.68053 [ 0.52113 [ 0.38987 | 0.29463 | 0.22955 | 0.18543 | 0.15502 | 0.13353

9.1E-01 [ 7.3E-01 | 0.50429 | 0.31310 [ 0.18296 | 0.10541 | 0.06135 | 0.03651 0.02229 | 0.01376

8.7E-01 [ 6.1E-01 [ 0.34301 [ 0.16137 | 0.06713 | 0.02488 | 0.00769 | 0.00152 1.9E-05 | 0.00043

8.1E-01 | 4.9E-01 [ 0.21403 [ 0.07184 [ 0.01895 | 0.00340 | 0.00011 | 0.00035 | 0.00143 | 0.00255

7.5E-01 [ 3.8E-01 [ 0.12256 [ 0.02718 [ 0.00411 | 0.00025 | 3.3E-05 | 0.00022 | 0.00033 | 0.00035

6.9E-01 | 2.8E-01 | 0.06421 | 0.00885 | 0.00073 | 3.4E-05 | 1.0E-05 | 4.8E-05 | 0.00015 [ 0.0003

6.3E-01 | 2.0E-01 [ 0.03091 | 0.00248 | 0.00012 | 3.4E-05 | 0.00010 | 0.00028 | 0.00051 | 0.00076

= OO |N|O|N|A~|WIN|=|O|N

0 | 5.6E-01 | 1.4E-01 | 0.01362 | 0.00059 | 2.1E-05 | 1.7E-05 | 4.7E-05 | 8.1E-05 | 0.00010 | 0.00012

4.6 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Optical System Contains Focus Error
(W= 0.25, 0.5, and 0.75) A.

From figure (4-6) which is drawn from the data that are calculated
from equation (3-9) and given in table (4-6). We notice that the first curve
appears of a maximum Strehl ratio which starts at (0.521329) when a=1,
this value reduces with the decrease of the width factor of the super
Gaussian filter, it is reduced to (9.93E-03) when a=0.1.When the focus
error equals to (W5o=0.5 X), the Strehl ratio reduces to (0.262423) when
a=1. Also it reduce with reduces (a) for the other curves as it is shown in
figure (4-7) that is drawn from the data given in table (4-7). Figure (4-8)
shows the decrease in Strehl ratio with the increase of the focus error
(W2=0.75 L), the maximum value of the Strehl ratio equals to (6.10E-02)
when a=1, and it decreases with the decrease of (a). The energy distribution
under the curves decreases with the increase of the focus error .Figure (4-8)

drawn from the data given in table (4-8).
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o

Figure (4-6): Strehl ratio for the optical system contains focus error
(W20 = 0.25) A with super Gaussian filter & (¢ = 0).

Table (4-6): Strehl ratio for the optical system contains focus error
(W, = 0.25 1) with super Gaussian filter & (¢ = 0).

e=0 |e=01|¢=02|e=03|e=04|c=05|e=06|¢c=07]|¢c= 08| ¢e=09

9.9E-03 | 4.0E-02 | 8.8E-02 [ 0.15191 [ 0.22361 | 0.29640 | 0.36454 | 0.42505 | 0.47716 | 0.52132

9.8E-03 | 3.9E-02 | 8.5E-02 [ 0.14130 [ 0.20177 | 0.26024 | 0.31290 | 0.35834 | 0.39662 | 0.42853

9.7E-03 | 3.7E-02 | 7.4E-02 [ 0.11367 [ 0.14794 | 0.17524 | 0.19604 | 0.21171 0.22356 | 0.23263

9.4E-03 | 3.3E-02 | 6.0E-02 [ 7.9E-02 | 0.08765 | 8.9E-02 | 8.7E-02 | 8.4E-02 8.1E-02 | 7.8E-02

9.0E-03 | 2.9E-02 | 4.4E-02 [ 0.04732 | 4.1E-02 | 3.3E-02 | 2.7E-02 | 2.2E-02 | 0.01958 | 1.8E-02

8.6E-03 | 2.4E-02 | 3.0E-02 | 2.4E-02 | 1.5E-02 | 9.4E-03 | 6.4E-03 | 5.8E-03 6.5E-03 [ 8.0E-03

8.1E-03 | 1.9E-02 | 1.8E-02 [ 1.0E-02 | 4.7E-03 | 2.1E-03 | 1.7E-03 | 2.3E-03 3.3E-03 | 4.3E-03

7.5E-03 | 1.5E-02 | 1.0E-02 [ 4.0E-03 [ 1.1E-03 | 4.0E-04 | 4.2E-04 | 5.6E-04 7.0E-04 | 8.0E-04

6.9E-03 | 1.1E-02 | 5.5E-03 [ 1.3E-03 [ 2.0E-04 | 3.9E-05 | 4.4E-05 | 1.2E-04 | 2.9E-04 | 5.2E-04

6.2E-03 | 8.1E-03 | 2.6E-03 | 3.6E-04 | 2.4E-05 | 4.3E-06 | 6.9E-05 | 2.2E-04 | 4.4E-04 | 6.9E-04

= OO |N|O||A|W|IN|=|O|N

0 | 5.5E-03 | 5.6E-03 | 0.00115 | 8.5E-05 | 1.4E-06 | 6.3E-06 | 3.3E-05 | 7.0E-05 1.0E-04 | 1.4E-04
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Figure (4 - 7): Strehl ratio for the optical system contains focus
error (Wyy = 0.5 1) with super Gaussian filter& (¢ = 0).
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Table (4-7): Strehl ratio for the optical system contains focus error
(W9 = 0.5 1) with super Gaussian filter & (¢ = 0).

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

4.9E-03 | 2.0E-02 | 4.5E-02 | 0.07881 | 0.11563 | 0.15211 | 0.18573 | 0.21537 | 0.24083 | 0.26242

4.8E-03 | 1.9E-02 | 4.3E-02 | 7.3E-02 | 0.10458 | 0.13421 | 0.16050 | 0.18297 [ 0.20182 | 0.21749

4.8E-03 | 1.8E-02 | 3.8E-02 | 5.9E-02 | 7.7E-02 | 9.2E-02 | 0.10442 | 0.11361 0.12074 | 0.12632

4.6E-03 | 1.7E-02 | 3.0E-02 | 4.1E-02 | 4.7E-02 | 5.0E-02 | 5.3E-02 | 5.5E-02 5.8E-02 | 6.0E-02

4.4E-03 | 1.4E-02 | 2.2E-02 | 2.4E-02 | 0.02402 | 2.3E-02 | 2.5E-02 | 2.7E-02 [ 0.03089 | 3.4E-02

4.2E-03 | 1.2E-02 | 0.01513 | 1.2E-02 | 1.0E-02 | 1.0E-02 | 1.2E-02 [ 1.5E-02 1.9E-02 | 2.2E-02

4.0E-03 | 9.8E-03 | 9.3E-03 | 5.8E-03 | 4.0E-03 | 4.3E-03 | 5.6E-03 | 7.4E-03 [ 9.1E-03 | 1.0E-02

3.7E-03 | 7.5E-03 | 5.2E-03 [ 2.3E-03 [ 1.4E-03 | 1.5E-03 | 2.0E-03 | 2.6E-03 3.2E-03 | 3.8E-03

3.4E-03 | 5.6E-03 | 2.6E-03 | 8.0E-04 | 4.2E-04 | 5.0E-04 | 7.9E-04 | 1.2E-03 1.9E-03 | 2.6E-03

3.0E-03 | 3.9E-03 | 1.2E-03 | 2.4E-04 | 1.1E-04 | 1.9E-04 | 4.3E-04 | 8.0E-04 1.2E-03 | 1.7E-03

= OO |N|O|N|A~|WIN|=|O|N

0 | 2.7E-03 | 2.7E-03 | 5.4E-04 | 6.7E-05 | 3.1E-05 | 6.9E-05 | 1.5E-04 | 2.6E-04 3.8E-04 | 5.0E-04

Figure (4-8): Strehl ratio for the optical system contains focus error
(W0 = 0.75 A) with super Gaussian filter & (¢ = 0).

Table (4-8): Strehl ratio for the optical system contains focus error
(W = 0.75 1) with super Gaussian filter & (¢ = ().

e=0 |e=01|¢e¢=02|e=03|e=04|c=05|e=0.6|¢e=0.7]|¢c= 08| ¢c=09

1.5E-03 | 6.4E-03 | 1.4E-02 | 2.3E-02 | 3.2E-02 | 4.0E-02 | 4.6E-02 | 5.2E-02 5.7E-02 | 6.1E-02

1.5E-03 | 6.3E-03 | 0.01382 | 0.02240 | 3.0E-02 | 3.7E-02 | 4.2E-02 | 0.04664 5.0E-02 | 5.3E-02

1.4E-03 | 5.9E-03 | 1.2E-02 | 1.8E-02 | 2.4E-02 | 2.9E-02 | 3.3E-02 | 3.6E-02 3.9E-02 | 4.1E-02

1.4E-03 | 5.3E-03 | 9.8E-03 | 0.01377 | 1.7E-02 | 2.1E-02 | 2.6E-02 | 3.0E-02 3.5E-02 | 3.9E-02

1.3E-03 | 4.6E-03 | 7.3E-03 | 9.2E-03 | 1.1E-02 | 1.6E-02 | 2.1E-02 | 2.7E-02 3.3E-02 | 3.8E-02

1.3E-03 | 3.9E-03 | 5.0E-03 | 5.6E-03 | 7.6E-03 | 1.1E-02 | 1.5E-02 | 2.0E-02 2.4E-02 | 2.8E-02

1.2E-03 | 3.1E-03 | 3.2E-03 | 3.2E-03 | 4.4E-03 | 6.7E-03 | 9.2E-03 | 1.1E-02 1.4E-02 | 0.01615

1.1E-03 | 2.4E-03 | 1.9E-03 | 1.7E-03 | 2.3E-03 | 3.5E-03 | 5.0E-03 | 6.6E-03 8.2E-03 | 9.8E-03

1.0E-03 | 1.7E-03 | 1.0E-03 | 8.4E-04 | 1.1E-03 | 1.8E-03 | 2.8E-03 | 4.2E-03 5.7E-03 | 7.2E-03

9.0E-04 | 1.2E-03 | 5.5E-04 | 3.8E-04 | 5.0E-04 | 8.9E-04 | 1.5E-03 | 2.3E-03 3.2E-03 | 4.0E-03

= Q0|0 |N|O||A|WIN|=|O|N

0 | 7.9E-04 | 8.6E-04 | 2.6E-04 | 1.5E-04 | 1.9E-04 | 3.6E-04 | 6.5E-04 | 9.9E-04 1.3E-03 | 1.7E-03
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4.7 Effect of the Width Factor of Super Gaussian Filter on the

Resolution of the Optical System Contains Focus Error (W,)=
0.25, 0.5, and 0.75) A.

Figures (4-9-11) that are drawn from the data given in tables
(4-9-11) respectively which show the effect of the width factor on the
resolution of the optical system that contains focus error where
(W2=0.25, 0.5, & 0.75)\ The band width of figures (4-9-11) increases
with the increase of the value of the focus error where the curves of the
figures contain distortion, this distortion in curves increases with the
increase of the value of the focus error, that is clearly appears in figure
(4-11) where the value of the focus error equals to (W,,=0.75 A). The
resolution of the optical system increases with the width factor of the
super Gaussian filters. For the three figures (4-9-11) the resolution
decreases with the increase of the focus error. The normalized factor has
been found for the three types of the systems in presence of the super

Gaussian filter. Also these figures show that all the curves start from the

same point but with different curve shapes.

Figure (4 - 9): Point spread function for the optical system contains
focus error (W20 = 0.25 1) with super Gaussian filter & (¢ = 0).
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Table (4-9): Point spread function for the optical system contains
focus error (W) = 0.25 1) with super Gaussian filter & (¢ = 0).

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

1 1 1 1 1 1 1 1 1 1

9.9E-01 [ 9.8E-01 [ 9.5E-01 [ 0.93017 [ 0.90232 | 0.87798 | 0.85835 | 0.84304 | 0.83120 | 0.82201

9.7E-01 | 9.2E-01 | 8.4E-01 [ 0.74829 [ 0.66161 | 0.59121 [ 0.53777 | 0.49807 | 0.46852 | 0.44624

9.5E-01 | 8.3E-01 | 6.7E-01 | 0.51997 [ 0.39198 | 0.30090 | 0.23946 | 0.19824 | 0.17009 | 0.15036

9.1E-01 | 7.3E-01 [ 5.0E-01 [ 0.31152 [ 0.18611 [ 0.11359 [ 0.07397 | 0.05260 | 0.04103 | 0.03473

8.7E-01 | 6.1E-01 | 3.4E-01 [ 0.16054 [ 0.07024 | 0.03183 [ 0.01762 | 0.01366 | 0.01380 | 0.01545

8.1E-01 | 4.9E-01 | 2.1E-01 [ 0.07099 [ 0.02099 | 0.00714 [ 0.00481 | 0.00561 0.00702 | 0.00836

7.5E-01 | 3.8E-01 [ 1.2E-01 | 0.02688 [ 0.00496 | 0.00137 [ 0.00116 [ 0.00133 | 0.00146 | 0.00154

6.9E-01 | 2.8E-01 | 6.2E-02 | 0.00869 | 0.00090 | 0.00013 | 0.00012 | 0.00029 | 0.00061 [ 0.00101

6.2E-01 | 2.0E-01 | 2.9E-02 | 0.00239 [ 0.00010 [ 1.4E-05 [ 0.00019 | 0.00052 | 0.00092 | 0.00133

= OO |N|O|N|A~|WIN|=|O|N

0 | 56E-01 | 1.3E-01 | 1.3E-02 | 0.00055 | 6.3E-06 | 2.1E-05 | 9.0E-05 | 0.00016 | 0.00022 | 0.00026
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Figure (4 - 10): Point spread function for the optical system
contains focus errvor (Wyy = 0.5 1) with super Gaussian filter & (¢ = 0).

Table (4-10): Point spread function for the optical system contains
focus error (W, = 0.5 1) with super Gaussian filter & (¢= ().

e=0 |e=01|ec=02|e=03|e=04|c=05|e=06|¢e=0.7]|¢c= 08| ¢c=09

1 1 1 1 1 1 1 1 1 1

9.9E-01 | 9.8E-01 | 9.5E-01 [ 0.93000 [ 0.90441 | 0.88232 | 0.86415 | 0.84957 | 0.83798 | 0.82878

9.7E-01 | 9.2E-01 | 8.3E-01 [ 0.74807 [ 0.66982 | 0.60851 | 0.56221 | 0.52751 0.50135 | 0.48138

9.5E-01 | 8.3E-01 | 6.7E-01 | 0.52054 | 0.40835 | 0.33488 | 0.28870 | 0.25964 | 0.24096 | 0.22860

9.1E-01 | 7.2E-01 | 4.9E-01 | 0.31355 [ 0.20779 | 0.15620 | 0.13479 | 0.12817 | 0.12827 | 0.13117

8.6E-01 | 6.0E-01 | 3.3E-01 [ 0.16373 [ 0.09066 | 0.06805 [ 0.06636 | 0.07187 | 0.07912 | 0.08615

8.1E-01 | 4.8E-01 | 2.0E-01 [ 0.07432 [ 0.03500 | 0.02839 | 0.03064 | 0.03441 0.03782 | 0.04055

7.5E-01 [ 3.7E-01 [ 1.1E-01 [ 0.02943 [ 0.01206 | 0.01026 0.0111 [ 0.01228 | 0.01347 | 0.01459

6.9E-01 | 2.7E-01 | 5.8E-02 | 0.01021 [ 0.00366 | 0.00329 | 0.00426 | 0.00593 | 0.00792 | 0.00995

6.2E-01 | 1.9E-01 | 2.7E-02 | 0.00313 [ 0.00101 | 0.00126 [ 0.00232 | 0.00374 | 0.00520 | 0.00654

=1QO|0|N|O|N|A|WIN|=|O|N

0 | 55E-01 | 1.3E-01 | 1.1E-02 | 0.00085 | 0.00027 | 0.00045 | 0.00083 | 0.00123 | 0.00160 | 0.00191
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Figure (4 - 11): Point spread function for the optical system
contains focus error (W = 0.75 A) with super Gaussian filter & (¢ = 0).

Table (4-11): Point spread function for optical system contains
focus error

Wiy = 0.75 1) with super Gaussian filter & (¢ = 0).

z e=0 |e=01|e¢=02|e=03|e=04|c=05|e=06|¢e=0.7]|¢c= 08| ¢e=09
0 1 1 1 1 1 1 1 1 1 1
1 9.9E-01 | 9.8E-01 | 9.5E-01 | 9.3E-01 | 9.2E-01 | 9.1E-01 | 9.0E-01 | 8.9E-01 | 8.8E-01 | 8.7E-01
2 9.7E-01 | 9.2E-01 | 8.4E-01 | 7.7E-01 | 7.4E-01 | 7.2E-01 | 7.0E-01 | 6.9E-01 | 6.8E-01 | 6.7E-01
3 9.4E-01 | 8.3E-01 | 6.8E-01 | 5.7E-01 | 5.3E-01 | 5.4E-01 | 5.6E-01 | 5.9E-01 | 6.1E-01 | 6.4E-01
4 9.0E-01 | 7.2E-01 | 5.1E-01 | 3.8E-01 | 3.6E-01 | 3.9E-01 | 4.5E-01 | 5.2E-01 | 5.8E-01 | 6.2E-01
5 8.5E-01 | 6.0E-01 | 3.5E-01 | 2.3E-01 | 2.3E-01 | 2.7E-01 | 3.3E-01 | 3.8E-01 | 4.3E-01 | 4.6E-01
6 8.0E-01 | 4.8E-01 | 2.2E-01 | 1.3E-01 | 1.3E-01 | 1.6E-01 | 1.9E-01 | 2.2E-01 | 2.4E-01 | 2.6E-01
7 7.3E-01 | 3.7E-01 | 1.3E-01 | 7.2E-02 | 7.2E-02 | 8.7E-02 | 1.0E-01 | 1.2E-01 | 1.4E-01 | 1.6E-01
8 6.6E-01 | 2.7E-01 | 7.3E-02 | 3.5E-02 | 3.4E-02 | 4.5E-02 | 6.1E-02 | 8.0E-02 | 1.0E-01 | 1.1E-01
9 5.9E-01 | 1.9E-01 | 3.8E-02 | 1.6E-02 | 1.5E-02 | 2.2E-02 | 3.3E-02 | 4.5E-02 | 5.6E-02 | 6.6E-02
10 | 5.1E-01 | 1.3E-01 | 1.8E-02 | 6.5E-03 | 5.9E-03 | 9.1E-03 | 1.3E-02 | 1.9E-02 | 2.4E-02 | 2.8E-02

4.8 Effect of the Width Factor of Super Gaussian Filter on the

Resolution of the Optical System Contains

Aberration (W4=0.1, 0.3, 0.5, 0.7, & 0.9) A

Spherical

Figures (4-12-16) represent PSF for optical systems contain

spherical aberration with the values (W4=0.1, 0.3, 0.5, 0.7, & 0.9) A. The

figures have been drawn by using the data that are calculated from

equation (3-10) .From these figures we notice that any increase in

spherical aberration effected clearly with the increase of the band width

of these figures and the decrease in the width factor of the super Gaussian




Chapter four Results and Discussions 63

filter has the same effect which is seen in all figures (4-12-16), where the

less band width when the value of the super Gaussian filter (a=1).

Figure (4 - 12): Point spread function for the optical system contains
spherical aberration (W, = 0.1 1) with super Gaussian filter & (¢ = 0).

Figure (4 - 13): Point spread function for the optical system contains
spherical aberration (Wyy = 0.3 1) with super Gaussian filter & (¢ = 0).
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Figure (4-14): Point spread function for the optical system contains
spherical aberration (W, = 0.5 1) with super Gaussian filter & (¢ = 0).

Figure (4 - 15): Point spread function for the optical system contains
spherical aberration (W) = 0.7 A) with super Gaussian filter & (¢ = 0).

Figure (4 — 16): Point spread function for the optical system contains
spherical aberration (W, = 0.9 1) with super Gaussian filter & (¢ = 0).



Chapter four Results and Discussions 65
4.9 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Optical System Contains Spherical

Aberration (W,=0.1, 0.3, 0.5, 0.7, & 0.9) A.

Figures (4-17-21) represent Strehl ratio for the optical systems
contain spherical aberration with the values (W4=0.1, 0.3, 0.5, 0.7, &
0.9) A. These figures have been drawn by using the data that are
calculated from equation (3-10) .From these figures we notice that any
increase in spherical aberration is affected clearly with the decrease of the
Strehl ratio also the decrease in the width factor of the super Gaussian
filter has the same effect which is seen in all figures (4-17-21). We
conclude that any increase in spherical aberration with the decrease in the

width factor will affect in negative form on Strehl ratio.

Figure (4 -1 7): Strehl ratio for the optical system contains
spherical aberration (W) = 0.1 1) with super Gaussian filter& (e = 0).
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Figure (4 -1 8): Strehl ratio for the optical system contains
spherical aberration (W) = 0.3 1) with super Gaussian filter& (¢ = 0).

Figure (4 -1 9): Strehl ratio for the optical system contains
spherical aberration (W, = 0.5 1) with super Gaussian filter & (¢ = 0).

Figure (4 -20): Strehl ratio for the optical system contains spherical
aberration (W) = 0.7 1) with super Gaussian filter& (e = 0).
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Figure (4 -21): Strehl ratio for the optical system contains spherical
aberration (Wyy = 0.9 1) with super Gaussian filter & (¢ = 0).

4.10 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Optical System Contains Optimum
Balance Values (W,y=-1, Wy=1) 4

Figure (4-22) which is drawn from the data given in table (4-
12) and calculated from equation (3-10) shows the optical system that
contains third order spherical aberration (W4=11), and focus error
(Wyo=-14). This optical system is of high correction and symmetric for
the optical system contains focus error (W,,=0.254) from the values of
Strehl ratio with the same effect of the width factor of the super Gaussian

filter. Where this ratio decreases when width factor values decrease.

Figure (4-22): Strehl ratio for the optical system contains optimum
balance value (Wyy=-1, W4=1) A with super Gaussian filter& (¢ = 0).
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Table (4-12): Strehl ratio for the optical system contains optimum
balance value (Wyy=-1, W4=1) A with super Gaussian filter& (¢ = 0).

e=0 |e=01|¢=02|e=03|e=04|¢c=05|e=06|¢c=0.7]|¢c= 08| ¢e=09

9.2E-03 | 3.7E-02 | 8.4E-02 [ 0.14585 [ 0.21635 | 0.28859 | 0.35654 | 0.41698 | 0.46904 | 0.51311

9.1E-03 | 0.03703 | 8.0E-02 | 0.13549 [ 0.19477 0.2526 | 0.30496 | 0.35026 | 0.38848 | 0.42035

8.9E-03 | 3.4E-02 | 7.0E-02 | 0.10857 [ 0.14175 | 0.16811 [ 0.18813 | 0.20315 | 0.21446 | 0.22310

8.7E-03 | 3.1E-02 | 5.6E-02 [ 7.5E-02 | 8.2E-02 | 8.3E-02 | 8.0E-02 | 7.5E-02 7.0E-02 | 6.6E-02

8.4E-03 | 2.7E-02 | 4.1E-02 | 4.4E-02 | 3.8E-02 | 3.0E-02 | 2.2E-02 | 1.6E-02 | 0.01214 | 9.2E-03

8.0E-03 | 2.2E-02 | 2.8E-02 | 2.2E-02 | 1.4E-02 | 9.0E-03 | 6.2E-03 | 5.6E-03 6.3E-03 | 7.6E-03

7.5E-03 | 1.8E-02 | 1.7E-02 [ 1.0E-02 [ 5.3E-03 | 4.0E-03 | 4.8E-03 | 6.6E-03 8.5E-03 [ 1.0E-02

6.9E-03 | 1.4E-02 | 9.7E-03 | 4.1E-03 [ 2.2E-03 | 2.6E-03 | 3.6E-03 | 4.6E-03 | 5.3E-03 | 6.0E-03

6.4E-03 | 1.0E-02 | 5.0E-03 [ 1.5E-03 [ 1.1E-03 | 1.3E-03 | 1.4E-03 | 1.5E-03 1.5E-03 | 1.5E-03

5.8E-03 | 7.4E-03 | 2.3E-03 | 5.8E-04 | 4.5E-04 | 3.6E-04 | 2.1E-04 | 9.3E-05 5.2E-05 | 7.3E-05

= OO |N|O|N|A~|WIN|=|O|N

0 | 51E-03 | 5.0E-03 | 1.0E-03 | 2.2E-04 | 1.4E-04 | 6.7E-05 | 5.0E-05 | 1.1E-04 2.3E-04 | 3.9E-04

4.11 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System Contains
Optimum Balance Values
Figure (4-23) drawn from the data of equation (3-10).This

figure show the state of the optical system contains optimum balance
values (W=-1.04, W4o=1) A with obstruction ratio (¢=0.2). Figure (4-24)
drawn from the data of equation (3-10) for obstructed optical system
(e=0.5) which contains optimum balance values (W,=-1.25, W4=1) A.
Figure (4-25) drawn from the data of equation (3-10).This figure show
the state of the optical system contains optimum balance values

(Wyo=-1.64, W4o=1) A with obstruction ratio (¢=0.8). Figures (4-23-
25) show that Strehl ratio will reduce by the decrease of the width factor of
the super Gaussian filter also show that obstruction ratios and the super
Gaussian filter work on deleting the secondary tops. The optimum balance
values for obstructed optical systems contain spherical aberration giving in

table (1-4) which calculated from equation (1-31):
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Table (1-4): The optimum balance values for obstructed optical

systems contain spherical aberration

o1 |1
-1.01
-1.09
e
(11T o T ol

Figure (4-23): Strehl ratio for optical system contains optimum balance
value (Wyy=-1.04, W, y=1) 4 with super Gaussian filter& (¢ = 0.2).
Figure (4-23), agreement with figure (4-29).
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Figure (4-24): Strehl ratio for the optical system contains optimum balance
value (Wyy=-1.25, W, y=1) 4 with super Gaussian filter& (¢ = 0.5).
Figure (4-24), agreement with figure (4-32)

Figure (4-25): Strehl ratio for the optical system contains optimum balance
value (Wyy=-1.64, W, y=1) 4 with super Gaussian filter & (¢ = 0.8).
Figure (4-25), agreement with figure (4-35).

4.12 Effect of the Width Factor of the Super Gaussian Filter
on Strehl Ratio for the Free Optical System Contains
Obstruction Ratio with Different Values (¢=0.2, 0.5, and 0.8)

Figure (4-26) represents Strehl ratio for the free optical
system. The maximum Strehl ratio equals to (0.629815) for the free
optical system contains obstruction ratio (¢=0.2) where Strehl ratio

decreases with the decrease of the width factor of the super Gaussian
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filter. Figure (4-27) represents Strehl ratio for the free optical system
contains obstruction (£=0.5), the maximum Strehl ratio equals to
(0.5698534).In figure (4-28) the maximum Strehl ratio for the free
optical system contains obstruction ratio (¢=0.8) and equals to

(0.4800972). Strehl ratio decreased with the decrease of the width factor

likewise for the other curves.

Figure (4 - 26): Strehl ratio for the free optical system contains super
Gaussian filter & (¢ = (.2).

Figure (4 - 27): Strehl ratio for the free optical system contains super
Gaussian filter & (¢ = 0.5).
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Figure (4 - 28): Strehl ratio for the free optical system contains super
Gaussian filter & (¢ = 0.8).

4.13 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System (£=0.2)
Contains Focus Error (W,=0.25, 0.5, & 0.75) 4

The presence of the different values of focus error in the
optical system performs to decrease Strehl ratio and also the decrease in
the width factor of the super Gaussian filter, that appears in figures (4-29-
31) which represent an obstructed optical system (¢=0.2) with different
values of focus error (W,;=0.25, 0.5, & 0.75) A. For the first figure (4-29)
maximum Strehl ratio equals (0.519695) when the focus error equals to
(W20=0.25 X). When the focus error increases to (W,,=0.5 A) Strehl ratio
decreases to (0.2776234) as shown in figure (4-25).If the optical system
contains high amount of focus error, Strehl ratio decreases to
(0.07581605)as shown in figure(4-26). In all figures Strehl ratio

decreases with the increase of the width factor and focus error.
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Figure (4 - 29): Strehl ratio for the optical system contains focus error
(Woo = 0.25 }) with super Gaussian filter & (¢ = (.2).

Figure (4 - 30): Strehl ratio for the optical system contains focus error
(W9 = 0.5 A) with super Gaussian filter & (¢ = 0.2).

Figure (4 - 31): Strehl ratio for the optical system contains focus error
(W = 0.75 A) with super Gaussian filter & (¢ = 0.2).
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4.14 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System (£=0.5)

Contains Focus Error (W,=0.25, 0.5, & 0.75) 4

Figures (4-32-34) represent Strehl ratio for the optical systems with
different values of focus error (W,,=0.25, 0.5, & 0.75) A and contain
obstruction ratio (¢=0.5).Curves of these figures drawn from the data that
are extracted by calculating equation (3-9) of PSF for the optical system
contain obstruction and focus error. We notice from the first figure (4-32)
that Strehl ratio starts in (0.507082) when the width factor of the super
Gaussian filter (a=1) and the focus error (W»,=0.25 A). This ratio starts to
decrease when the width factor decrease .In the second figure (4-33) Strehl
ratio starts in (0.3510338) when the focus error (W»,=0.5 1) and the width
factor of the super Gaussian filter (a=1). Also for the third figure (4-34)
Strehl ratio starts in (0.1766028) when the width factor (a=1) and the focus
error (W»,=0.75 A). We notice that the Strehl ratio will start to decrease if
the width factors of the super Gaussian filter decrease and focus error
increase, and there are distortions in curves appear with the increase of the

focus error.

Figure (4 - 32): Strehl ratio for the optical system contains focus error
(W9 = 0.25 A) with super Gaussian filter & (¢ = 0.5).
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Figure (4 - 33): Strehl ratio for the optical system contains focus error
(Woo = 0.5 1) with super Gaussian filter& (¢ = 0.5).

Figure (4 - 34): Strehl ratio for the optical system contains focus error
(W9 = 0.75 4) with super Gaussian filter& (¢ = 0.5).

4.15 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System (£=0.8)
Contains Focus Error (W,,=0.25, 0.5, & 0.75) 4

Figures (4-35-37) represent Strehl ratio for the obstructed optical
system (¢=0.8) and contain different values of focus error (W,,=0.25, 0.5,
& 0.75) L. The first figure (4-35) contains focus error (W»y=0.251). The
second figure (4-36) contains focus error (W»=0.51). The third figure (4-
37) contains focus error (W,;=0.75)\), where there is the high level of
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obstruction and focus error and the presence of the super Gaussian filter
effect on Strehl ratio, in the first figure (4-35) Strehl ratio starts at
(0.4674417) when the width factor of the super Gaussian filter equals to
(a=1), in the second figure(4-36) Strehl ratio starts at (0.4310673) and
(a=1), in the third figure(4-37) Strehl ratio starts at (0.3754787) and
a=1.The decrease in tops of Strehl ratio curves in all figures because of the

presence of the focus error and the reduce in width factor of the super

Gaussian filter.

Figure (4 - 35): Strehl ratio for the optical system contains focus error
(Wop = 0.25 1) with super Gaussian filter& (e = 0.8).

Figure (4 - 36): Strehl ratio for the optical system contains focus error
(W9 = 0.5 1) with super Gaussian filter& (¢ = 0.8).
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Figure (4 - 37): Strehl ratio for the optical system contains focus error
(W9 = 0.75) A with super Gaussian filter& (¢ = 0.8).

4.16 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System (£=0.2)
Contains Spherical Aberration (W4=0.1, 0.3, 0.5, 0.7, & 0.9) A

Figures (4-38-42), which are drawn from the data that are extracted
from equation (3-10) represent Strehl ratio for the obstructed optical
system (€=0.2) and contains spherical aberration (W4=0.1, 0.3,0.5, 0.7, &
0.9) A. Strehl ratio is maximum in all figures when the width factor (a=1)
and is the minimum value when a=0.1.The presence of spherical aberration
reduces Strehl ratio, and the reduction in the width factor of the super

Gaussian filter also reduces Strehl ratio.

Figure (4 - 38).: Strehl ratio for the optical system contains spherical
aberration (Wyy = 0.1 A) with super Gaussian filter & (¢ = 0.2).



Chapter four Results and Discussions 78

Figure (4 - 39): Strehl ratio for the optical system contains spherical
aberration (W, = 0.3 1) with super Gaussian filter & (e = (.2).

Figure (4 - 40). Strehl ratio for the optical system contains spherical
aberration (Wyy = 0.5 1) with super Gaussian filter & (¢ = 0.2).

Figure (4 - 41): Strehl ratio for the optical system contains spherical
aberration (W) = 0.7 A) with super Gaussian filter & (¢ = 0.2).
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Figure (4 - 42): Strehl ratio for the optical system contains spherical
aberration (W = 0.9 J) with super Gaussian filter & (¢ = 0.2).

4.17 Effect the Width Factor of Super Gaussian Filter on
Strehl Ratio for Obstructed Optical System (¢=0.5) Contained
Spherical Aberration (W,=0.1, 0.3, 0.5, 0.7, & 0.9) 2

Figures (4-43-47), which are drawn from the data that are extracted
from equation (3-10) represent Strehl ratio for the obstructed optical
system (£=0.5) and contains spherical aberration (W4=0.1, 0.3,0.5, 0.7, and
0.9) L. Strehl ratio is maximum in all figures when a=1 and is the minimum
value when a=0.1.The presence of spherical aberration reduces Strehl ratio,
and the reduction in the width factor of the super Gaussian filter also

reduces Strehl ratio.

Figure (4 — 43): Strehl ratio for the optical system contains spherical
aberration (W) = 0.1 A) with super Gaussian filter & (¢ = 0.5).
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Figure (4 - 44). Strehl ratio for the optical system contains spherical
aberration (W, = 0.3 }) with super Gaussian filter & (¢ = 0.5).

Figure (4 - 45): Strehl ratio for the optical system contains spherical
aberration (Wyy = 0.5 1) with super Gaussian filter & (¢ = 0.5).

Figure (4 - 46).:Strehl ratio for the optical system contain spherical
aberration (W) = 0.7 J) with super Gaussian filter & (¢ = 0.5).



Chapter four Results and Discussions sl

Figure (4 - 47): Strehl ratio for the optical system contains spherical
aberration (W9 = 0.9 A) with super Gaussian filter & (¢ = 0.5).

4.18 Effect of the Width Factor of Super Gaussian Filter on
Strehl Ratio for the Obstructed Optical System (£=0.8)
Contains Spherical Aberration (W,=0.1, 0.3, 0.5, 0.7, & 0.9) 4

Figures (4-48-52) which are drawn from the data that are extracted
from equation (3-10) represented Strehl ratio for the obstructed optical
system (¢=0.8) and contain spherical aberration (W4,=0.1, 0.3,0.5, 0.7, and
0.9) A. Strehl ratio is maximum in all figures when the width factor (a=1)
and is the minimum value when the width factor (a=0.1).The presence of
spherical aberration reduces Strehl ratio, and the reduction in the width

factor of the super Gaussian filter also reduces Strehl ratio.
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Figure (4 - 48): Strehl ratio for the optical system contains spherical
aberration (W, = 0.1 1) with super Gaussian filter & (¢ = (0.8)

Figure (4 - 49). Strehl ratio for the optical system contains spherical
aberration (W) = 0.3 1) with super Gaussian filter & (¢ = 0.8).

Figure (4 - 50). Strehl ratio for the optical system contains spherical
aberration (W9 = 0.5 A) with super Gaussian filter & (¢ = 0.8).



Chanvter four esults and Discussions 83

Figure (4 - 51): Strehl ratio for the optical system contains spherical
aberration (W40 = 0.7 1) with super Gaussian filter & (¢ = (.8).

Figure (4 - 52): Strehl ratio for the optical system contains spherical
aberration (W) = 0.9 J) with super Gaussian filter & (¢ = 0.8).
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4.19 Conclusions

1. The programs that are used to compute the PSF were correct

because the values of free aberration PSF of annular aperture
were in agreement with the numerical analytical values.

2. The presence of aberration causes the peak of the PSF to be less,
and when the amount of aberration is increased the peak is
decreased.

3. The resolution of the optical system increased with the increased
of the value of the width factor of the super Gaussian filter, and
the value of width factor between (a=0.5 to 1) considers as best
values in comparison with width factor (a=0.1 Or 0.2).

4. Strehl ration decreases with the decrease of the width factor and
with the increase of value of the focus error and spherical
aberration.

5. The obstruction ratio (¢=0.5) is acceptable from the practical state
when the optical system contains annular aperture because the
intensity in the secondary peak is increased with the increased of
the obstruction ratio which means the loss in a central intensity
and which appears in the secondary tops.

6. Role of the Gaussian filter for improving the diffraction pattern
and for different obstruction ratio depends on the amount and
quantity of the aberration existing in the optical system.

7. The band width of PSF in all the figures increases with the
decrease of width factor and with the increased of focus error and

spherical aberration.
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4.20 Suggestions for Future Work

For future work, we suggest the following research:
1. Studying the present work with different amount of aberrations.
2. Studying the present work with another filter.

3. Studying the present work with non centering obstruction.
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super Gaussian filter & (€ = 0).

Point spread function for the optical system
Figure(4-15) || contains spherical aberration (W, = 0.7 2) with
super Gaussian filter & (€ = 0).




Point spread function for the optical system
Figure(4-16) | contains spherical aberration (W, = 0.9 2) with

super Gaussian filter & (€ = ().

Strehl ratio for the optical system contains
Figure(4-17) | spherical aberration (W, = 0.1 2) with super

Gaussian filter & (€ = 0).

Strehl ratio for the optical system contains
Figure(4-18) | spherical aberration (W, = 0.3 2) with super

Gaussian filter & (€ = 0)

Strehl ratio for the optical system contains
Figure(4-19) | spherical aberration (W, = 0.5 2) with super

Gaussian filter& (€ = 0).

Strehl ratio for the optical system contains
Figure(4-20) | spherical aberration (W, = 0.7 2) with super

Gaussian filter & (€ = 0).

Strehl ratio for the optical system contains
Figure(4-21) | spherical aberration (W, = 0.9 2) with super

Gaussian filter& (€ = 0).

Strehl ratio for the optical system contains
Figure(4-22) | optimum balance value (Wyy=-1, W,=1) 4 with
super Gaussian filter& (€ = 0).

N
S

~

Strehl ratio for the optical system contains
Figure(4-23) | optimum balance value (Wyy=-1.04 W =1) A with

super Gaussian filter& (€ = 0.2).

Strehl ratio for the optical system contains
Figure(4-24) | optimum balance value (Wyy=-1.25, W =1) 4 with

super Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contains
Figure(4-25) | optimum balance value (Wy=-1.64, W =1) 4 with

super Gaussian filter& (€ = 0.8).

. Strehl ratio for free optical system contains super
WA, Gaussian filter & (€ = 0.2). 74
4

N

3

. Strehl ratio for the free optical system contains
ISR super Gaussian filter & (€ = 0.5).

Strehl ratio for the free optical system contains
Figure(4-28) super Gaussian filter & (€ = 0.8).
Strehl ratio for the optical system contains focus
Figure(4-29) || error (W, = 0.25 2) with super Gaussian filter &
(€=10.2).
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Strehl ratio for the optical system contains focus
Figure(4-30) | error (W, = 0.5 2) with super Gaussian filter &

(€ =0.2).

Strehl ratio for the optical system contains focus
Figure(4-31) | error (W= 0.75 2) with super Gaussian filter &

(€ =0.2).

Strehl ratio for the optical system contains focus
Figure(4-32) | error (W= 0.25 2) with super Gaussian filter

& (€ =0.5).

Strehl ratio for the optical system contains focus
Figure(4-33) err(:r (W39 = 0.5 2) with super Gaussian filter &

(€ =0.5).

Strehl ratio for the optical system contains focus
Figure(4-34) | error (W= 0.75 2) with super Gaussian filter &

(€ =0.5).

Strehl ratio for the optical system contains focus
Figure(4-35) | error (W= 0.25 2) with super Gaussian filter &

(€ =10.8).

Strehl ratio for the optical system contains focus
Figure(4-36) | error (W, = 0.5 2) with super Gaussian filter &

(€ =10.8).
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Strehl ratio for the optical system contains focus
Figure(4-37) | error (W, = 0.75 2) with super Gaussian filter &

(€=10.98)

Strehl ratio for the optical system contains
Figure(4-38) | spherical aberration (W, = 0.1 2) with super

Gaussian filter & (€ = 0.2).

Strehl ratio for the optical system contains
Figure(4-39) | spherical aberration (W, = 0.3 2) with super

Gaussian filter & (€ = 0.2).

Strehl ratio for the optical system contains
Figure(4-40) | spherical aberration (W, = 0.5 2) with super

Gaussian filter & (€ = 0.2).

Strehl ratio for the optical system contains
Figure(4-41) | spherical aberration (W, = 0.7 2) with super

Gaussian filter & (€ = 0.2).

Strehl ratio for the optical system contains

. spherical aberration (W = 0.9 4) with super

Figure(=42) || ¢y ssian filter & (€= 0.2).
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Strehl ratio for the optical system contains
Figure(4-43) | spherical aberration (W, = 0.1 2) with super

Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contains
Figure(4-44) | spherical aberration (W, = 0.3 2) with super

Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contain
Figure(4-45) | spherical aberration (W, = 0.5 2) with super

Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contain
Figure(4-46) | spherical aberration (W, = 0.7 2) with super

Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contains
Figure(4-47) | spherical aberration (W, = 0.9 2) with super

Gaussian filter & (€ = 0.5).

Strehl ratio for the optical system contains
Figure(4-48) | spherical aberration (W, = 0.1 2) with super
Gaussian filter & (€ = 0.8).
Strehl ratio for the optical system contains
. : spherical aberration (W, = 0.3 4) with super
Figure(-49) || G ussian filter & (€= 0.8).
Strehl ratio for the optical system contains
Figure(4-50) | spherical aberration (W, = 0.5 2) with super
Gaussian filter & (€ = 0.8).
Strehl ratio for the optical system contains
Figure(4-51) | spherical aberration (W, = 0.7 2) with super
Gaussian filter & (€ = 0.8).

Strehl ratio for the optical system contains
Figure(4-52) | spherical aberration (W40 = 0.7 2) with super
Gaussian filter & (€ = 0.8).
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List of Abbreviations
Meaning

Width of the super Gaussian filter
Area of the exit pupil

Amplitude point spread function
Angular diameter of Airy disk

A
A(u,v)
Bang
Buiff

CTF Contrast transfer function
DSF Disk spread function
f Focal length
(f/#) Focal number
f(x',y') | Pupil function
Maximum intensit
Minimum intensit
Bessel function of the first kind
Wave number
Line spread function
Index of refraction
Normalization factor
Optical transfer function
polar distance from the plane center
Point spread function

Resolution (Separation of two points in the image
plane

Strehl ratio

Reduced coordinates in the object plane
Reduced coordinates in the image plane
Variance

Aberration function

Gaussian weigh values

The coordinates of the exit pupil function

Airy disk diameter
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