‘AMD-A163 886 THE EFFECT OF ABERRATIONS AND APODISATION ON T 173
ERFORIIRNCE OF COHERENT IHRGINB SYSTEMSCU) ROCNESTER
NY INST OF OPTICS J P MILLS FEB 86 Al -TR-OS 80
UNCLASSIFIED F29601-84-K-001 G 14/5




Y A

. T.W.WV& ‘ R T R | £ B 2N SN
hp A alal NI § V- 4 ) F¥.1 Ao a0l
1"I , h»\-..\.n -Wt.\- . y

- . .'
..U. -wnn -\.q.

VN .
Ay AL, A Nty A

S

RS

i \ [

! £
4
M h- .\A
: F .44
} PR

*

!

{

4

4

3 .

,m

W

s

3 .

25
2.2
123
15
1.6
=

g
b
= 2.
y Of ~B o o g
: SEEE =i
{ “l o <f - 24 " E
m == m .
«. * O .. - 5 W
; =l :
S ———— S—— S — m
t— —— _—

A

&,

&

£

¥

b

Y ‘

W-

3

r

‘4 R
g B Y - 2 E < .-'- Ao
DN WL, 3 R R L NONIAARAY! RN IR S e S WDy ot it




- LTI S A e . T av o
At e T AL A SO A S A R * b A A AR S 0 Tt ek Tl S Sl A D i Rt A in St B 8 ton ‘v"l’m
 ———————.. et ———— ' .-

. 2
AFWL-TR-85-80 AFWL-TR- @“‘

85-80 %

P

»
»

Lyn g
A

/ THE EFFECT OF ABERRATIONS AND
APODISATION ON THE PERFORMANCE
OF COHERENT IMAGING SYSTEMS

»
[,
+

"'l
.
P
PR

J.P. Mills

..-.<

v_roT,
e, A
v

University of Rochester ‘i—‘~
Oftice of Research and Project Administration N
Rochester, New York 14627

AD-A165 886

February 1986 DT’C on ﬁ%
ELECTE ;;-

<
Final Report MAR 2 4 1986 oo

Aporoved for public release; distribution unlimited.

\,'-
!
-~ ¢

L]
TV

RNy B
i <2 ) 2 v
i - L
b AIR FORCE WEAPONS LABORATORY .
X Lo Air Force Systems Command 3%

Kirtland Air Force Base, NM  87117-6008 t;

r

Ty
$?

N

-~

f o
| -
' Y8 e ad

. “e ta" et - . - - . - B . - . - ~ - " ~ - - -
T e T et T e T T A A e T e e e T et e e e o e TR T Tt T e N e e e
AP I I AT SRRSO IO I, RSO LR B R S S e Y 7y vy S A N N A A




Loty SN A e e 2 $ 3 e N 5 e BB T Y N g SR N Rt e B W A B S AT AL S A BT 46 Bt B e B, LB R, A s, st

AFWL-TR-85-30

This final report was prepared by the University of Rochester, Rochester,
New York, under Contract F29601-84-K-0014, Job Order 317J1413 with the Air
Forge Weapons Laboratory, Kirtland Air Force Base, New Mexico. Major J. C.
Mann {ARDC) was the Laboratory Project Officer-in-Charge.

When Government drawings, specifications, or other data are used for any
purpcse other than in connection with a definitely Government-:clated procure-
ment, the United States Government incurs no responsibility or any obligation
whatsoever. The fact that the Government may have formulated or in any way

supplied t*- " drawings, specifications, or other data, is not to be
regarded o cation, or otherwise in any manner construed, as licensing
the nolder. any other person or corporation; or as conveying any rights or

permission to manufacture, use, or sell any patented invention that may in
any way be related thereto.

This report has been authored by a contractor of the United states
Government. Accordingly, the United States Government retains a nonexciusive,
royalty-free license to publish or reproduce the material contained herein, or
allow others to do so, for the United States Government purposes.

This report has been reviewed by the Public Affairs Jffice and i<
releasable to the Natjonal Technical Information Service (NTIS). ..c wiiS, it
«“i11 be available to the general public, including foraign naticns.

If your address has changed, if you wish to be removed from our mailing
1ist, or if your organization noc longer employs the addressee, please notify
AFWL/ARDC, Kirtland AFB, NM 87117 to help us maintain a current mailing list.

This technical report has been reviewed and is approved for publication.

L Mg,

j{/c. MANN
ajor, USAF

Proiect Nfficer

FOR THE COMMANCER

e -~
’ Vo
B S T
PN
TEORY A WiLSON HARRD ACKEMAY

Chiet/ Excimer Lasers Branch Lt Colonel, USAF

PR3 aF T qsan Cedaneca 1 T asnpanl
LOTRAT ) LAsS3y Taaence & »Inng

0O NOT RETURN COPIES OF THIS REPORT UNLESS CONTRACTUAL OBLIGATIONS IR 7iCE
oA CSPECTRIC OQCUMENT PENYIRES THAT 17T SE RETuRNED.,

o
o

.
t..
B
-
.
4
-

EE

|CRONCE

F2

e

", s
rid
2,

’

*
AN

T

o g

" A
PR )

ka:

»
L4
s

S -
)

P T
X . P
. o ate
L S I

:J "l - '.“: .l' 'l.'.- 'v.’l
" l”f"f’ g F‘l"%"’"r"‘l{'r l'{

o
]
MY

A
r,n.v
”

r

...‘.'
DR o
l‘l » » K
I a0

[l
’

Pl
i

P e e
1o,

. [0 A A
P AR

Eally

-
)

O
';. °

..' ./m
el amTats




ERR L
NG

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

LI R R R Nl A i i A I i o R e i e i e o SR N,

REPORT DOCUMENTATION PAGE

18 AEPORT SECURITY CLASSIFICATION 1. RESTRICTIVE MARKINGS

ncl d

28 SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPOAT

Approved for public release; distribution
25. OECLASSIFICATION/COWNGRADING SCHEDULE unlimited..
4. PEAFOAMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING OAGANIZATION AEPORAT NUMBER(S)
AFWL-TR-85-80

6a. NAME OF PERFOAMING ORGANIZATION [B OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

(if applicable) .
University of Rochester Air Force Weapons Laboratory

6c. ADORESS (City, State and ZIP Code) =~ 70. AOORESS (City, Stats end ZIP Code;

Office of Research and Project Administration

Rochester, New York 14627 Kirtland Air Force Base, NM 87117

8s. NAME OF FUNDING/SPONSOAING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
F29601-84-K-0014
Bc. ADDRESS (City, State and ZIP Code) 10. SOUACE OF FUNDING NOS.
PROGAAM PROJECT TaSK WORK UNIT
ELEMENT NO. NO. NO. NO.
63605F 3174 14 13

11. TITLE /Inciude Security Classification)

THE EFFECT OF ABERRATIONS AND APODISATION ON THE PERFORMANGE OF COHERENT IMAGING SYSIEMS

12. PEASONAL AUTHOALS)

Mills, J. P.

13a TYPE OF ARPORT 13b. TIME COVERED 14, OATE OF REPORT (Yr, Mo., Day) 18. PAGE COUNT l

Final Report rmom3 Noy 83 ro30 Sep §4 1986 demwempfepryary | 210

16. SUPeLEM!NT'AR Y NOTA.TION
Submitted in partial fulfillment of the requirements for the degree Doctor of Philosophy,
Institute of Optics, University of Rochester, _— - =

17 COSATI CODES 18. SUBJECT TERMS Continue on reverse if necessary and (dentify by block numoer;
3“;2: gmoue | SuB. GR ~{ “Apodisation, Conerent Imaging, Imaging,. Aberrations -F'f7 '
7 0 A/ 7 oo

19. ABSTRACT /Continue on reverse i/ necessary and identify dy bdlock numbder)

The effect of aberrations on coherent imaging systems and the utility of apodisaticn in
improving the performance of such systems was theoretically and experimentally investigated.
The imaging performance of these systems was evaluated in terms of the images of certain
simple objects--a point, two closely-spaced points, an edage, and a s1it. Apodisation is
defined as tne deliberate modification of the ampiitude transmittance of the exit pupil of
the optical system. The effects on the imaging performance for various amounts of defocus,
astigmatism, coma, and spherical aberration were determined for both unaoodised and apodisec
systems. [t is well known that for an aberration-free system, apodisation is effective in
moderating the deleterious effects of the coherent imaging process. Since all real optical
systems have aberrations, this dissertation addressed the more general case of apodisation
in aberrated coherent imaging systems. [t was found that apodisation was effective in
improving the performance of these aberrated systems, i.e., ringing in the image of (over)

. - . NS
Cat. v, . e ta e 0 DR N T IIETIEN IR A . . R R
PRSI, AP RPN, o L e e fara P AR VR PR PP AP -}-'.' Attt e e e e tee AT AN e

20 OISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED/UNLIMITED — 3AME 4S5 APT _ DTIC uSEAS L Jnclassified
22a. NAME OF RESPONSIBLE NOIVIOUAL 22b. TELEPHONE NUMBER 22c. SFFICE3YMBCL
Maj Mann Incluae Area Code)
(505) 844-1769 AR-1
0D FORM 1473, 83 APR €OITION OF 1 JAN 73 IS OBSOLETE.
i SECURITY CLASSIFICATION OF THIS PAGE

,';_.._ . e e e e e _.." .-..:.. "e . TR S LR
- L '
D

.l
e
R} -’

s

"

0
LA

o’y
»

“n
Y
"N e N
2 ~



- oL e T - et . . . - v " .
N e Y T e e e e e RIS
) . " .t . . . - n

- .. - '-- '. -.'.~” o - "q "_~‘~..‘ .-.". - 4..'5 '-;".. .".
AV RPN SR L S G S, T i HITAIL VR LA WA

Nt et

! SECURITY CLASSIFICATION OF THiS PAGE ~
19. ABSTRACT (Continued)

“F-an edge or a slit was greatly reduced and the mensuration errdr in the image of two points
was almost eliminated. The performance of an unaberrated system was seen to be a special
case. Experiments have been conducted which verified the theoretical model which was used .
to make extensive theoretical predictions. ~

,’/’
s ' 4
-~ ;,(.’ {’; - ! - e \v
N UNCI ASSIFTIED
" SECURITY CLASSIFICATION OF THIS PAGE

RO

' ,“'.

2"
R

X, T,

~"p
o2l

- . Q~
FYRPYA W |



1;‘ ——— - SN

_‘l - i
oo
X W&
; i £ S
.-'.*.‘ 4

S
- | 233
ACKNOWLEDGEMENTS B

- b . ‘ !
1 I*}- <
? ;'f-:-‘
N Although the work described in this thesis is primarily my own, | could not have X .»h:"‘

~ . ;
done it without the help of many individuals and institutions. | gratefully acknowiedge E ]

. A
. R
: their contributions. SR
»,:I‘ ! thank my wife, Patricia. Not only has she displayed great understanding of the :j.f'_ Ny
! demanding situation we found ourselves in, but she was a material help in the L .
J N
L R DN
h" accomplishment of this project. She taught me how to use computers and helped me }’,:'.-:-_

write some of the programs, and did most of the typing and figures of my dissertatién. |
thank her also for her constant encouragement.
My advisor, Provost Brian J. Thompson, provided guidance and advice which was

invaluable. | was given three years by the Air Force to complete my studies and that

would have been impossible without his assistance and encouragement. Provost
Thompson has also provided a close and vital model of excellence.

| am indebted to the U.S. Air Force for allowing me the opportunity to study optics.

" am particularly grateful to Dr. Ray Wick and his organization, the Air Force Weapons

Laboratory for supporting my research.

'~ I thank Mr. Charles Betz, Mr. Tom Armading, and Ms. Eileen Williams of the

University of Rochester Computing Center for supporting my computer needs and

providing the quality word processing and graphics necessary for the completion of this . '_:"._-“,
work. 5 RS
-t

a
| have formed a close working relationship with Prof. Michael Mornis and his 0 EREN
research group. They have treated me like one of their own: their material and personal Pt _’ o
e e
support is deeply appreciated. Di.t.ibution | R S
. Ot 1o A
Availability Codes SAS
cm e | LAY
.. I Avail and/ar ._‘u-':.. d
Dist special 5:.:.-‘.




e Ml S A T A et s on aog i nl e - - T gt i L
b B A MR AN AN LN G N AP AN N SR - a i S i S S g I T T AR ST S S Sadl S Sl Ml ek Jend) Ty

iv

Professor James Wyant of the Optical Sciences Center at the University of Arizona
donated his interferogram analysis program WISP to the University of Rochester, in part
to help with my research. It is a beautiful program which | found extremely useful.

| would also like to thank the faculty members, especially Professor Nicholas

George, and fellow graduate students with which { had many valuable discussions

e e Y
PR
PR
»

relating to this work.




1 Introduction

2 Optical Syst.:: ~ralysis

TABLE OF CONTENTS

2.1 Theoretical Basis For the Analysis of Coherent Imaging Systems
2.1.1 Beam Propagation Formulae

2.1.2 Imaging Systems

i 2.1.3 Measures of Performam.:e
. 2.1.3.1  Two-Point Resolution
E 2.1.3.2  Mensuration Error
: 21.3.3 tdge Ringing, Shift, and Acutance
! . 2.1.3.4 SlitRinging and Width
9 2.1.3.5 Strehl Ratio, &ncirclad Energy, Second

Lo W N\
ot .

Moment,and Near-field Fluctuations

2.2 The Diffraction Theory of Aberrations

.. 2.3 Previous Research - Apodisation to Improve System Performance

2.3 Studies of Systems without Aberrations

i 2311
2312
2313

LTI T T T

Incoherent Optical Systems
Partially Coherent Optical Systems

Coherent Optical Systems

23.2  Studiesof Systems with Aberrations

''''''''''''''''
L 2 R Y

10

10

10

14

20

20

23

23

23

24

27

3

3N

31

32

32

34

SN,

P A, | o
PSS PR DV TR IS SIS S Y

SCRRRR ORI




-
)
P

PR

roe -, WYV, MR

" %

F AN

IR

—aagm v
TRene
AR

“»

SRR

..S

vi

2.3.2.1  Incoherent Optical Systems
2.3.2.2 Partially Coherent Optical Systems
2.3.2.3 Coherent Optical Systems
2.3.3  Previous Research Conclusions
.2 The Gaussian Apodiser
The Amplitude Impulse Response - Theory
31 introduction
3.2 Comparisons with Known Results
33 Effects of Aberrations on the Impulse Response
331 Defocus
33.2 Spherical Aberration
333 Coma
3.3.4  Astigmatism
335 dn-axis Calculations -
34 Impulse Response Conclusions
imaging Systems - Theory
41 Edge Objects
411 Edge Ringing
412 Edge Shift
413 Edge Acutance
42  slitObjects

43 Two-point Objects

44 Imaging Theory Conclusions
Experiments
5.1 Experimental Design and Data Analysis

36

36

37
38
41

4

45
S0
S0
S5
s9
63
67
n
72
73

78

80

82

94

101

103

103

ol
.

>
XA

‘il

P T Y
hJ

L/

Y




E;."_\'P’j"ii"\‘{"k" A VLW LW LR LA R L UV L R L T L LV L L WLV LN I R LS LN W N LW W L YN T OV OV Y R TN IR TW LR U LV R VUV Y DV T
»
»

vii

LS g
3

\
R

! 5.1.1  Theimpulse Response Configuration 103
5.1.2  TheImaging Configurations 108

. 5.1.2.1  Imaging of Two-point Objects 108
5.1.2.2 Imaging of Edge and Slit Objects 110

5.1.3  Alignment 111
5.1.4  DataAcquisition 115
_I 5.1.4.1 Electro-optic Data 115
: 5.1.4.2 . Photographic Data 122
_‘ 5.2 Experimental Evidence g 125
? 5.2.1 Aberrated Impulse Response Data 125
;: 5.2.2 Aberrated Imaging Data 137
, 5.2.2.1  Edge and Slit Images 137
! 5.2.2.2 Two-pointimages 147
L 5.3 Experimental Summary 151
6 Conclusions 152

Bibliography 156

Appendix 1 Computer Programs . 162

Appendix 2 The Fabrication of Gaussian Amplitude Apodisers 178

Appendix3 The Data Collection System 185

RICRAY  WAMAAANNN. L ERREAT INRRASENAA | VM LR L AL
.
.

.
3y -




AN R IR S T Tk Tk gl Tl Tt BRI D B R A e bt Qe RIS Sl o 4 'l o jt he i dion D & 9n e 00 Be yw B L

viii
LIST OF FIGURES

FIGURE TITLE PAGE
1.1 The modulus of the amplitude impulse response through an optical 3

system with (a) a clear aperture and (b) a Gaussian apodiser in the

aperture. The irradiance impulse response with - - :=r aperture is

shownin (c). The vertical scales areinrelative .. . .sith(a) and (b)

having the same scale. The other axes of each =i Aave units of

relative distance and the scaling is the same in each plot.

1.2 The coherent and incoherentimages of an edge are plotted relative S
to the geometrical image of the edge ( . coherent,
- ——incoherent, - .__ - geometrical).

13 Theirradiance of the incoherent image of an edge and the square root 7
of the irradiance of the coherent image of an edge are piotted relative to
the geometrial image of an edge (—___coherent,
- —— . incoherent, - .__._ geometrical). The left ordinate
refers to the incoherent image while the right one refers to the
cohe: 2nt image.

2.1 The diffraction geometry used in the derivation of the beam 10
propagation formulae

22 The geometry of a centered optical system which gives rise to an 15 .
aberrated wavefront W. The aberration function @ is in terms of the
distance QQ* between W and the reference sphere S.

23 Theimage irradiance distribution for various valuesof y fromy=0toy=10 22
(from bottom to top in the center of the graph) in steps of 0.1 (after
Grimes and Thompson'0),

2.4 The coherentimage of aslit (solid curve) through an unaberrated and 25
unapodised optical system having a circular exit pupil. The geometrical
image of the slit is snown as a dashed curve.

2.5 Thesolidlineis a plot of the square root of the irradiance distribution 26
of the image of a slit through a circutarly symmetric, unaberrated,
unapodised coherent optical system. The dashed line is the geometrical
image of that same edge.

26 A comparison8 of apodisation functions suggested for coherent optical 39
imaging systems. All functions were truncateo at a radius of a. Also
shown is the Lukosz limit, a theoretical upper limit on apodisation functions.

31 Thediffraction geometry used in calculating the amplitude impulse response. 41
f-‘-'

o

L.

g

V_:'

l‘.'-

™

~

I."-

I\.n

;"-.'q-.'_-.'_-." AP I IR IR TR I o S Ce _.' K R e Y TN » e Gt . o

WS et et e T N .}:'c.'.'\;-'c.'-"' BRI Y - ~. A0 TR >




A
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while the bottom two are for the case of a Gaussian apodiser.

The amplitude impulse response {(modulus and phase) with varying
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The amplitude impulse response (modulus and phase) in the presence

of 0.5) 0°astigmatism and for the case of an unapodised and Gaussian
apodised aperture. The top two plots are for the unapodised case while
the bottom two are for the case of a Gaussian apodiser.

The amplitude impulse response {modulus and phase) with varying
amounts of 0o astigmatism for the case of an unapodised and Gaussian
apodised exit pupil. The amount of aberration for each column is
indicated at the bottom of that column.

Central slices through the plots of modulus and phase in the presence
of varying amounts of 09 astigmatism and for the unapodised as well as
Gaussian apodised cases ( 0.1}, 0.54,

1.0A).

The central vaiue of the modulus as a function of the type and amount
of aberration for cases of unapodised and Gaussian apodised apertures.

The central value of the irradiance as a function of the type and amount
of aberration for cases of unapodised and Gaussian apodised apertures.

The central value of the phase as a function of the type and amount of
aberration for cases of unapodised and Gaussian apodised apertures.

The geometry of a centered optical system which gtves rise to an aberrated

wavefront W. The aberration function ¢ is in terms of the distance QQ*
between W and the reference sphere S

The coherent image of an edge through an optical system having 0.0, 0 5,

and ' 0 waves of defocus. The tep piots are ‘or an unapodised optical

system while the bottom plots are for a system having a Gaussian apodiser.
The ordinates of the two plots on the left are in terms of image irradiance (1)
while the ordinates for the others are in terms of the square root of image

irradiance (V' 1). Legend:

unaberrated, 0.5 waves, - 1.0 wave.
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4.3 The coherentimage of an edge through an optical system having 0.0, 76
0.5, and 1.0 waves of y-axis coma. The top plots are for an unapodised
optical system while the bottom plots are for a system having
a Gaussian apodiser.The ordinates of the two plots on the left are in terms
of image irradiance(l) while the ordinates for the others are in terms of the
square root of image irradiance (V). Legend:
unaberrated, ____ ______ OS5waves,_________  1.0wave
4.4 The coherentimage of an edge through an optical system having 0.0, 0.5, 77
and 1.0 waves of spherical. The top plots are for an unapodised optical
system while the bottom plots are for a system having a Gaussian apodiser.
The ordinates of the two plots on the left are in terms of image irradiance (I)
while the ordinates for the others are in terms of the square root of image
irradiance (V1). Legend:
unaberrated, ____ ___-___ O5waves, ___ ___  10wave
45 The amount of edge ringing is shown for variousamounts of the 79
aberrations of (a) spherical, (b) y-axis coma, and (¢) defocus. Edge ringing
is defined as the ratio of the peak closest to the edge to unity. The plotsin
the left column are calculated from the edge image irradiance while the
others are from the square root of the edge image irradiance. The solid
curves are for the unapodised cases while the dashed curves are for the
apodised cases.

4.6 The amount of edge shiftis shown for various amounts of the aberrations 81
of (a) spherical, (b) y-axis coma, and (¢} defocus. The solid curves are for the
unapodised cases while the dashed curves are for the apodised cases. The
edge shift is defined as the distance of the half peak irradiance point from
the geometric edge. The plots in the left column are calculated from the
edge image irradiance while the others are from the square root of the
edge image irradiance.

47 The acutance of the edge is shown for various amounts of the aberrations 83
of (a) spherical, (b) y-axis coma, and (¢) defocus. The solid curves are for the
unapodised cases while the dashed curves are for the apodised cases. The
plots in the left column are calcuiated from the edge :mage irradiance
whiie the others are from the square root of the edge image irradiance.

4.8 The coherentimage of a slit through an optical system having 0.0, 0.5, 85
and 1.0 waves of defocus. The top plotis for an unapodised optical system
while the bottom plot is for a system having a Gaussian apodiser. Legend:
unaberrated, _____ ______ OSwaves, _____ _  1.0waves.
49 Thesquare root of theirradiance of the coherentimage of a slit through 86
an optical system having 0.0, 0.5, and 1 0 waves of defocus. The top piot is
for an unapodised optical system while the bottom plotis for a system
having a Gaussian apodiser. Legend-
unaberrated, ___ 0 Swaves, ___ ' 0waves
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410 The coherentimage of a slit through an optical system having 0.0, 0.5, 87
and 1.0 waves of y-axis coma. The top plot is for an unapodised optical
system while the bottom plot is for a system having a Gaussian apodiser.
Legend:
unaberrated

Gl MO
.';_'."- A

N

L

0.5waves, ___ _ 1.0 waves.

- - ——

N~ 4

4.11 The square root of theirradiance of the coherent image of a slit through 88
an optical system having 0.0, 0.5, and 1.0 waves of y-axis coma. The top
plotis for an unapodised optical system while the bottom plotis for a
system having a Gaussian apodiser. Legend:
unaberrated, 0.Swaves, 1.0 waves.

el

7

412 The coherentimage of a slit through an optical system having 0.0, 0.5, 89
; and 1.0 waves of sphericai. The top plot is for an unapodised optical system
while the bottom plot is for a system having a Gaussian apodiser. Legend:
o unaberrated, ___0OSwaves, ____ — 1.0waves

4.13 Thesquare root of theirradiance of the coherent image of a slit through 9C
an optical system having 0.0, 0.5, and 1.0 waves of spherical. The top plotis
for an unapodised optical system while the bottom piot is for a system

* s having a Gaussian apodiser. Legend:

unaberrated, 0.5 waves, 1.0 waves.

A 4 14 The width of the irradiance distribution of the image of a coherently 92
illuminated slit is shown for various amounts of the aberrations of (a)
spherical, (b) y-axis coma, and (c) defocus. The solid curves are for the

- unapodised cases while the dashed curves are for the apodised cases.

o Only slitimages that were in terms of the square root of irradiance

were considered.
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- 4 15 Theirradiance distribution in the image of two point sources separated 95
in the object plane by (a) 2b = 20, (b) 2b = 30), and (c) 2b = 40. The optical

system is unaberrated and unapodised. The vertical axes are scaled in the

same relative units of irradiance, while the horizontal axes are scaled in the

- same relative units of dimensionless disiance coordinates.

- 4.16 Therradiance distribution in the image of two point sources separated in 96
N ‘ the object plane by (a) 2b = 20, (b) 2b = 30), and (¢) 2b = 40. The optical

system is unaberrated and has a Gaussian apodiser. The vertical axes are

scaled in the same relative units of irradiance, while the horizontal axes

are scaled in the same relative units of dimensionless distance coordinates

- 4 17 The Sparrow limit of resolution for various values of (a) spherical, (b) y-axis 98
- coma, and (¢) defocus. Data points are not inciuded for higher amounts of -
o y-axis coma and defocus because the point image 1s not sharply peaked at I

these higher values. e

4.18 The mensuration error for a coherent optical system having no aberrations. 99 'r'

The solid curve is for the unapodised case while the dashed curve is for the _"j
apodised cases. The mensuration error :s the measured separation of the o
two points minus the expected separation of the Gaussian image points.
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4.19 The mensuration error for a coherent optical system having 0.5 waves of 100
spherical aberration. The solid curve is for the unapodised case while the
dashed curve is for the apodised case. The mensuration error is the
measured separation of the two points minus the expected separation of
the Gaussian image points.

5.1  The experimental configuration used to measure the irradiance impulse - 104
response of the optical system formed by L1,L2, the iris, and the apodiser.

5.2 The experimental configuration used to measure the image irradiance 109 =
distribution of edge and slit objects thorugh the optical system formed by S
L1,L2, theiris, and the apodiser. e

S.3 A comparison of theoretical and experimental results. (a) A single frame of 117
data. {(b) The average of eight frames of data. (c} A comparison of the data
in (b) to an Airy pattern. (d) A comparison of the datain (b) to a central S
slice through the impuise response predicted using the measured aberrations.
The vertical axis for each plot is relative irradiance (I) piotted on a logarithmic
scale. The horizontal axis for each plotis normalized distance v. The scales are

\

e e -
A I
' !I;" '."."."1

RN
the same on all of the plots. RARS

s

N

54 The photograph in the top of this figure is of the irradiance impulse 119 e
response of an unapodised and essentially unaberrated optical system. '_-:::\

The aberrations of this system are listed in column 3 of Table 6.2. The plot
on the bottom of this figure is the calculated modulus (vertical axis) of the
impulse response through the same optical system. The horizontal axes have
the same units of normalized distance.

’c 5.5 Theoretical (solid curve) and experimental (broken curves) plots of central 120
i slices of the irradiance impulse response for an apodised (G = 3) and
unaberrated optical system.

= 5.6 The photograph in the top of this figure is of the irradiance impulse 121 )
s response of an apodised (G = 3) and essentially unaberrated optical system.
- The aberrations of this system are listed in column 3 of Table 6.2. The e

apodiser is described by (4.6) and shown in Fig. 3.9. The plot on the bottom E:_
. of this figure is the calculated modulus (vertical axes) of the impulse e

response through the same optical system. The horizontai axes have the
same units of normalized distance.

. 5.7 Aninterferogram of the example optical system generated by the point- 123
diffraction interferometer. The white dots are the points which were
digitized and entered into the interferogram analysis program WiSP.

5.8 The photographis of theirradiance impulses response of an unapodised 127
' optical system with the aberrations of astigmatism = 0.1X, coma = 0.1},
. and spherical = -0.8\. The 3-D plot s the theoretically predicted modulus
(vertical axis) based on these aberrations. The horizontal axes are in the
same units of normalized distance.
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: 5.9 The photograph is of the irradiance impulses response of an apodised 128 e
(G = 3) optical system with the aberrations of astigmatism = 0.1, coma [_ i
= 0.1}, and spherical = -0.8\. The 3-D plot is the theoreticaily predicted e
modulus (vertical axis) based on these aberrations. The horizontal axes are o -
in the same units of normalized distance. it
S.10 Theoretical (solid lines) and experimental (dashed lines) results are 130 &
compared for two systems. In the first system (a) astigmatism = 0.1), E.
coma = 0.1}, and spherical = -0.2 ; and in the second system (b) A
¢ © astigmatism = 0.1\, coma = 0.1}, spherical = -0.6A. The plots on the left :
are for the unapodised case while the others are for the apodised (G = 3) case.
S.11 Theoretical (solid lines) and experimental (dashed lines) results are 131 A
compared for two systems. In the first system (a) astigmatism = 0.0, E'

coma = 0.1), and spherical = -1.2X; and in the second system (b)
astigmatism = 0.2), coma = 0.3, spherical = -1.9X. The plots on the left
are for the unapodised case while the others are for the apodised (G = 3) case.

5.12 The photograph is of the irradiance impulses response of an unapodised 132 E
optical system witht he aberrations of astigmatism = 0.2X, coma = 0.2},
and spherical = -0.1X. The 3-D plot is the theoretically predicted modulus
(vertical axis) based on these aberrations. The horizontal axes are in the
same units of normalized distance.

S.13 The photograph is of the irradiance impulses response of an apodised 133
(G = 3) optical system witht he aberrations of astigmatism = 0.2X, coma
= 0.2), and spherical = -0.1A. The 3-D plot is the theoretically predicted
modulus (vertical axis) based on these aberrations. The horizontal axes are
in the same units of normalized distance.
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S.14 Experimental data through the center of the unapod:sed (top) and 135
apodised (bottom) irradiance impulse response of a system with
astigmatism = 0.2X, coma = 0.2}, and spherical = -0.1X. The apodiser S
had a value of G=3. e
5.15 Experimental (dots) and theoretical (solid lines) data are compared for 136 ;f::.-‘i
the experimental conditions described in Fig. 5 13. [:;
516 Experimental data from the analog output of the I-SCAN linear detector 138 .
oriented perpendicular to the edge image through an unapodised (top plot) -
and apodised (bottom plot, G = 3) optical system with measured third o
order aberrations: astigmatism = 0.1, coma = 0.1}, and spherical = -0.8\. e
517 Experimental (dots) and theoretical (solid lines) data are compared for 139 T
the experimental conditions described in Fig. 5 16. -
5.18 Experimental data from the analog output of the I-SCAN linear detector - 141 :—:'_,
oriented perpendicular to the slitimage through an unapodised (top plot) P
o and apodised (bottom plot, G = 3) optical system with measured third order [—.
i-.':j aberrations: astigmatism = 0.1X, coma = 0.1}, and spherical = -0.8A. o
-
vl -
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5.19

5.20

5.21

5.22

5.23

5.24

5.25

526

A2.1

A2.2

A23

xv

Experimental (dots) and theoretical (solid lines) data are compared for
the experimental conditions described in Fig. 5.18.

Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order
aberrations: astigmatism = 0.1A,coma = 0.1}, and spherical = -0.8X.

Experimental (dots) and theoretical (solid lines) data are compared for
the experimental conditions described in Fig. 5.20.

Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order
aberrations: astigmatism = 0.1A,coma = 0.1}, and spherical = -0.8\.

Experimental (black dots) and theoretical (solid lines) data are compared for
the experimental conditions described in Fig. 5 22. )

The irradiance distribution in the image of a two-point object through
an essentially unaberrated system which is unapodised in the top plot.
and apodised (G = 3) in the bottom piot. In each piot, the solid curve
represents a theoretical prediction and the broken curve represents
experimental data.

The mensuration error is plotted relative to the geometrically expected
image point separation for a system which is essentially unaberrated
and is unapodised (solid curve) or has a Gaussian apodiser (broken curve).

The mensuration error is plotted relative to the geometrically expected
image point separation for an unapodised (solid curve) and Gaussian
apodised (broken curve). The measured aberrations were astigmatism
= 0.1X, coma = 0.1X, and spherical = -0.8]\.

The mask used to make the Gaussian filters used in this experiment.

The characterization of filter #6. The photograpns are of the unapodised
(upper left) and apodised impulse responses of the test system. Below

each photograph are plots of the corresponding theoreticai(solid curve)

and experimental olots of irradiance along a line through the center of

the impulse responses. Experimental data are from two orthogonal siices.
The ordinate of each plotis in terms of the logarithm of relative irradiance(l)
and the abscissa is in terms of the normalized distance v.

The characterization of filter # 52. The photographs are of the unapodised
(upper left) and apodised impulse resoonses of the test system. Selow

each photograph are plots of the corresponding theoretical(solia curve)

and experimental plots of irradiance aiong a line through the center of

the impulse responses. Experimental data are from two orthogonal slices.
The ordinate of each plotisin terms of *he logarithm of relative irradiance!(D
and the abscissa is In terms Of the normaiizea gistance v.
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A3.1 Block diagram of the data collection system.
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A3.2 The circuit diagram of the Data Aquisition Unit.
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Various representations of the first and third order 30
wavefront aberrations?2,

5.1 The equipment used in the experiment. 105
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The measured third-order Seidel aberrations after several 115
alignments of the same optical system. The units of the
tabulated values are wavelengths (A = 0.6328 microns)
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CHAPTER 1 INTRODUCTION O

. R . . =
This dissertation describes a systematic study of coherent optical imaging systems Aok

which had optical aberrations and in which apodisation was emn!oyed to improve their pr LY
performance. Apodisation has proven to be an extreme . .n2ortant method of

- improving the performance of incoherent optical systems, including those with

aberrations. However, until this thesis, the benefit of applying apodisation to aberrated "'“\‘d
coherent optical systems had not been established. Since all optical systems have at least
some residual aberrations, this study was well motivated.

in this thesis, the utility of apodisation in improving the performance of aberrated
coherent optical imaging systems was investigated both theoretically and
experimentally. The emphasis was on describing the optical system performance when
(1) aberrations were present and (2) when apodisation was added to an aiready
aberrated system. Based on the previous research concerning unaberrated systems, it
was hoped that apodisation would improve the performance of aberrated systems as
well 1t will be shown in the following chapters that this was indeed the case Among
other effects, apodisation used in an aberrated coherent imaging systems was found to
be effective in (1) reducing the ringing in the image of an edge or a slit and (2)
decreasing the error in the measured positions of the peaks in the image of two closely-
spaced points. This behavior of an apodised coherent system had previously been

reported when the system was free from aberrations. The analogous behavior when the

system was aberrated is a new result.

Apodisation is a deliberate modification of the amplitude transmittance of an

ol .

oplical system. As an illustrative example, consider a centered, circularly-symmetric

X

L
”~

aberration-free, unapodised, coherent optical system. The amplitude transmittance

)
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. . Alz,y) of the exit pupil of such a system can be described by the function

2 A(x.y)__.c‘.m(_',)’ TR
N . a

ﬁ where r2 = x2 +y'4_’, x and y are coordinates of the exit pupil, a is the radius of the exit
pupil, and circ represents a function which has 2 -~ .2 A(zy)=1 for rsa and Alxy)=0
for r>a. The modulus of the amplitude distritution in the image of a point source
through this simple syste.m (the modulus of the amplitude impulse response) is displayed

in Fig. 1.1a. When squared, it yields the Airy diffraction pattern or the irradiance impuise

. .‘-
ORI

3

S

response  which is shown in Fig.1.1¢. If now for example, A(z,y) is modified by a

ot
T

v

Gaussian apodising function, the amplitude transmittance becomes

( oy .(g)2 (1.2)
A x,y)=cmc(->e .
a

where P is the characteristic width of the Gaussian. The Gaussian is of course only one of
an infinite number of possible apodising functions. The modulus of the amplitude
impulse response for this system with f=.58 is shown in Fig.1.1b. There are two
immed:ately noticeable effects when comparing Figs.1.1a and 1.1b. First, the peak
irradiance has been significantly decreased by the apodisation; and second, the outer
rings evident in Fig.1.1a have been totally suppressed in Fig.1.1b. Itis apparent that the
term apodisation is appropriate since it is derived from the Greek: a - meaning without,
and pod - meaning foot. The apodisation has indeed removed the “feet” of the
amplitude impuise response. This change has important impiications in the analysis of
conerent optical systems,

Whiie incoherent optical systems are not within the scope of this study, 1t s useful

to compare them to coherent optical systems. Such a comparison emphasizes the

important characteristics of coherent systems. Image forming systems have traditionally
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Fig.1.1 The modulus of the amplitude impulse response through an optical system with
(3) a uniformly transmitting aperture and (b) a Gaussian apodiser in the aperture:
The irradiance impulse response with the uniform aperture is shown in {c). The
vertical scales are in relative units, with (a) and (b) having (he same scaie The
other axes of each plot have units of relative distance and the scaling is the same .
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been incoherent because the object to be imaged was usually either. self-luminous or
incoherently illuminated. Incoherent systems have the convenient property that they are

linear in irradiance, which is, of course, the detected quantity. On the other hand, when

an object is illuminated coherently the system is linear in complex field amplitude and

AR ARy A

hence nonlinear in irradiance. Partially coherent systems are also not linear in irradiance

but are linear in the mutual intensity function, or for the non-quasi-monochromatic case.

S e e,

' in the mutuai coherence function.

. Another important difference between coherent and incoherent systems is the
Ny form of their impulse response functions. This difference is also illustrated in the piots of
! Fig.1.1. The incoherent impulse response (Fig.1.1¢) is in terms of irradiance while the
coherent impu[se response (Fig.1.1a) is in terms of amplitude.” These figures graphicaily

iflustrate the fundamental difference; i.e. the incoherent impulse response s by

. definition real and positive, while this is not necessarily true for the coherent impuise
response. Thus, the convolution associated with the imaging process is performed with a

fundamentally different impulse response. This difference feads to the deleterious

effects which often arise in coherentimaging.
One such effect occurs in the image of an edge. The form of the image of an edge
through ar optical system i1s dependent on whether the illumination is coherent or

incoherent. Thisis shown in Fig.1.2, where the irradiance of the coherent and incoherent

mages of an edge are plotted relative to the geometrical image of that edge.

These curves were generated by calculating

n

':, bl . 2

- 1(:.:): .1_+1J s_m_ydy] (1.3)
' 2 nl, v

- for the coherent image of an edge and
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= 6
X
" 1(u)=1 lrvs—in—ydy+l—(cos2v-l> (1.4)

< 2 nl, ¥y 2

‘,': for the incoherent image of the same edge. The quantity v is the canonical distance

) coordinate
11 b= 3;5,, (1.5)
X where g is the exit pupil radius, A is the mean wavelength of the iltumination, d is the
::‘_ distance from the exit pupil to the image plane, and y is the image plane coordinate
perpendicular to the edge image. The coherent image exhibits a3 pronounced ringing
: which is a direct resuit of the negative regions of the amplitude impulse response. Also,
the position of the coherently imaged edge (the half peak-irradiance point) is shifted to
the r!ght relative to the incoherent image. Such defects in imaging are not limited to
edge images, but also occur in images of other simple objects such as two points or a slit,
as well as in more complicated images. |
The shift of the edge in the coherent case, relative to the incoherent case is due to
‘ the nonlinearity of the coherent imaging process. The nonlinearity arises when the field -
' amplitude in the image plane is muitiplied by its complex conjugate to give the image
irracdiance distribution. Thompson! has suggested that the analysis of coherent images .-‘
g should be in terms of the square root of the irradiance. Such a comparison for the case F—_
. just considered is shown in Fig. 1.3, where the amount of edge ringing on the illuminated
sige of the edge image is reduced and there is no shift 1n the position of the edge. There
= is, however, an effective increase in the amount of ringing on the dark side of the \‘
- imaged edge.

This study was concerned exclusively with,‘:oherent optical systems. Incoherent
®

and partially coherent optical systems were not investigated, although occasionally the
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. Fig 1.3 The irradiance of the incoherent image of an edge and the square root of the

irradiance of the coherent image of an edge are plotted relative to the
geometrical image of the edge ( coherent, . . incoherent,
— _ _ _ _ geometrical). The 'eft ordinate refers 1o the incoherent image whiie
the right one refers to the coherent image.




calculated results were compared to the equivalent incoherent case. The partially
coherent case contains, as limits of coherence, both the incoherent and coherent cases.
The effects studied here, e.g. edge ringing, are the most pronounced when the
illumination is fuli'y coherent. Thus, the limitation to coherent systems was a worst case
analysis. For that reason only coherent optical systems were considered.

The use of apodisation to improve the performance of optical systems has been
the subject of a large number of studies. Most of these have considered only incoherent
dlumination. The original application of apodisation was to increase the resolution of
spectroscopic instruments. As expected, in recent years the number of studies of
apodisation in coherent systems has increased. In these studies, however, the optical
system was always assumed to be free of aberrations. The researchers who have
considered the use of apodisation in impraving the performance of an aberrated system
have limited themselves to incoherent systems. . There have only been a few studies
concerning the effects of aberration on the p;rformance of coherent optical systems.
There apparently have been no studies analyzing the effect of apodisation on the
performance of aberrated coherent optical systems.

The research described in this dissertation partially fills that void. That is, the
performance of coherent imaging systems was theoretically and experimentally analyzed
under the conditions: (1) no aberrations or apodisation, {2) third-order aberrations but
ro apodisation, and (3) both aberrations and apodisation.

In Chapter 2, the basic equations needed to analyze coherent imaging and beam
propagation systems are developed and previous research relating to this problem s
reviewed. Chanter 3is devoted entirely to an analysis of the amplitude impulse response,
which is central to the study of all optical systems. In Chapter 4, theoretical results under

differing conditions of aberrations and apodisation in coherent imaging systems are
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CHAPTER 2 OPTICAL IMAGING SYSTEMS - ANALYSIS

The concepts to be studied in this disertation are amenable to analysis using simple
optical system models. In the first section of this chapter, these simple models are
described and the formulae for their amlysi-s are developed from the Rayleigh-
Sommerfeld theory. Next, the diffraction theory of aberrations is outlined with
particular emphasis on the use of Zernike polynomials. Then, the previous research
relating to this problem is described Finally, the rationale for using 3 Guassian apodiser
rather than some other is given.

2.1  THEORETICAL BASIS FOR THE ANALYSIS OF COHERENT IMAGING SYSTEMS

-

2.1.1 Beam Propagation Formulae
The optical systems considered 1n this thesis will be modeled and analyzed using
standard physical optics techniques. One of the basic tools in this field is the beam

propagation equation. This equation takes two forms, Fresnel or Fraunhofer,
Yo // Yi
\ f
7 ¢
// Ko ) X
/7
/4

j’/%' 2 Optical Axis

: ' Exit Pupil Plane Observation Plane

N

D\

N\

IR} LAVE R

N

Ae 1YL
N\

N

AN

fig.2.1 The dif'fracu'on geomevuy used in the derivation of the beam propagation
formulae.
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depending on the distance of propagation. it approximately describes the optical field in
an observation plane (see Fig.2.1), given that the optical field is precisely known in the
plane of the exit pupil. The two planes are separated by the axial distance z; and a
general point P, in the exit pupil plane is separated from a general point P, in the
observation plane by the distance r,,.

The optical field at the observation point P, can be described by the Rayleigh-

Sommerfeld diffraction formuia® (an application of the Huygens-Fresnel principie?)
2n

1 Q‘T'm - - (2.1)
U(P>=-,—’] U(P) cos(n,r )ds,
(AN iA r o\ o rm ol

where the integration is over the exit pupil T and it has been assumed that r,, » A. The

cosine term is the obliquity factor,
where n is a unit vector normal to the exit pupil plane pointing away from P, and 7y, is the
vector joining the two points P, and P, and pointing towards P,.

Following the treatment in the text by Goodman2, some initial approximations can
be made to make (2.1) more amenable to calculation. First, the limits of integration are
made infinite with the understanding that, in accordance with the Kirchoff boundary
conditions, the fieid in the plane of the exit pupil U,(x,.y,) wiil be zero outside the exit
pupil £. Futhermore, it is assumed that the distance z between the exit pup!! and the
observation plane s much greater than the maximum linear dimension in the exit puoli.
Additionally, itis assumed thatin the olane of observation oniy a finite region about the
optical axis is of interest, and that the distance z is much greater than the maximum

linear dimension of this region. With these assumptions the obliquity factor is readily

*Throughout this thesis, quantities hke U,(P,) and U,(P,) which are complex-valued are
printed 'n bold-face type.
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approximated by

ms(;.rm)=—l. (2.2)
where the accuracy is within § percent? if the angle (7.7,) does not exceed 18°.
Similarly, the quantity r,, in the denominator of (2.1) will not differ significantly
from z, allowing (2.1) to be rewritten as*®
20
) l ® ‘T'OI (2 3)
U-‘(Pi) = ;I J-.Uo( xoyo)e dx dy, . ‘
The quantity r,, in the exponent cannot be replaced with z because any error between r,,
and z would be multiplied by the very large number 2r/\ with the product easily
exceeding 2n radians.
However, a further simplification can be made by applying the Fresnel

approximation. The distance r, is given exactly by

] :
22 + (zl.—xo)z + (y‘--yo)z ]2. ) (2.4)

Using the binomial expansion of the square root, (2.4) can be written approximately as

1+ _l_(xn-xo )2 - l('yl-yo)g
2\ 2t

2 k4

r. =

-4

(25)

r =2
ot

Substituting (2.5) into {2.3), performing the squaring operations of (2 5), and rearranging

terms resulits in the Fresnel propagation formula

B e
U (I Yy ) = :_A_e‘%(“ *’,)J J U (x 5 )e'i'( O*Yo)e':n(xox‘tvoy‘)dz & (2.6)
' £t l)\tz -® ] o~ o . o .

This 15 3 basic formula which relates the optical field amplitude 1n the exit pupi piane

U,(x,,0) t0 the optical field amplitude in the observation piane Ux,,y,).

*in this thesis a double integral with infinite limits on both integrals is represented as in
(2.3).
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The quantity U,(x,.y,) contains all of the information about the exit pupil, :
0 . (=3
. . . AN
; including aberrations and apodisation. Thatis Y
M . Y
¥ ;To(xoyo) (2.7) :.:::.:
= )
Uo(xo"yo) - Um(xo‘yo)A(xo"yo)e B(xo’yo)' ‘ i
A
where Uin(zo.70) is the wavefront incident on the exit pupil, A(z,.y,) represents the :-;":;
A
, amplitude transmittance of the exit pupil, ®(x,.y,) represents the phase aberrations \C'j-\::
) oy
- - . . S
associated with the exit pupil, and Bl(z,.y,) represents the finite extent of the exit pupil i—'
_'.: Alx,.y,) is the term which describes the apodiser In general, Alx,,y,) could be complex;
. butn thus study only real apodisations will be considered .
3 It is instructive to note that, aside from mulitiplicative amplitude and phase factors
: 'n (2.6) that are independent of (x,,y,), the function U(x,,v,) may be found from a Fourier
j: transform of
K U (x R )ap ll< n/.\z)<x2+y2)l, (2.8)
L. o\ oMo o "o
. where the transform must be evaluated at the spatial frequencies f; = x/dzand f, =y, 1z
to assure the correct spatial scaling in the observatior plane.
- In the near-field analysis of an optical system, (2.6) 1s used directly The field

ampittude in the exit pupil, Uy(x,.y,) is, as stated previously, limited in spatial extent by

that exit pupil anc contains the incident field amplitude, the attentuation by the

apodiser and any aberrations which may be part of the illuminating wavefront. The field

amplitude at each point in the observation plane ¢an then be determined by performing
the indicated integration
For a far-fieid analysis, (2.6) simplifies further If, in addition to the assumptions

made in the fresnel propagation case, the stronger (Fraunhofer) assumption

1l NN
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is adopted, then the quadratic phase factor inside the integral is approximately unity. In e
this case, the observed field amplitude can be found directly'as a Fourier transform of the "-z

field amplitude of the exit pupil. Thus, in the region of Fraunhofer diffraction,

2n

'-}‘-z il x?+y.2 @ ' -ﬂ zx +yy. 2.10) . 5
U,‘(‘i'yi)= ¢ eh( : I)J I .Uo<xo'yo)e Ax( o Jl)dxodyo. (2. s

iAz

Aside from the multiplicative factors preceding the integral, this equation states that 5

R <0
e

. v e
.,

"r-:
£

U.(x,,y,) is the Fourier transform of the exit pupil distribution U,y(x,.y,), evaluated at the

s
)
spatial frequencies f; =x/Az and f,=y/Az. .i-'.-j}
et
The analysis of the focussed beam propagation system is likewise simplified by the .'{-[-j:
o

presence of the focussing lens. A perfect lens only changes the curvature of the incident

wavefront, i.e, the field just after the lens, U,'(x,.y,). is given by

2n nf 2 2 i 2 2

' 'T°(x°‘y0) -;(xO”O) _v(’o”u)

Uo'(xo,yo)= Um<xo,yo)A<xo,y°)e B(xogo)e = Uo(xog'o)e .

where U,,(z,,5,) is the field just before the lens and f is the focal length of the lens,
assuming that the lens is in the exit pupil.

If the observation plane ts a distance faway from the exit pupii, then the guagrat.c

phase factors inside the integral of (2.6) cancal in this case, the integrai is again an exact

Fourrer transform of the exit pupil function

2n
v=f n/2 2 120
N A 1={x" +y @ . ee—|rroeyy (21"w
e . Y '
U(x,;.g}=——_ eV(‘ ‘)“ U/x)\;e "’(‘“ Ul)fixi_v
. [ (.\f i —» PANNR Rl B )

2.1.2 Imaging Systems

The analysis of imaging systems will be based on the technigues of fourier

transforms. These methods were developed primarily by Duffieux?.4, partly er1
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collaboration with Lansraux3. The following development follows closely that of Born

and WolfS, Section 9.5.1.

Xo X;
b ‘ A
1 i Pi'
P, ¢ 0 P;
y R
¢ optical
‘\ axis
optical front
wavefron
system W
entrance Gaussiar
. i reference .
object pupi sphere S . image
plane exit plane

pupil
Fig.2.2 The geometry of a centered optical system which gives rise to an aberrated
wavefront W. The aberration function ¢ is in terms of the distance QQ* between
W and the reference sphere S.

Consider the centered optical system sketched in Fig.2.2. Pointsin the image plane
and n the plane of the exit pupil are specified by Cartesian coordinates (x,,y) and (&.n),
respectively. The y,,y;, and n axes while not shown in Fig.2.2 are perpendicular to the
optical axis and to the x,x;, and § axes, respectively. Points in the object plane are
specified by scale normalized coordinates (x,,y,) such that, if P, at (X,.Y,) is a typical
object point and M is the lateral magnification, then 1, = MX, and v,= MY, so that the
object point and its image have the same coordinate values.

The imaging properties of the optical system are specified by the transmission
function K (x,.v,. 1,,3,). defined as the comolex amolituvde, Jer unit area of *he object

plane, at the point (x,,y,) in the image plane, due to a disturbance of unit amplitude and

zero phase at the object point (x,,y,). The imaging nrocess is then described by

REAN

-~ i
iPun
. ® v
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:: Ui(’i"i) - J J_.Uo(xo'yo)x(xa‘yo'xi'yu>d‘odyo ' ‘::
-" '.’.-:f
.. where U,(x,,y,) represents the complex disturbance in the object plane and U.(x,,) s ,:'_:f::
ltv },'\.

t»e resuitant optical field amplitude at the point (x,,y;) in the image plane. P

The transmission function K (x,,y,. z..7:) depends on the physical properties of the ::_I
optical system. This dependence can be derived by determining the image of a point
object of unit amplitude and zero phase at the point x,=1,, yo=y,. In this case, the

object is described by
. \ - 2 (213)

" Uo(xo’yo) -5(:0 —Xo )6( 'yo -'yo) ’

- where 8§ is the Dirac delta function. Then (2.12) reduces to
b ke : (2.14)

" Ui(xi'yl) - K(xu‘yo ' x‘..y‘) '

that is, the transmussion function K is equal to the disturbance in the image piane due to
;:: the point source (2.13) in the object plane.

.
5

The Gaussian reference sphere S is centered on the image point x,'=x,", y,'=y,'

-
-

tshown as P,in Fig.2.2). Let R be the radius of the reference sphere and let

-1kR
€

{2.15)

0

. . { . . '
H(:co,yo :i.n) = IG( XY, ;Ln) R
Se the disturbance at a typicai point (§,n) on this sphere due 10 the point source (2.13).
Apart from an additive factor /2, the phase of G is then the aberration function ® and

the amplitude of G is a measure of the non-uniformity in the ampiitude of the image-

forming wave. The factor /A on the right side of (2.15) was introduced to simplify later

formulae. T
. ; . L e
. Using the Rayleign-Sommerte:a aiifracuion formu.a (2.1), the optical tield in the T
-\u
S
image plane is (small angles of diffraction assumed) £
o
N
- r
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2n
1= (2.16)
( A | ( . e}
Ul Il‘yl)=a H xo"vo;{'n)Td{dn '
where s is the distance from the point (£,7) on the reference sphere to the point (x,.y,) in
the image plane; and the integral extends over that portion of the reference sphere
which approximately fills the exit pupil.

The distance s is given exactly by

s=[R2+ (:l-x;)—i + (,.‘__,.;)_q } (2.17)

and approximately by
1) H)a | 218
s=R—(xl—zo)E-<y‘-yo)E , (2.18)

where the binomial expansion has been applied to (2.17), all but the first three terms
have been dropped, and the terms which are quadradic in object or image plane
coordinate have been discarded as being much smaller than R.

Then the combination of (2.14)-(2 18) resultsin

R ﬂ{("‘\“("">“] (2.19)
Klzpv,i%0, )= 5 J_,G(‘ro'ya;s.n)e“ Coerovt o e,

where G s 1aken 0 oe equal 1o zero at points £,/ cutside the opening 1n the exit pupii.
This is the required relation between the transmission function K and the puptl function
G of the system  Since K may be regarcea as the disturbance in the image of a poirt
caLrz3 ¢ 230 cow ze Sentfies 1isc s the o—plhitude mpuise response of the optita

system From (2 19) 1t can be seen that this amplitude impulse response is proportional to
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the Fourier transform of the pupil function G, where the transform must be evaluated at
the spatial frequencies f; = (x,-1,)/AR and fy= (:-y0)/AR.

In a well-corrected circularly symmetric system, K approximates, apart from a
constant factor, the amplitude of the Airy diffraction pattern. Since this study involves
the performance of optical systems which are not very well-corrected, the form of K will
depart, sbmetimes significantly, from the Airy pattern. However, considered as a
function of (x,.y,). the transmission function varies slowly as this point explores the
object surface. More precisely, the working field may be divided into regions, where
each region is large compared to the finest detail that the system can resolve; and with
the property that in each such region T, K is to a good approximation, a function of the
displacement vector from the image point, but not of the image point itself. In such

cases,

(2.20)

K(xo'yo ’ xx'yx) = KT( T -yo)'
A region T with this property is said to be an isoplanatic region of the system. This study

will only consider objects that are so small as to fall within such an 1soplanatic region In

this case, (2.12) and (2.19) may be replaced by

o ® A v (2.2Y)
btl\. :x'yz> - J J-wbo\'xo"yo/h‘\ zl—xo'yl_'vo/dxua'vo

and

® =R Y S VO SR
K(x‘—x"'y‘-yO):ﬁiI I—zc(g'q)e- [<‘ O)L (‘x 'o)anun' (2.22)

where the function G is now independent of the object point.
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1f Uglxy.50). Ullx,,y:). and K are represented as the Fourier integrals

o ol ™, o

o

v ‘y‘>= I [,“:(“’ )"’-m(/xi*‘" )dfde . (2.23)

o " ™,

tnen, by the Fourier inversion formula

e[ sl o

ux(f.g‘>= [ [G U‘(x NG ‘)exﬁn(fx‘vgy‘\)dx‘d}" . (2.24b)

.

k(/.g)={ | Klzy \)e"nvxm'}dm}v (2 24¢)

. =X

Equation (2 21) represents the imaging process as a convolution Substituting
{2.24a-~¢) into the Fourier inverse of (2.21) and apolying the convolution theorem«< resu:ts

N

u‘(f.g)=uo<f,g )k(rig). (2 25)

This equation implies that if the optical fields in the object ang,image planes are

each considered as a superposition of spatiai frequencies f and g, then each component

A . R R S S B . < e “

» ® - . . - . - “ 3 . N -
- - .. - PER - - . . . . - * " o, = T - . . - . “ o ‘n.' Cl ».‘ \' - .~‘ - ._‘ -.‘ - --' P L LR NS
R z.‘):‘ P A T A TIPS A U, IR I SIS N Sl HIB YO A R I S A TN . SV WS SN S v Wy

.l'
ry.

“as .

‘. rl

.t TR

- .. . ,.‘-J



-

AR

o .
A

20

of spatial frequency in the image plane depends only on the corresponding component
in the object plane, and the ratio of components is k. A comparison of (2.23¢) and (2.22)

reveals that

k(%?.'i%)=G<LH> ’ (2.26)

so that the frequency response function k(f,g) is equal to the value of the pupil function
G at the point
§=ARfand n=ARg . (2.27)

The calculation of the image of any appropriately small object can now be

accomplished by Fourier transform techniques. Thatis,

U‘(_x',y‘>=F{k(ﬁg>F'l

where F{} and F-1{ } indicate the direct and inverse Fourier transforms, respectively, of

\] ] 2
2
Uo(xo'yo,)ff ' (2.28)
the bracketed terms. The inverse Fourier transform must be evaluated at the spatial
frequencies f=§AR and g=n/AR and the direct Fourier transform must be evaluated at
the spatiai frequencies f= (x,-x,)/AR and g = (y,-vo)/AR. This powerfui tool, (2.28), wili be

ssecd extensively :n the analysis of aberrateg imaging systems in this thes:s

2.1.3 Measures of Performance

2.1.3.1 Two-Point Resolution

The performance of an optical system 1s measured using criterra that are
depencent upon the intended use of the system In the telescope, for example, the
resoiution of two <losely-spaced point obiects 's ‘mportant. Lord Ravieighé develooed
the first resolution criterion, which now bears his name -&Jsing Airy's? result concerning

the :Tage of a point source through a circular 3perture. Lord Payleigh stated *hat *wo
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point sources are just resolved if the maximum of one irradiance pattern coincides with

&

the first minimum of the other. As Barakat8 has pointed out, the Rayleigh criterion is

Sy, v

el

based on the tacit assumption that the two point sources are mutually incoherent. It is

v v F
LA W s

necessary of course that they also be of equal irradiance. Born and WolfS extended
S Rayleigh’s criterion by stating that resolution is obtained when the irradiance, midway
between the geometrical images is 19% less than the maximum irradiance in the image

of the two points.

An alternate criterion, suggested by Sparrow9, states that the two point sources
are just resolved if the second derivative of their image irradiance vanishes at a point
midway between the Gaussian image points. The Sparrow criterion is more readily
amenable to quantitative calculations and has often been used in assessing systems. it s
aiso well suited to analyzing resolution in coherent systems. The Sparrow criterion will
be used in this study.

The spatial coherence of the illumination from two point sources can dramaticaily
affect the resoiution of their images. This is illustrated in Fig.2.3, where Grimes and
Thompson'0 have calculated the irradiance distribution in the image of two point objects
for various values of y, the complex degree of coherence between the two point sources -
The geometrical separation of the points.which 15 just greater than the Rayleigh imit, is S
\ndicated by the two vertical dashed lines The two points are well resolved in the
‘nconerent limit, the resolution decreasing with increasing v until when y = 0 6 the curve
is essentially flat midway between the Gaussian image points (the Sparrow resolution

imit). For greater vatues of y, the two points are unresolved. Rojak'! has caiculated the

a

- ~
-_: ._'-‘--‘ .
» hmit of resolution using the Sparrow criterion for values of y from the coherent limit to N
v - i
- the incoherent limit. . A,
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Fig 2 3 Theimage irradiance distribution for various values of y from y=0toy=1.0
'from bottom to top in the center of the graph) in steps of 0.1 (after Grimes and

Thompson'0). :
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.2.1.3.2 Mensuration Error

It is apparent from Fig.2.3 that the separation of the two points when measured in
the image plane depends on the degree of coherence. The difference between the
expected separétion based on geometrical considerations and the measured separation
is termed the mensuration error. This mensuration error for a fixed degree of coherence
depends also on the separation of the point sources in the object plane'0. In the analysis
of the image of two point sources, the only measurable quantity is the separation of the
two peaks in the resultant irradiance distribution, a separation that would normally be
considered to be the real separation of the object points. Hence, the mensuration error :s

a very important measure of performance in some optical imaging systems

2.1.3.3 Edge Ringing, Shift, and Acutance

It is important in other systems to accurately image an edge object. Two major
effects encountered are edge-ringing and edge-shifting. These effects have been
investigated by, among others, Hopkins'2, Steel'3, Canals-Frau and Rosseau'4, Kinzly?'s,
Skinner'6.'7 Considine'8, and Thompsoni9. These effects are illustrated in Fig 1 2 where
the theoretical irradiance distribution of the rmage of an edge object by a one-
dimensionai ideal iens is shown for both coherent ara incoherent illumination 1ts also
apparent from this ‘igure *hat the slooe of the irraciance near the edge is different ‘or
the two cases. The slope of the edge irradiance is termed the acutance and is greater for
a ccherent image *han for an incoherent :image of the same edge with the same optical
system. When quantified, these effects can also be measures of performance of the

'maging system.

2.1.3.4 Slit Ringing and Wiath

The use of bar targets for measuring resolution of optical systems i1s perhaps the

most common and rapid method of evaiuating an cpucai system. The OTF of an




incoherent system can quickly be estimated, using an object consisting of many sets of

bar targets, each having a different fundamental spatial frequency. Although the OTF is %\;
not applicabie to coherent systems, it is interesting to compare the image of a slit (or a 9 ‘\w
bar) in the cohet;'ent and incoherent limits. When coherently illuminated, the edges of %;i{'
the slit will exhibit edge-ringing and edge-shifting. As an illustration of this problem, the : '.:;:
coherent image of a slit is displayed in Fig.2.4. Under coherent illumination the siit h__
appears to be narrower than under incoherent illumination. The opposite situation ‘*\v

would occur for a coherently imaged bar; the bar would appear to be wider. The size of oo

the bar (or slit) can be used as a measure of the performance of the system. The S
normalized distance v used in this figure was defined in Chapter 1.

A more meaningful depiction of the coherent image of an edge might be a plot of
the square root of the irradiance. This follows the suggestion made by Thompson!. Fig.

2.51s such a plot. The advantage of this approach is the removal of the nonlinearity in

e
AR

[N

the coherent imaging process. One result is that there is no edge shift; another is that

the edge ringing is reduced

2.1.3.5 Streh! Ratio, Encircled Energy, Second Moment, and Near-field
Fluctuations

In the case of laser systems, the important parameters of the focussed beam are
the Strehl ratio, encircled energy, and second moment of the irradiance distribution The
Strehl ratio is formed by the ratio of the peak irradiance in a particular plane of the focal

regron of an aberrated beam to the peak irradiance in the focal region of an unaberrated

. 0 L .
Id pal K

veam The encircled energy 1s the totai energy within a given circle in a plane normai to

the beam The second moment refers to the vanance of the irradiance distribution of the

v
v

e

!
l.l .
AL rS

beam Each of these can be used as a measurement of performance. In the near field of
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Fig.2.4 The coherent image of a slit (solid curve) through an unaberrated and
unapodised optical system having a circuiar exit pupii. The geometricai image of
the slit is shown as a dashed curve.
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the beam propagation_system, the irradiance distribution can have significant
fluctuations that arise from diffraction caused by the apertures in the system. These
fluctuations can degrade the far field performance of the system by distorting reflecting
surfaces as boin;\ted out by Avizonis, et al20. The fluctuations could also damage
components of the final amplifier stages in systems such as a high peak power pulsed
laser. Thus, the amount of the near-field fluctuations can be an important limitation of

performance in these systems.

2.2 THE DIFFRACTION THEORY OF ABERRATIONS

Both the geometrical- and diffraction-based theories of aberrations are covered
comprehensively in the text by Born and Wolf’. Those parts of their treatment which are
pertinent to this study will be briefly reviewed.

Consider again the centered optical system shown in Fig.2.2 with a monchromatic
point source P, in the object plane. The Gaussian image point P, in the image plane is the
center of the Gaussian reference sphere S which intersects the exit pupil at the on-axis
point C. A real wavefront W arising from the point source P, will in general not coincige
with the reference sphere but will deviate from it, perhaps as shown n Fig.2.2. The real
wevefront :s drawn intersecting the reference sphere at the axial point C.

Atanarpitrary 2oint Q on NV a'line percenaicu.ar 0 W reoresents an optical ray, or
wave normal. In general, this wave normal will intersect the image plane at a point P *
~nicn s gifferent from P, The separaton o1 "rese "wo points ® P.* :s the wave normal
aberration while the deformation of W relative to S along the ray QQ* is the wavefront
aoerration. The deformation of W in the region of the exit pupil wiil be described by the
aoerration iuncticn . Assuming tnat the refraclive :ngex of the image space 1s unity, P

(taken as positive in Fig.2.2) represents the distance QQ* along the wave normal.
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In this study, the aberration function will be expressed in terms of both the Zernike
polynomials and the Siedel expansion. The Zernike polynomials are a complete set of
polynomials which are orthogonal over a unit circle. They were introduced by Zernike:!
in his famous paper on the phase contrast microscope and have been used extensive{y by
many researchers since then.

The circle polynomials of Zernike are polynomials V,m(x,y) in the real variables x

andy. In terms of the polar coordinates, x = ¢ sing and y = ¢ c0sg, they are expressed as

v;"( Gsind Gcost )= R Jem, (229

wherem 2 Qorm>0and n 20 are integers, n 2|m|, and n-|m| is even. These polynomials

satisfy the orthonormal relation

.

I I V'".(x,y) V'"(x,v)d.xdy= 25 s ,
x2+y251 n n ) n+1 mmnAan (2.30)

where §; is the Kronecker delta function and the asterisk denotes the complex conjugate.
The radial functions R,m(p) are polynominals in { containing powersin (", {n-2, ., {Imi

Instead of the complex polynomials V,m, one may use the real polynomials

1 ,
V:«V’;m!=R':<p)cos m9 (2.27a)
i i ‘

1
m — —
®. = 2

n

and

(:’-m =
n

[ o T
,'l\/u”‘-vnmlz,?:{\p,}sm mo . (2.31p)

The wavefront can then be exoressed as

z n
Np,9) = z E an(Cm cos m8 + D __ sin m8), (2.32)

=0 m=g¢

a

where Chm and D, are the coefficients denoting the amount of a particuiar aberration

prasent
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In this study the polynomial R,m (p) cos m¢ is sufficient to describe the aberrations
because the system is assumed to be symmetrical about the meridional plane (¢ =0).
Table 2.1 lists the primary wavefront aberrations as well as lower order wavefront
deformations. The first column of the table lists the third order and lower wavefront
aberrations. The second and third columns list the corresponding n and m values used in
the equations (2.29) through (2.32). The fourth column lists the specific functional form
of each of these aberrations in terms of the Zernike polynomials of (2.32). The fifth
column lists these same aberration terms where a conversion from the variables p and 0

to the variables x and y have been accomplished. In this case the wavefront is expressed

as

k t
ay)= D > B Iy, (2.32)

i=a j=o

where Bj; is the coefficient controiling the amount of a particular aberration which is

present. In the last column, the aberration s are expressed as terms from the expansion

4

k
D) = >

n=o

n ln . {
p la cvs 8 + bnl sin'9),

—
"

/]

where the coefficients a,; and b,; are commonly called the Seidel coefficients The
difference between this expansion and the Zernike expansion of (2.32) 1s that the
wavefront is expressed in terms of powers of ¢os0 and sinf while in the Zernike

expansion the wavefront is expressed in terms of multipies of the polar angle 8

The entries for x-tilt, y-tilt, and piston are relevant for nterferometric u :
measurement and interpretation of wavefronts Piston is a term referring to amounts of R
'... ..-_ “

: : RSESE

uniform phase across the exit pupil. LAY
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2.3 PREVIOUS RESEARCH - APODISATION TO IMPROVE SYSTEM PERFORMANCE

O
™~

:' The technique of suppressing the sidelobes in the irradiance distribution of the
i far-field diffraction nattern of a finite aperture was the original definition of
apodisation. Mao-- . .;dly defined now, apodisation refers to any method which
changes the performance of an optical system by modifying the amplitude and phase
i. transmittance of the exit pupil. It has been shown by many researchers that apodisation
can indeed improve the imaging properties of an optical system. Most of the work has
assumed an aberration-free system, but recently there has been some interest in
i aberrated systems as well. However, there are apparently no studies concerning the use
- of apodisation to improve the performance of aberrated coherent optical systems.

. 2.3.1 Studies of Systems without Aberrations

. 2.3.1.1 Incoherent Optical Systems

In retrospect, the most common apodisation seen 1n optical systems is the centrai
obscuration. Lord Rayleigh2Z was the first to point out that a circular stop in the center
of a circular aperture causes the central maximum of the Airy pattern to become

~arrower and also increases the denth of ‘ocus. Straupell? appears 10 have been the first

L . WA ) “."-_ e e

to study effects of an apodiser other than the central obscuration. Most stucies since

‘ner nave 3ltemoted 'C IDUMIZe some aspec: 31 dertormance of an >otical svsiem S

finding an appropriate apodising filter Toraldo dv Francial? originated the concept of
f'.j superresoiution over a limited field. This occurs when the diffraction pattern s forced to
3 , .
:. Issume 3 series of terces, the first one cetng such that “he <entrai (ore s narrower than
’ A N -
. that for the uniform pupil, while the remaining zeroes are spaced around the core in
- such 3 way *hat a dark zone of limited extent and 2xhibiting 'ow secondary !obes s
"
v
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produced. Luneberg?s used the calculus of variations to determine the pupil tunction

v
Vo
.t e

Py AgMy i TTIR e 0o Lt
» B .

given a prespecified distribution of image irradiance. In two comprehensive review :

-t articles, Wolf26(1951) and later Jacquinot and Roizen-Dossier27(1964) described the
N )

2 previou< work, Since then, many workers (see for example references 28-31) have W !

i:"; contr - . -1 %o this field. Barakat8.32.33 has been especially productive, solving three of

h the four apodisation problems originally posed by Luneberg2s.

. 2.3.1.2 Partiaily Coherent Optical Systems

Studies using partially coherent illumination are motivated by the physical fact
that real systems are seldom either fully coherent or fully incoherent. McKechnie34 has
shown that, by obstucting the central part of the condenser, the resolution of a
microscope may be improved. In a similar study, Nayyar and Verma3s have calculated the

limit of resolution (a modified Rayleigh cniterion) for opaque annular and n-phase semi-

transparent annular apertures of two partially coherent point objects. Other studies
concerning two point objects, using different forms of apodisation, were conducted by
. Magiera and Pretraszkiewicz36, Nayyar and Verma3?, and Mehta3839. Kintner and

Siilitto%0 have found a generai condition for aoodisers which insure suppression of edge-

ringing. Som and Biswas4! have studied the performance, in partially coherent light, of

¥ ipoaisers wnich were opumizeg for yse .n conerent nlumination.

2.3.1.3 Coherent Optical Systems

The most noticeable defect in the coherent image of an edge object 15 the

pnenomena of edge-ringing. The use of apodisers to suppress edge-ringing has been

- shown to D& succassiul oy Araki ang Asakurass 23, X.2. Rao,et a1%4.23, Smith<6, _2aver and
:" Smith4?, and Thompson and Krisi48. However, it is noted in several of these studies that

. 35 2dge ringing 5 suppressed the amount 2f 2age shift 's increased. The work 3f Arani
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i . \ and Asakurad3 is particularly interesting because they have found an optimum apodiser

:. which suppresses edge-ringing but introduces a minimum amount of additional edge

':; shift. In related studies, Leaver9 has investigated the image of a line object and Rao et

l ais0 have studied the images of trapazoidal objects.

The improvement of the two-point resolution of a coherent optical system has ‘:
been approached from several viewpoints. Barakat® found apodisers which improved
l the two-point resolution according to the Sparrow criterion. Thompson3! has ‘

investigated the diffraction by annular apertures which have central regions that are

semi-transparent and which add a uniform phase. Such apertures will result in an

improved two-point resolution. Wilkins32 has solved the apodisation problem of
determining the diffraction pattern which has a specified Sparrow limit of resolution and

the maximum possible Strehl ratio. Clements and Wilkins53 have solved the similar AN

R NI S e

problem of maximizing the encircled energy with a specified Rayleigh resolution limit.

The work of Wilkins and Clements32.53 applies not only to image forming systems

LAV AR A e

18

o but also to beam propagation systems. In a related study, HazraS4 also has found a class ::.":‘.-

»
. T
r
]
{
1 4

of optimum apodisers which will maximize the encircled energy. Rao et al55 have

investigated the effect of a specific type of apodiser on several measures of far-fietg

verformance. R
- The performance of apodisers in the near field has been studied by Hadley56 as well as -
"', “hompson and Xrist48  These workers have shown that apodisation can decrease ‘the
; peaks of the Fresnel diffraction pattern which arise from apeﬁures within the beam .
! ¥

propagation system with very little transmission |0ss.

- The paoer by Thompson and Krisl48 cresents a compact overview of the subject of

- apodisation as apphed to coherent imaging and beam propagation systems  The :;-:-:{
v . . . . . A
. problem of reducing the oscillations of the near field pattern in an aberration-free .ol
. o
: .

- e e e e e T - -

-.-..‘ . - e i T R N N SR RS TS e
LL.C...L..‘J‘& ..i'l(‘r.-..»d...&'u;. ;-;.mu‘.“u{.__;___u_ AT Ta et Ta e Ta e A Y e e Ta e e e e -.'-z-\-t----.'--L PN



system is solved. A comparison of five apodisers relative to several far-field performance

parameters is also presented.

2.3.2 Studies of Systems with Aberrations

Most studies of systems with aberrations have. assumed incoherent illumination,
while only a few have considered the use of partially-coherent illumination. There have
apparently been no studies specifically concerning the use of apodisation to improve the
performance of aberrated coherent imaging systems. Some work has been done by

considering the Gaussian nature of laser beams in aberrated beam propagation systems.

2.3.2.1 Incoherent Optical Systems

The majority of the work aimed at using apodisation to improve the performance
of aberrated imaging systems has occurred in the last fev;/ years. However, Tsujiuchi'sS?
review in 1963, discussed the derivation of obtimum amplitude and phase filters to
partiaily correct for defocusing and spherical aberration in systems with circular pupils.

A group at the University of Laval, has been studying the effect of apodisers in *he
cresence of aberration. Biswas and Bowvin38 investigated optimum apodisers which were
octarned oy maximizing the encircled energy in circular, aberration-free systems. Then,
*ney tneoretically 'avestigated the performance of <hese agpodisers in *he oresence of
primary and secondary spherical aberrations. Analytic expressions for various important
croperties Jf the diffracted fieid in the presence qf apodisers and spnerical aberration
were presented, including amplitude point spread function, irradiance distribution,
fractional encircled energy, Strehl ratio, and the two-point resolution. The authors
fz.~e that the use of these fiiters in circuiar aperrated systems also .ncreaseq ine
encircled energy. These same authors also investigated the influence of primary

stgmatism an the nerformanca of these octimum aooaiserss?
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Attacking the problem directly, Hazra et al0 found optimum apodisers which A ‘f“i
maximize encircled energy in the presence of spherical aberration and defocus. To make Y
the filter manufacturing process easier, they designed optimum fadder-step apodisers
having a finite number of uniformly transmitting zones, each with a different E

transmittance. They illustrz: .. .ne method with an example of an optimum 8-step

apodiser used with different amounts of defocus, primary, and secondary spherical
aberrations. They calculated the image irradiance distribution, encircled energy, and l
Strehl ratio. They predict that the performance of the system as measured by the |
encircled energy will be improved.

The problem was approached in a slightly different manner by Yzuel and Calvo6'.

They optimized the Strehl ratio by varying the amplitude and phase of filters, in the

arcular pupil of an aberrated optical system. The optimization process was halted when
the Strehl ratio exceeded 0.8. The point spread function, MTF, and the irradiance E,,_,

distribution along the axis were then computed. This method was shown, theoretically,

to improve both the Strehl ratio and the MTF. Mints and Prilepskii®2 also chose to

maximize the Strehi ratio using phase and amplitude filters. They considered a system U
NSRS

AL RS

raving third-orcer sonerical aberration ana found an apodisation which theoretically DA
RSN

improved the Strehl ratio. :‘N
A Polish group searched for apodisers which minimized the second moment of the E"
rradiance distritbution  Magiera at ai63 did this, n the presence of four orders of
soherical aberration by varying the coefficients of a polynomial describing the <.
_ . - , F
transmittance of the apodiser This group, 1n a seoarate papertd, then examined the AERAY

effects of their optimum filter on the second moment of the imaqge irradiance

distribution in the presence of three orders of spherical aberrations. They showed
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numerical results indicating the predicted improvement in performance. They also
compared their filter to an optimum Bessei filter which was derived by Asakura and

Ueno6Ss for the aberration-free case.

2.3.2.2 Pz . Coherent Optical Systems

Using the polynomial filter previously mentioned, Magiera and Plutabé derived
formulae for the amplitude impulse response, second moment of the point spread

function, the two-point irradiance distribution in partially coherent light, the point

. image contrast, and the equations which must be satisfied by the Sparrow and Rayleigh
resolution criteria in the presence of third, fifth, and seventh order spherical aberrations.
Gupta and Singn67 have investigated the influence of primary astigmatism on the

irradiance distribution in the Fraunhofer diffraction patterns formed by an optical system
with a circular aperture under partially coherent iliumination when the mutual
coherence function contains a spatially non-stationary quadratic phase term. Results are
presented which illustrate the degrading effects of various amounts of astigmatism and

the extent of improvement obtained when using a apodising filter

2.3.2.3 Coherent Optical Systems j:’_jf.‘-

9

’

g -
E Althougn there have geen no stugies specifically addressing apogisation in ' |
»fj aberrated coherent imaging systems, portions of several of the studies previously

outlined have some reievance to the proposed research. In several casess’.58.66, the

smplitude impuise response was calculated. However, these studies did not address the
imaging properties of the aberrated and apodised systems. Magiera and Plutaéé derived
a formula tor the two-point irradiance distribution in partially-coherent light. Taking the

fully coherent limit, the formula presented will provide a useful comparison for one of
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the results of the Chapter [V. Barakaté8 has calculated and plotted the images of edges,
discs, and bars in the presence of defocus, coma, and spherical aberration. In aberrated
beam propagation systems, the effect of a truncated Gaussian apodisation has been
investigated by §éveral researchers. Holmes et alé9 have considered the effect of
Gaussian as well as sinusoidal phase aberrations on Gaussian beams in the near and far
fields of an annular system. Lowenthal70.7 has examined the far-field diffraction
patterns for Gaussian beams with spherical aberrations; and has developed an
aberration tolerance criterion for Gaussian beams. For these systems the apodisation was

due to the inherent nature of the (aser beam -

2.3.3 Previous Research Conclusions

An extensive amount of work has been done using apodisation to :mpraove the
performance of aberrated optical systems. Some authors have used filters obtained in
aberration-free studies while others have derived optimal filte:s assuming known
amounts of fixed aberration. Generalily, such apodisers have improved performance, but
0 a few cases they have actually degraded performarce

To summarize tne published research, most of the researcmers A~0 ~3ve sius ec
the effects of apodisation on aberrated systems have assumed the use of incoherent
Jdlumination. Those who studied coherent systems nave mostly concentratec on :he
image of a single point source. They have been interested in measures of performance
such as the irradiance point spread function, encircled energy, and Streht ratio. Only a
few have considered the image of two point objects .n partially coherent light. The issue
of generalized imaging in apodised and aberrated coherent imaging systems has not

been addressed. -.
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2.4 THE GAUSSIAN APODISER

The Gaussian apodiser is the only type of apodiser considered in this research.
Only one type of apodiser was used because most of the apodisers which were found to
be optimum for va'rious other applications differ little from each other or from a
Gaussian. Additionally, the Gaussian was chosen because it has some intuitively pleasing
effects when used in a coherent optical imaging system.

The first consideration when chosing an apodiser is that it produce an amplitude
impulse response which is real .and positive“s; Many of the deleterious effects seen in
coherent imaging (edge ringing for example) occur because the ampiitude impulse
response has negative regions. By contrast, an incoherent system has an impulse
response which is everywhere real and positive. This realization leads to the conciusion
that it woulq be approbriate to make the amplitude impulse response for the coherent
case also real and positive. The amplitude impuise response of a coherent imaging
system is proportional to the Fourier transform of the exit pupil. The Fourier transform
of a Gaussian function is itself a Gaussian function. So a Gaussian apodiser in the exit
pupil will produce an amplitude impulse response which 's real and positive. T™us .$ not
strictly true because the Gaussian will always be truncated by the finite aperture of the
axit pupii. However, if the Gaussian is truncated far trom its center, this statement wiii be
approximately true.

Some of the apodisation functions suggestea for use in conerent opticai systems
are shown in Fig. 2.6, where the amplitude transmittance is plotted versus the radius of
the aperture. The radius of each function has been scaled so that the truncation point
corresponds to a, the radius of the aperture being apodised. With Te exception of the

Lukosz limit, the functions are all very similar.
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Lukosz limit —_—
Trlanquler ccmcceas
Gaussian ——— -
Cos autocorr. e
Line monolonic =v—=uem-
Polnt monotonic = = = =.
Circ autocorr. ==1==-—-

AMPLITUDE TRANSMITTANCE

(@)

RADIUS ' p

Fig.2.6 A comparison82 of apodisation func}ions suggested for coherent optical imaging
s.yst‘ems, All functions were truncated at a radius of 3. Also snown 1S the Lukosz
limit, a theoretical upoer limit on apodisation functions.

-
SO
* '.‘_\
o -.‘
S|
N
e .

]
Y

£y

Y
-,
"

Yol
Fo

o
4

RO
-~ ..
ARG
N w
B
Se st
AT
n"'
N
Y

-

.-




A

40 g.vl'

ey

-

w

An important consideration when a real and positive amplitude impulse response !

is desired was presented in a strict mathematical sense by Boas and Kac84 and later ’ v-?
independently from a signal-processing point of view by Lukosz85. They showed that Ea:‘
there is an upper limit on the value of a space-limited function if the function is to have ;_
an everywhere positive Fourier transform. This limit is shown in Fig. 2.6. ':-:
The Gaussian was chosen for use in this research because, as well as producing a

real and positive amplitude impulse response and not differing significantly from many [t‘

of the apodisers which have been found useful, it has some nice effects on the system.

AR

One effect is that the transform of a Gaussian is a Gaussian. Also, when a Gaussian is

q
g

used, the imaging system has some similarities to a laser propagation system. Both
effects aid the intuitive process when thinking about the effects of the apodiser on the

system
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CHAPTER3 THE AMPLITUDE IMPULSE RESPONSE - THEORY

3.1 INTRODUCTION

The ampliiude impulse response, as pointed out in the last chapter, is central to
the analy'sis of optical imaging systems. In such systems, the image amplitude can be
found by performing a convolution of the geometric image with the .amplitude impulse
response.

The amplitude impulse response has been calculated for a simple system having
various combinations of aberrations and apodisations. The physical situation 1s depicted

in Fig. 3.1. A unit-amplitude plane-polarized coherent plane wavefront is incident on a

—_
coherent
illumination —

optical axts

apodiser

Fig.3.1 The giffraction geometry used in calculated the amplitude. impulse response.

test iens of radius a ang focal length /. This 1s equivalent to an imaging system with a
point object at infinity. The y, and y, axes which are perpendicular to both the 1, and .
axes respectively and to the dptical axis are nct shown The 'ens :n jerera ~as
aberrations and an apodiser could be adjacent to the lens. The (x,,y,) plane is chosen to

he coincident with the lens.
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In this case, (2.11) is used directly as

r

-.\‘:"

d _ ' = i2n :}:L‘
. A .'1(31-,.2) L4 —:'—(x z.+y ) (3.1) N

e g 8

A IR VAN B N \oi 1 '
U-‘(’x“’ i) T ar € ] I _.Uo(‘o"o)' dz dy, - e

: E.'

The field amplitude within the exit pupil is described by (2.7). Combining (2.7) and (2.11) :.;?_-f

yields

: U‘(‘i d‘) - r[ A(IOJ°>Q'ZT"o(xoa,) 3(‘.,%)} ' (3.2) lL

. where the notation F{ } refers to the Fourier transform of the quantity within the =
brackets, the spatial frequencies of the transform are f, =x,/Af and f, =y, /Af, and the
terms in front of the integral have been dropped. The term U,,(xo,5,) in (2.7), is the
amplitude of the input wavefront, which in this case equals one.

The aberration term & ( x,,y,) in the exponent of (3.2) can be expressed in terms of

s ) ;
3 the Seidel coefficients by describing the aberrated wavefront with the expression
. k n
'P(p,e) =>5 p"(a’dcosle + bnlsinle>, (2.32)

n=0{=0

where the coefficients a,; and b, have units of wavelength and p has been normalized o
unity at the edge of the aperture. This is the form of the aberration function assumed
w~nen referring 10 the amount of aberration present in a particuiar system.

When calculations are performed however, the monomial form of the Zernike

potynomial
| I ‘
= b)Y s (2.33) NG
Q(XJ) - Z — BUXJ"' e .’~:3
=20 5=0 e
N
is useg instead. This I1s because the Fourier transtorm operation :naicated :n (3.1) s ::‘;:::':;
RSL Y
performed on the computer as a discrete fast Fourier transform on a reqular rectangular _,_,_q

array
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The apodisation used throughout this dissertation is in terms of the real amplitude

transmittance. it has the form

2
A(r) g (3.3a)

A=ile?, (3.3b)

where the constant in the exponent was chosen so that the value of A(r) at the edge of
the aperture, r=1, was equal to 0.050 (see Fig. 3.2). Thus there was very littie amplitude
n the transmitted wavefront at the edge of the aperture. This should allow the
separation of the effects of the aberrations from the effects of the hard aperture.

A .\/Ax-l 1/750 computer was used to compute (3.2) using a program written in
FORTRAN-77. The Fourier transform was accomplished by using a fast-Fourier
transform73 subroutine from the IMSL74 package. This program, labeled PSF FOR, is
documented in Appendix 1.

The quantity U(x,y,) is, in general, complex. Consequently, the output of the
program isin terms of real and imaginary coefficients. Thats,

0 (59,) = 5,0, )+ 0, = o700 G
where a(x;,y;) and b(x,,y,) are the just mentioned coefficients and m(x,,y,) and p(z,.y,) are
*he moduius and pnase, respectively, of Ulx,,v.}.

Coherently illuminated systems are linear in complex amplitude. However, f

measurements are to be made in an experiment, 1tis the irradiance ,(x,,»,) which s
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2 A A B AL T

’ usually measured . The irradiance is related to the complex amplitude by

Il.(z‘.y‘.)u U‘.(x‘..y‘.)U:(xl.Jl) = l U‘.(x‘.,y‘) l g (3.5)

where the asterisk denotes the complex conjugate.

« o JEEENe 3 b o

3.2 COMPARISONS WITH KNOWN RESULTS

A typical output of this program is displayed in Fig. 3.3. The system, in this case
was unaberrated and unapodised and the pupil function was a circular aperture. The
distance coordinates used in Fig. 3.3, as well as in many other figures in the thesis, are
the canonical distance coordinates u and v. They are canonical in the sense that the
pattern displayed in these figures is independent of the exit pupil size, the wavelength of
illumination, and the distance from the exit pupil to the image plane. Specifically, these

new coordinates are defined by

_ 2na d _ 2na
u= V] x, an v= V) Y, (3.6)
1]

where a is the radius of the exit pupil, X is the ‘vavelength of the illumination, d, is the

ERLOL L P

distance from the exit pupil to the image plane, and x; and y; are the real coordinates in

: the image plane.

i A coherent optical system is linear in field ampiitude, which is a complex quantity. .
So unlike an inccherent system, the phase tn the optical field is criucally important in e
. S
determining the final image irradiance distribution. For this reason, the phase has been X
! calcuiateg ior the unaberrated case in Fig. 3.3 and for many of the aberratea cases

considered later in this chapter. }
The phase distribution in the amplitude impuise response of an unaberrated 1
i. system (see Fig. 3.3b) is uniform everywhere except along concentric circles where the !-——-4'
phase jumps discontinuously by an amount equal to T radians. These jumps occur at the :
same spatial locations as do the zero values in the modulus distribution of Fig. 3.3a. This . ]
? implies that every otherring in the amplitu;ie impulse response is composed of negative ‘,.,J
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Fig 3.3 The impulse response of an unaberrated, unapodised, circularly symmetric
optical system in terms of (a) modulus, (b) phase, and (¢) irradiance. The
uniabeled axes are canonical distance coordinates. All plots have the same
gistance scaies.
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values. It is these negative regions which cause the ringing phenomena seen in the
image of an edge (see Fig. 1.2). Thus the knowledge of the phase distribution in the
amplitude impulse response is very important in determining the behavior of the system.

The irradiance distris »f this impulse response is shown in Fig. 3.3¢. It is
obtained by squaring the —.::us distribution. Since the optical system in this case is
unaberrated and has a circular exit pupil, it is expected that the irradiance distribution
woulid approximate an Airy? pattern A careful comparison of Fig. 3.3¢ with a theoretical
Airy distribution reveals the error between the two patterns to be less than 1%. This
error arises mainly from the problem of inadequately representing a circular aperture
with a rectangular array of samples. Nevertheless, this agreement is quite close and thus
fends credibility to the theoretical development and the computer program used to
realize that development.

The program gains additional credibility when the irradiance patterns in the
presence of simple aberrations are compared to similar results in the literature. Fig. 3.4
displays the theoretical irradiance impulse responses for two optical systems with

different amounts of aberrations. The impulse response in Fig. 3 4a is from an opticai

P

system having 0.48 waves of coma; 1.e.. (p,0) =0.48Xp3cosd. The quantity A refers o

[

the wavelength of the coherent illuminaticn  The ring structure has been distorted by
the presence of the aberration such that the ring has been flattened on one side of the
centrai 'obe 3nd heightened on the opposite side. in Fig. 3.4b the aberration in ‘he

system is 0.16 waves of astigmatism ($(p,0) =0.16Xp2cos20). These particular

aberration values were chosen because another author (Nijboer 75.76) has calculated
nimiar results csing these values. Nijboer's results are -eoroducad 'n Fig 3.5 where the

plots show the irradiance distribution for (a) 0.48 wave of coma and (b) 0.16 waves of

astigmatism.

Ll
\

)
-
~

. ¢
P
Le_vv.

Ay
ar

= ° - - A ., . . . . . . . . .
IS SR S hUCRSRI TR .t . o U TN .
-‘1‘\.’."" MY - - - IS " .t " - k4 o *, e . A . - - . - - . . - - - - . . R .- - . “ R
9 ) o 2ty Tt T N S e e L e e e e s e e e e T e e e e e e T T T el e T O
YU T PRSI PRIV AR WA T OO o ARSI IR I I SR RPN T (V. SN PUI - AL VA U P PP . Y WG R |




o T DRt T ‘0 W S Aad el S Ao A @ Sl B Sadt A A R AL AR e il et et ae e AN e AR S i S Setu i S S tatat Sl Aot e A Y

-
'1 ;l::-
-
g [
<
=]
b
+
E .
o. (a)
P STREHL RATIO = 0.885
w
O
<
g
(o]
<
o 4 , T
& { L.
A \"Y_ ..-::_.—
O- ' ' ( b) RO
= - i
:_4
STREHL RATIO = 0.850
Fig.3.4 The irradiance impulse response through a coherent, unapodised, circularly
symmetric optical system having (a) 0.48 waves of coma, and (b) 0.16 waves of
astigmatism. The unlabeled axes are canonical distance coordinates. Both nlots ]
have the same distance scales. . L
o
)
r 1
A S N N NN A S S SN PN PRI DU ST SN S I ISP ol S OOV OV POV QI R




Pl

a

)
"
-

-«
u

-
v
&

et e .
I PNy

STREHL RATIO =0.879

STREHL RATIO = 0.84C

Fig 3.5 Irradiance contours in the images of point sources through an ootical system
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These plots display the irradiance impulse responses in terms of the contours of equal
irradiance. The presentation formats for Figs. 3.4 and 3.5 differ but the qualitative
agreement is good. The comatic patterns both show a disappearance of the first ring on
one side of the central lobe and an enhancement of that rinz - - 2 opposite side; and
the astigmatic patterns both show a distinct four-lobed character in the first ring. As a
quantitative measure, the Strehl ratio was computed for the two cases and compared to
Nijboer's results. The Strehl ratio for each plot of the two figures is shown beside the
plot. The agreement here is very good.

Similar comparisons were made for other amounts of aberrations. In each case the
qualitative agreement between the modei developed here and the data published by
other authors was quite good. The quantitative agreement was typically on the order of
1%.

3.3 THE EFFECT OF ABERRATIONS ON THE IMPULSE RESPONSE
3.3.1 Defocus

The aberration of defocus has the functional form $(p,8) =a;,p %, where the
coefficient ayy s the amount of aberration. The subscrioted numbers 2 and 1 come from
columns 2 and 3 respectively of Table 2.1. Defocus is the simplest type of aberration. i1
tnat the real wavefront differs from the sphericai reference wavefront only in its ragius
of curvature. A calculation of the amplitude impulse response for the case when a; =
3.5 A yieigs the results snown n Fig. 3.6. In this figure the top two plots show the
modulus and pnase of the amplitude impuise when the exit pupii of the optical system
has a unmiform transmittance, i.e., there is no apod.sation. For ready comparison, the
amplitude impulse response (modulus and phase) for the same system with a Gaussian

apodiser is shown in the bottom two plots of this same figure.
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The modulus and phase of the unapodised amplitude impulse response (top two
plots) should be compared to the analogous plots of Fig. 3.3 where there are no
aberrations in the system. The peak value of the modulus in the aberrated case has
decreased relati\}; to the unaberrated case. The zero values in the modulus pattern for
the unaberrated case have evolved to relative minimums which do not go to zero. The
phase of the aberrated amplitude impulse response (upper right plot of Fig. 3.6) no
longer has the discontinuities evident in the unaberrated case.

When the apodiser described by (3.3) and plotted in Fig. 3.2 is applied to this
aberrated system, the modulus of the amplitude impulse response (lower left plot of Fig.
3 6) 1s considerably smoothed, as is the phase. The phase varies by less than T radians
over the region of the modulus plot where the modulus is greater than 10% of its peak
value. So this amplitude impulse response does not change sign until the absolute value
of the amplitude is quite small. Thus the impulse response is aimost real and positive.

This has important implications for the imaging performance of this optical
system. For instance, the ringing in the coherent image of an edge is caused by the
negative regions of the impuise response. In this case the apodiser has smoothed the
ampiitude impulse response such that it has very little amplitude in the regions where
there are negative values of amolitude. It can be expected then, that the image of an
edge througn this system would be free from ringing. The results in the next chapter
“anY rmottus expectation

The ampiituce impulse response, both unapodised and apodised, for other vaiues
of defocus are shown in Fig 3.7. Here the amount of aberration is different for each
slume af olots, varving from 0.1 X on the left to 1.0 X an the right. From *hece olots we

can see the evolution of the modulus and phase as more defocus is added to the system.
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Fig.3.7 The amplitude impulse response (modulus and phase) with varying amounts of
defocus for the case of an unapodised and Gaussian apodised exit pupil. The
amount of 3berration for each column is indicated 1t *he bottom of that column’
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The modulus and phase along slices through the center of some of these impulse
responses are shown in Fig. 3.8. The relationship of phase to modulus is clearly seen in
this figure,

Apodisatic;r'r, in each case of the last three figures, smoothes both the modulus and
phase. In each case, the amplitude impulse response becomes almost real and positive
when the apodiser is applied. There are, however, limits to this process. As the amount
of aberration increases the apodiser becomes less effective in making the amplitude
impulse response almost real and positive. For the case of one wave of defocus, it
appears that the phase changes by more than w radians over the region where the
modulus is still relatively large.

3.3.2 Spherical Aberration

The aberration of spherical has the functional form ¢ (p,0) = ag;p8. Spherical is a
radially symmetric aberration. Oue to its fourth power dependence on the radial
distance parameter p, spherical aberration describes a wavefront havir;g the largest
deviation from the spherical reference wavefront of any of the aberrations considered
here A calculation of the impuise response (moduius and phase when ag; = 0.5 A s

shown in Fig. 3.9. The top two plots (the unapodised case) should be compared to the
uraberrated ‘mpulse response of Fig. 3.3 The presence of spherical aberration causes a
decrease in the value of the central peak (Strehl ratio} and an increase in the energy :n
the side lobes, sarticuiarly the first side iobe. The position of the ring of minimum vaiues
between the central lobe and the first side lobe remains unchanged.

The impulse response when an apodiser 15 used 15 shown in the bottom two plots
of f1g. 3.9, The 3oodiser used is the one described by (3.2) and olotted in Fig. 3.2. As:n
the case of defocus, the use of the apodiser has resulted in @ much smoother impulse

response. An examination of the phase distrbution shows that the ohase is nearly
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Fig.3.9 The amplitude impuise response (modulus and phase) in the presence of 0.5A
spherical aberration and for the case of an unapodised and Gaussian apodised
aperture. The top two piots are for the unapodised case whiie the bottom wo

‘ are for the case of 3 Gaussian apodiser. See Fig. 3.6 for the sraling.
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Fig.3.10  The amplitude impulse response (modulus and phase) with varying amounts
of spherical aberration for the case of an unapodised and Gaussian apodised
exit pupil. The amount of aberration for each column is indicated at the
bottom of that column.
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uniform over the region of the impulse response having significant amounts of energy.
This impulse response can also be described as being almost real and positive.

The evolution of the unapodised and apodised amplitude impulse responses as
more spherical aberration is added to the system is shown in Fig. 3.10. Central slices
through some of these plots are shown in Fig. 3.11. The same general phenomena seen
in the case of defocus are seen here as well. The use of the apodiser results in an impulse
response which is free from side lobes in the modulus pattern and which has a relatively
flat phase over the region where there is a significant amount of energy.

Again there are limits to this process. When the amount of spherical aberration is
about one wave, the impulse response has significant amounts of energy in regions
where the phase has changed by A/2. So the apodiser is not totally effective, although
the apodised impulse response is still much smoother than the unapodised one.

3.3.3 Coma

The aberration of coma can be described by #(p,0) =a31p>cosd. Coma is the
first aberration considered for which the wavefront in the exit pupii depends on the
polar angle B as well as the radial distance p. This aberration therefore produces an

unsymmetrical amplitude impulse response as seen in Fig. 3.12. The use of the apodiser

'n this case appears to be less effective than n the previous cases. because the first side
fobe s still evident in the moduius of the apodised impuise response (lower left plot of
fig. 3.12). Also, thereis a T ohase change 'n the region of this first side lobe.

The evolution of these impulse responses with increasing amounts of aberration is
snown in Fig. 3.13. Central slices of some of these data are shown in Fig. 3.14. The slices
are along the axis showing the minimum imount af svmme".rvv The same general
conclusions that were drawn for the cases of defocus and spherical aberration can be

drawn for this case as well. First, the apodiser s effec*ive 'n transforming *he aberrated
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y-axis coma and for the case of an unapodised and Gaussian apodised
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two are for the case of a Gaussian apodiser. See Fig. 3.6 for scaling.
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The amount of aberration for each ¢olumn is indicated at the bottom of that
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impulse response into @ much smoother function. Second, there are limits to the
effectiveness of the apodiser. The limitin this case appears at a lower value of aberration
than in the other cases. For as little as half a wavelength there is a T phase change in a
region of the imbdlse response where - - -~ Julus shows a side lobe.

3.3.4 Astigmatism

The aberration of astigmatism is described by & (p, 8 ) = a39p2cos26. Like coma,
astigmatism is an unsymmetric aberration. The appearance of the unapodised and
apodised impulse responses when azg = 0.5X is shown in Fig. 3.15. Both phase piots
show a saddle shape which is characteristic of astigmatism. Astigmatism results in a
wavefront which has different radii of curvature along two orthogonal directions in the
plane of the exit pupil. This behavior is evident aiso in the focal plane as seen in Fig.
3.15.

The effect of apodisation is to smooth both the amplitude and phase of the
impulse response. This behavior holds as the amount of aberration is increased from 0.1
A to 1.0 A, as seen in Figs. 3.16 and 3.17. The general shapes of functions in Fig. 3.17
differ little from the analogous piot for the case of defocus (Fig. 3.8). This is because, in
one dimension, astigmatism results in a wavefront which is spherical but having a radius
of curvature different from the reference wavefront.

The same conclusions as before can be drawn. That is, the apodiser smooths the
aberrated impulse response for a limited amount >f sberration. The limit in this case

appears to be about one wavelength.
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3.3.5 On-axis Calculations

A common feature in all of the impulse data is that the addition of aberrations to
an unaberrated optical system always results in a decrease in the peak value of the
central lobe of th-é modulus. This behavior is plotted in Fig. 3.18 for various values of the
four aberrations and the two cases of apodisation. The peak values have been
normalized to unity for the unaberrated system. From this piot, it can be seen that the
peak value of modulus occurs when there are no aberrations. The addition of any
amount of the four aberrations to an unaberrated system resuits in a decrease in the
peak value. Notice that in'the case of defocus, the central peak completely disappears
for d = 1 0wave. Thisis aso-called fringe of defocus.

Figure 3.19 shows the behavior of the central value of irradiance as the same
aberrations were added. Fig. 3.19 can be obtained by squaring each value in fig. 3.18.
When the irradiance is used as is Fig. 3.19, the plots could also be labeled as the Strehi
ratio. Note that the use of the apodiser immediately decreases the Strehl ratio by a
factor of 10 for the unaberrated case.

The last fiqure in this chapter, Fig 3 20, shows the behavior of the phase at the
central peak of the impulse response as a ‘urction of the amount of aberration ($) ang
acodisation present. Far most of the aberrations the ohase is relatively unchanged as
aberrations are added. For the case of defocus, however, there 1s a 7 phase jump in the
unapodised case. The iocation of this jJumo corresponds (0 e iocation of the zero 1n the
modulus of the unaberrated impulse response. This 1s consistent with the earlier
observation that zeros in the modulius gistrioution of an unaberrated ampiitude impuise
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. . 3.4 Impulse Response Conclusions L"J\
> N
.. In this chapter the form of the impulse response has been determined for various ,j:';:;
" i
) . . . . . SN
Mo amounts of defocus, spherical, coma, and astigmatism and for two cases of apodisation. b
BA
. " The two cases were no apodisation and the Gaussian apodiser described by (3.3). Since
'(: coherent optical systems are linear in the complex field amplitude, the impulse response
N
:'{j was displayed in terms of both its modulus and phase.
- It was seen that, in the absence of the apodiser, the addition of an aberration
;:: significantly modified the form of the impulse response. However, when the apodiser
;'.j was in place, the form of the impulse response did not vary much as an zberration was
g increased; the modulus, for the most part, smoothly fell from its peak value to zero and
the phase was relatively flat over the region where there was a significant amount of
. modulus.
N The apodiser was effective in removing the “feet” of the aberrated impulse
-
:':f response within certain limits. Those limits were approximately 1.0 wave for defocus,
. spherical, and astigmatism and 0.5 waves for coma. The implication is that within these
-:'.j fimits the apodiser will improve certain aspects of the performance in a coherent imag:ng
::: system; e.g., removing the ecge ringing. "Even beyond these limits the performance
3 should be improved; for example, the edge ringing should be greatly diminished if not

-
L3
2,

eliminated.
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CHAPTER 4 IMAGING SYSTEMS ANALYSIS - THEORY

The effect of apodisation on the performance of aberrated coherent optical
systems has been‘theoretically investigated. The objects considered in this analysis were
an edge, a slit, and two closely spaced points; and the performance of the optical system
was measured against criteria which were specific for each of these test objects. The
performance predictions detailed below are based on the theory described in Chapter 2.
Experimental verification of key parts of the theory are contained in Chapter 5.

The optical system was modeled as shown in Fig. 2.2 which, for convenience, s

reproduced here and labeled as Fig. 4.1. Under the conditions detailed in Section 2.1.2,

Xo X;
A § A
P;*
o Q /
Q'/ R
¢ \ -~ optigal
/' AN axis
optical N\
system { wavefront
! w
Gaussian
antrance o !
. il rererence ! _
object Pup sphere § _ T
plane EXlt. plane
pupil

Fig.4 1 The geometry of a centered ODticai system wnich gives rise 10 an aperrated
wavefront W. The aberration function ¢ is in terms of the distance QQ* between
W and the reference sphere S.

the optical field in the image plane U,(x y,; 's related to he opticai field in the object

stare U lz,,,; by the (2.28):

U‘(z‘.,yi)=F{k(ﬂg>F-l[U°<I°Jo)}}- (2.28)

wnere F{ } and F-1{ } represent, respectively, the forward and inverse Fourier transforms
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1 o]
: of the quantities within the brackets and k(f,g) is the scaled exit pupil transmittance. '3 3
',-_..r

Equation (2.28) will be the basis for the predicted results within this chapter. l'_:-.j:

oo

The results are plotted in terms of both the image irradiance and the square root of \‘i:j‘

image irradiance. As stated before, the square root of irradiance is a good measure of an g '.4

_ SN

image because the nonlinearity of the detection process is removed. However the usual ool

, o

RSLY

presentation seen in the literature is in terms of the irradiance. Thus, both scales are used :.;:.:_1

_T Tk

in this chapter. L E

4.1 EDGE OBJECTS R

. . . pEEA

An edge in the object (x,,y,) plane can be described by —

A 1 ify s0
= - = o 4.1
e(xo’yo> step( yo) 0 otherwise (@1
where the edge has been aligned to be coincident with the x, axis.
The inverse Fourier transform of (4.1) is given by77
) 1 ( ‘ 1
-1 - - —_—
F {e(.’o'yo)}_z tle) - ing S(I) ' “2

where § is the Dirac delta function and f and g are the spatial frequency coordinates in
the plane of the exit pupil:

3 , n
=T dna = {43
‘\/’o A/ )

4]

The coordinates (£,n) refer to the space coordinates 'n the exit pupii plane and /, is the
distance from the object plane to the entrance pupil

Combining (4.1) - (4.3) into (2.28) results in the optical field

) 43
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The term k(n) describes the exit pupil transmittance in a manner analogous to (2.7); i.e.,

iTe(n) (4.5)
{n)=a(n)e ™ a(n). |

where A(n) and ¢(n) represent the amplitude and phase transmittance, respectively, of

the exit pupil along the line § = 0 and B(n) represents the finite extent of the exit pupil
along that same line. | I

The calculation of (4.4) for various values of aberration and apodisation was

accomplished using the University of Rochester Computer Center's DEC 10 computer.

The program controlling these calculations was written in FORTRAN and employed a FFT

routine from the IMSL74 library. A documented copy of the program, labeled EDGE.FOR,

is ' Appendix 1. The program is a simple madification of the program PSF.FOR which

was used in Chapter 3. The output of the program is in terms of the irradiance of the

image which is proportional to the product of (4.4) times its complex conjugate. The
5 square root of the irradiance is also a program output. .
Typical results from this program are depicted in Figs. 4.2 through 4.4. These
- figures display both the irradiance and the sguare root of the irradiance of a
cerpendicuiar slice through the ‘mage of an edge when the gptical system has various
.- amounts (0 0, 0.5, and 1.0 waves) of gefocus, y-axis coma, or spherical aberration.

Separate plots o1 ne affects of astigmatism are not snown because 0 one dimension

astigmatism has the same functional form as défocus. The top plots in each figure are for

. an unapodised optical system, while the bottom piots are for a system with a Gaussian

apodiser having an amplitude transmittance of

2
aln)=,mm 4 §)

in each plot, the ordinate is 1n terms of the relative irradiance (or square root of

0 « irradiance) and the abscissa is in terms of the normalized distance v. For reference. the
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position of the geometrically imaged edge is included on each plot as a line of short
dashes.

Fo} the apodiser used here, the amplitude transmittance has a value of 0.05 at a
distance from tr;é center of n = 1.0. The hard aperture also has a radius ofn = 1.0
Because the Gaussian apodiser is truncated at a very low value, the discontinuity in
transmittance at the edge of the aperture is almost removed. A piot of the apodiser
described by (4.6} is shown in Fig. 3.3.

The measures of importance when evaluating coherent edge images are edge-

ringing, edge-shifting, and acutance.

4.1.1 Edge Ringing

Edge ringing is the periodic deviation of the edge image from the geometrically
ideal edge image. This phenomena is most pronounced in the top plots of Fig. 4.2. It can
be quantified4? in terms of the ratio of the maximum positive deviation to the geometric
expected value of unity. This ratio for various values of the three aberrations considered
1s snown 1in Fig. 45 (a-¢). From these plots i1t 15 ciear that the use of apodisation wiii
reguce the edge-ringing effect, especially for the case of coma shown. This teravior of
an apodised system is well known in the case of aberration-free systems. It is now
aoparent that apodisation wiil reduce edge nnging even in the presence ot aberratons.
This result is not surprising because the impulse response of the system has beer
significantly smoothed, as seen in Chapter 3. gssentally, the apodiser acts as a werghting
‘ynction in the exit pupll !t deemphasizes, by attenuation, the regions of the exit cupi
near the edge of the aperture. itisin these same regions when aberrations are present,
that the phase of the wavefront deviates most from the ideal shape of the spherical

reference sphere. The effect of using the square root of the image irradiance is
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Fig.4 5 The amount of eoge ringing s snown ‘or varnous amounts of the aberrations of
(a) spherical, (b) y-axis coma, and (c) defocus. Edge ringing is defined as the ratio
of the peak closest to the edge to unity. The plots in the left column are
calculated from the edge image irradiance while the others are from the square
‘0ot of the edge image irradiance. The $0iid curves are for the unaoodised -ases
while the dashed curves are for the apodised cases.

o
. ¢

P I

%5 " 2

< e v

4
A .
L i
P )
a

ey 8 sy

2
v
FRRAAD

-

e
¢
.
'
'
i
%
"\
.:Q
h..
S
‘*‘
i
.
" &
-\

......... e e e Ay T AL e I - - . - - - - - . . . .« = ’
' o te, 4 IR PTG I NP AP Ve L T L S O St S ST P S . e T e e e e B

IS % R R0 N R S A AU S S

L) S TS SN Y
- CR T RS R L P R S UL AT S PR S e I RN e I RS P S T . .
o Lfk' et ate ala e s o PRV TS, VAR PR | -5‘&\‘;‘.-‘\‘. P PR W I et e e T e e I




SAVALAR RS e A A A AR A A IR A /et St SATIA DAL A ML S A 2 BRI R R Tt R SN VPR A b St R R R Bt ik S e et et el ot E LM Mg g i A iy

PN

Jelofate)

)

also illustrated in this figure. As expected, the amount of edge ringing is reduced in

these cases. Although, as a consequence of taking the square root of the irradiance, the

N o P

o

ringing on the dark side of the edge has increased.

- ¥ 3

- 4.1.2 Edge Shift

Z;_ The edge shift is the distance from the theoretical position of the geometric edge
to the edge defined by the real image. The location of the imaged edge is defined here
as the position where the irradiance is half the value of the first peak. The dependence
of edge shift on the amount and type of aberration as well as the presence or absence of
: apodisation is illustrated in Fig. 4.6 (a - ¢). As seen in this figure, the edge shift is not a
-~ ‘ strong function of the presence or absence of the apodiser. In general, the application of
the apodiser increases the amount of edge shift. However, in the case of y-axis coma, the

edge shiftis reduced when the apodiser is used.

eta e et

The amount of edge shift is a function of how the edge is defined. A common

choice (one not made here however) for the location of the edge is the point where the

’

irragrance 1s equal to 0.5, when the vaiue of the irradiance far from the edge on the
illuminated side is equal to 1.0. If this choice is made and the square root of the

irradiance is taken then there will be no edge shift for the aberrations which are

YO

— symmetric apout the optical axis, e.g., astigmatism, aefocus, ang sphericai. The presence e
of coma will still cause the edge to shift(see Fig. 4.3). The problem with this choice is that

experimentally it is often difficuit f not impossible to determine the value of the the

pright side of the edge at a great enough disiance from *he edge. The presence of noise

4

and other edgesin the system very often preciudes this.

it 1s for these reasons that the edge is defined here as the point where the

XN

irradiance is half of the value of the irradiance at the maximum of the peak closest to the

¢ .":.' ¢
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AMOUNT OF ABERRATION

The amount of edge shift is shown for various amounts of the aberrations of (a)
sprericai, (b) y-axs coma, and i¢; Jefocus “he sond curves are ‘for ‘e
unapodised cases while the dashed curves are for the apodised cases. The edge
shift is defined as the distance of the haif peak irradiance point from the
geometric edge. The plots in the left column are calculated from the edge image
irradiance whiie the others are from the square root of the 2dge image
irradiance.
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edge. The edge is similarly defined when the square root of the irradiance is considered.

- The advantage of this definition of the edge is that it is always possible to find the first
;: eak

-». ak.

o5 P

0'-

4.1.3 Edge Acutance

A W
':.-': .
. A

Acutance is 3 measure of the the slope of the edge. Specifically, as a definition,

acutance is defined here as the slope of the irradiance (or square root of irradiance) at

AR

the location of the edge. The behavior of the acutance as a function of the amount and

1
s '

type of aberration as well as the presence or absence of apodisation is shown in Fig 4.7 (a

- ¢). In each case, acutance decreases with both an increase of the amount of aberration

'l .I‘I

.
L P

and the application of apodisation.

Using the square root of the irradiance distribution seems to have some
advantages in the analysis of edge objects. Relative to the use of the irradiance
distribution, the edge ringing and shift are reduced and the acutance is not affected
significantly  The edge shift should approach zero if it 1s possible to find the limiting
<a'.e of .rradiance (or square root of irraciance) on the bright side of the edge' ‘mage,

2xcept for axially unsymmetric aberrations !ike coma. The major disagvantage o1 using

the square root is that the apparent ringing on the dark side of the edge image is

ennanced.
Overall, it <an be concluded that spodisation is effective in imoroving the LR
performance of an aperrated coherent optical system for edge objects. Specifically, eage ;_:j-::
r B
©ngirg s greatly reduced. while the edge s not sigruficantly snifted celative o the

- uraoodised situation. The major drawbacks of apodisation are *hat *he total “lux in 1~e

image plane is reduced, as is the acutance of the edge.
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4.2 SLIT OBJECTS

Alitin the object plane can be described by

Y\ [t H-esy,sa @.7)
'(zo'yo)=m‘(:)-[0 o(llcrun'uo ’

where g is the half-width of the slit. Following (2.28), the inverse Fourier transform of
(4 7) is first obtained, then multiplied by the scaled exit pupil function (4.5), and finally,
Fourier-transformed to yield the amplitude of the coherent image. The image irradiance

1s then found as the preduct of the amplitude times its complex conjugate.

A program calied SLIT.FOR was written in FORTRAN on the DEC10 computer of the

University of Rochester. An annotated copy of this program is contained in Appendix 1.

Typical results are shown in Figs. 4.8 through 4.13. Figures 4.8, 4.10, and 4.12
display the irradiance of a slice through the image of a slit when the optical system has
various amounts (0 0, 0.5, and 1.0 waves) of defocus, y-axis coma, or spherical aberration
Figures49 4 1* ang 4 13 give the same information, resoectively, in terms of the square
root of the :mage 'rradiance Once agar separate plots of astigmatism are not shown
because, 'n one Timensian, astngmatxém has ne same functional form as defocus. The
60 olct in 2ach “iqure s F3r 3n unaoedised actical system. while the bottom olot is ‘or a
system having a Gaussian apodiser with an amplitude transmittance described by (4.6).

~aac™ 210! TR rnLrate s o terms a1 the reigtive rrragiance and the abscissa s in terms
7% *me nor™3.zes Zisiance v Forreference, the position of the geometricaily-imaged sirt

) LJen ~e3cm 2zt 3sa neofsrort 2aoras

As 5™ De .een “Tom (nese iigures, (ne.mage ot a sit, ike the image of an ecge,
‘®

exhibits the phenomenon of edge ringing. Since a slitis composed of two edges, this s
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optical system having 0.0, 0.5, and 1.0 waves of defocus. The top plot is for an
unapodised optical system while the bottom plot is for a system having a
Gaussian aoodiser. Legend:

unaperrated, 0.5 waves, - 1.0 waves.
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an unapodised optical system while the bottom plot is for a system having a

Gaussian apodiser. Legend:
unaberrated
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___OS5waves, 1.0 waves.
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not surprising. Also the individual location of each edge in the slit image shifts as a

+ M T

...: .
function of the amount of aberration. Likewise, the acutance of each edge varies with "{ :
the amount of aberration. ::,-.'(‘-

The effect of apodisation on the image of a siit is also similar to the case of the F- v

edge. The edge ringing is reduced, the edge shift is not affected much, and the actuance

is decreased when an apodiser is used.

The only difference between a single edge in a slit image and an isolated edge is
the effect of the presence of the second edge. Depending on the width of the slit
relative to the width of the impulse response, this effect can be large or small. in the case
iffustrated here the effectis small. For examples of smaller slits, refer to the experimental

results section of Chapter S, Figs. 5.18 through 5.23.

For the image of a slit, there are two other important measures of performance:

L0 P';' o .-'

.l

the width of the slitimage and the transiation of the slitimage as a whole. N

Gl
o

The width of the slit image is defined as the separation of the two individual eages

', ” 'y
rl ¥
v

of the slit image (images here were in terms of irradiance). The behavior of the width of

=

the irradiance of the slit image, both with anag without apodisation , is shown n fig. 4.14

. .-',..,':' ‘n‘ ',

{a - ¢) for the three different aberrations. The image of the slit ideally would have a
width of 80 1n units of the dimensionless variable v. it can be seen from this figure thatn
3.} ases the measured width is less than .deai  Aaditionaliv, the wigth »f the (it image
decreases as the amount of aberration increases If the width were caiculated from the
image 1n terms of the square root of image irradiance, the wicth n all cases wouic de

vary close 10 *he expected value.
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With the application of the Gaussian apodiser, the width of the slit image will also

Abdt
PN
o ¢

-
-

decrease with increasing amounts of aberration. However, for the cases of spherical

Al

aberration, defocus, and astigmatism, the presence of the apodiser results in more
accurate width when the amount of aberration exceeds about one wave. For the case of
y-axis coma, the presence of the apodiser doesn't affect the width of the image

significantly.

The position of the slit image in the image plane, besides being a function of the
system’s transverse magnification, depends on the type and magnitude of aberration
present. An examination of Figs. 4.9, 4.11, and 4.;3 confirms that for the symmetric
aberrations (defocus, astigmatism, and spherical) the position of the slit is correct (square
root of irradiance considered); while for the unsymmetric aberration of coma the center
of the slit image is a function of the amount of aberration present. This is in agreement
with the definition of coma; i.e., the aberration of coma is a variation of transverse

magnification with radial zone of the exit pupil.

As in the case of an edge, the use of apodisation is beneficial when imag:ng
througn an ooucal system which has thirg-order aberrations. The amount of edge-
ringing s reduced and the width is not greatly affected when the apodiser is appned. As
Serore, the arawbacxs are a.0ss of 10tal Hux tnrougn the :mage prane and a decrease .n

the acutance of the edges.
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4.3 TWO-POINT OBIECTS =
e
N
Two-point sources in the object plane can be described by '.'::'.sj
-, 'J"_
. :5:§:
t(zg,yo)=6(y°—b)+ 8(y°+ 6) . (4.8) e
|
where § is the Dirac delta function and b is the displacement of each point source from .;""
the optical axis. Once again, (2.28) is employed. The inverse Fourier transform of (4.8) is '
F-! l‘(’fo%> =2 ms(ang) , (4.9) E:
T
where g = n/\f, The image field amplitude is then, according to (2.28), *;{-:::
i
ROYL

>

ofenjeefoon(22)] T

A program labeled TPNT FOR, which is a derivation of PSF.FOR, was used 0

o
.

T

.
2

caiculate the irradiance distribution associated with (4.10). An annotated copy of

)
e

TPNT FORsin Appendix 1. ea
Typical results from this program are displayed in Figs. 4.15 and 4.16. These figures
disptay the irradiance distribution of the coherent image of two point sources through

ar unaperratec cpucal system In each figure the two points are separated by {(a) 25 =

22 (b)Y 2b = 20, and (¢) 2b = 40. Fig. 4 15 shows the resuits wnen the svstem S ;'-'.;

unapodised ana Fig. 4.16 shows the resuits wnen the system has tne Gaussian apoaiser of

In the top plot of each figure the two points are unresolved, whiie for greater

separations in the other plots, they are resotvea. Companng the migdie piots of the two

figures, 1t can be seen *hat the imut of resolution, by the Sparrow !imit of resoiution s

greater for the unapodised case and than for the apodised case. it follows that the

ST

»
N .
B I I

s ALl
.

apodisea case should have a larger Sparrow iimit of resoiution because ihe apocised

s

impulse response is wider than the unapodised one. The limit of resolution by the

o

.
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The irradiance distribution in the image of two point sources separated in the
object plane by (a) 2b = 20, (b) 2b = 30), and (¢) 2b = 40. The optical system is
unaberrated and unapodised. The vertical axes are scaled in the same
relative units of irradiance, while *he horizontai axes iare scaied n the same
relative units of dimensionless distance coordinates.

- - . - - - - - - - . . .0 .
- L e et T e e TN

R P TSN ST SR S SR .
- o et e W -, -

RS
Wt e et Wt et P T S P R P L P G IR |
LU VIR U I AL UL L Pl AL UL T TS PRILTULAMC TG TSP Wl SIS YO Y S bt




P e

of e SN
P R P

<R

.
(l'l a A

LN

Fig.4.16

: a
o, »
i
5
- E

The irradiance distribution in the image of two point sources separated in the
object plane by (a) 2b = 20, (b) 2b = 30), and (¢c) 2b =40. The optical system is
unaberrated and has a Gaussian apodiser. The vertical axes are scaled in the
same relative units of irradiance, wnile the horizontai axes are scaled 1n the
same relative units of dimensionless distance coordinates.

A4




Ty Ty
J‘J}

FRP

L)
[NETA

a:u‘:\ A

o

v

LA
B

Yoy

b

-

97

Sparrow criterion is charted in Fig. 4.17 for the third-order aberrations and defocus both
with and with'out a Gaussian apodiser. Data points are not included for higher amount
of y-axis coma and defocus because the point image is not sharply peaked (see Chapter 3)
at these higher values.

In the image of two points, the centers of the point images are not necessarily in
the geometrically predicted locations. The difference between their actual separation
ana their predicted separation is the mensurat:on error. The mensuration error for the
unaberrated case :s shown in Fig. 4 18, where for the solid curve no apodiser was used
and for the dashed curve the Gaussian apodiser was used. The abscissa of the piot is the
expected separation of the two points based on geometric considerations. The scaleis in
terms of the canoical coordinate v. The ordinate is in terms of the mensuration error
which is the difference between the geometrically expected and the measured
separations. At low values of image plane separation the points are unresolved, as in Fig.
4.15a; so that the mensuration error is equal to the expected separation. At the point
where the curves start 1o turn up, the points are just resolvable by the Sparrow criterion
The mensuration error then osciliates about the zero value before damping to the
steady-state vaiue of zero. It can be seen that the use of apodisation decreases ine
mensuration error in the regime where the points are well-resolved. However, the limit
of resciution has been degraded.

It can be arqued that the better resolution in the unapodised case 's ~ot
~eaningful. This is because the mensuration error s mucn greater for the urapodised
zase. So even thougn the resolution of two closely-spaced points is betier in the
unapodised case, the apparent position of the two points is more likely to be in error

As an example of what happens when aberrations are present, Fig. 4 19 shows the

mensuration error when the optical system has 0.5 waves of third-order spherical
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- aberration. Both cases of apodisation are shown; the two sets of curves of Figs. 4.18 and
4.19 are nearly identical. This lack of difference is because the effect of small amounts of
spherical aberration on the amplitude impulse response is to transfer energy from the
central lobe to the first side lobe while leaving the position of the first dark ring
unchanged (see for instance Fig. 3.15). In this case, the aberration in the - ptical syste;n
has not affected the general shape of the curves very much. However, a-  isation has

the same general effect as in Fig. 1.14. It decreases the mensuration . or where the

points are resolved. but degrades the limit of resolution.

4.4 IMAGING THEORY CONCLUSIONS

The utility of apodisation in improving the imaging performance of an aberratec
coherent optical system has been investigated. The imaging performance has been
evaluated in terms of the properties of the images of simple objects.

The image of an edge was evaluated :n terms of the edge rirging. shf arc

1
wl

acutance In general, as the amount of a particu:ar aberratior rc-essec 'me e
“nging ncreased, the adge shift increasea, ana tre eage aculanie Jecesses ~e
apodiser was very effective in decreasing the amount of edge ringing .r me ader-3teu
mage 3f an 20Ge. The ingIiNg {Ouid D€ SUCETesseT 2nLtey TOWeuer It ., amen re
optical system was free from aberrations.

The evaiuation criteria for the ‘mage o 350t wvere 7NGI~G ON e NQ.viTudl 2Cges
sf the siit, the aprarent width of the slit. anc the amour® the 5.* acrea-ec °c Je s~ “*ex
The ringing penavior of the eages in the slit was quite simi‘ar to the ringing r *=e s.~q:@
2gge. This s 10 De expectea since (he edge separauocn in ine ut (crs.cerec s Mol
larger than the period of the ringing. The width is a function of the individual shifts of

{he (N0 ecges. The .0calion Gf the siit image 1s correct tor the symmetrica. aberralons

’.:.n_. v
..‘ ." 3

0y
L

I

‘;.‘; A
* LJ '(4 |’




and is shifted for the unsymmetrical ones like coma. The effect of the apodiser is very
similar to the effect seen in the case of the edge.

When the image of two closely-spaced points is evaluated, the important

parameter is the mensuration error. The mensuration error for an unaberrated system is

an oscillatory function which decreases to zero as the point objects are separated in the
object space. The addition of spherical aberration to the system did not significantly
affect this behavior The apodiser was quite effective in damping the oscillatory nature
of the mensuration error The resolution Limit however suffered as a consequence.

It was not intended that this chapter contain an exhaustivé catalog of theoretical
results  The intention was to present enough data to gain an understanding of the
physical processes It was not known previously that apodisation would be as effective in
improving the performance of aberrated systems as it was in improving unaberrated
ones Now however. in light of the model developed and the results presented, it can be
¢onc yoed ‘hat the apodiser 1s effective in improving the imaging performance of
zzerratec corerert oplical systems. The reason for this is that the apodiser attenuates by
anaype on *nose megions of the exit pupli where the aberrations most affect tre phase of
‘me trarem o tteq wavetront

The results presented here were generated from a theoretical mocel which has
—3ry assumplicrs and approximatons  Therefore, the model which generateg them

~eans *n He *estec sxcermaentaily before they can ne “i'v accenteq
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CHAPTER 5 EXPERIMENTS

The purpose of conducting these experiments was to test the theory developed in
Chapter 2 and applied in Chapters 3 and 4. The experimental setup and the data
acquisition procedure is fully described below before the results are given. The results
are given in two separate sections which parallei the subject matter of Chapters 3 and 4.
That is, the data sections deal separately with the impuise response and the imaging of

simple objects.

S.1 EXPERIMENTAL DESIGN AND DATA ACQUISITION

The basic experrmental configuration 1s shown in Fig. 5.1. This configuration was
designed to measure the irradiance impulse response of the optical system formed by
lens LI, the apodiser, the iris, and lens L2. Simple modifications of this setup made it
possible to measure the image irradiance distribution of simple objects. The

soecifications cf the equioment used 'n these configurations are in Tabie 5 1

5.1.1 The Impuise Response Configuration

In the basic optical system of F:g. 5 @ conerert iluminatior originated from a €5
mW, inearty poiarized HeNe laser. Tre gser beamr was .0 the iowest orger transverse
mode (TEM..) and in, at most, three 'ongitudinai modes with a canter wavelength of
0 6328 microns. The beam had a diameter, between the i/el irradiance points, of 0.64

mm and a divergence of 1.3 mrad.
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Fig.5.1 The experimental configuration used to measure the irradiance
response of the optical system formed by.L1,L2, the ins, and the apodiser
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Designation Source 1D Description
Laser Hughes H3022pP S mW, linearly polarized
Absorbing filter - Wratten neutral density, various K
values . "
M1, M2 Newport 10010 1° dia. pyrex 15t surface mirrors, M/10 -
Spatial filter Jodon LPSF-100 10X microscope objective, 10um A0
pinhole Lv-
Lt laegers Telescope doublet, various focal j:':::f:
fergths .
Apodiser See App.3 52,6 Gaussian amplitude apodiser e
Iris Newport  ID-1.5 18 curved leaves -."_‘4.:‘_
NG
L2 Depended on particular test N
configuration e
L3 JLEA 780094 . 20X, 0.40 N.A. microscope objective L
Detector Array Fairchild 1-SCAN 256-element CCD linear array with ;
electronics
PO Ealing Point Diffraction Interferometer, ¢ 12 S
pinhole @
Camera Pentax K 1000 Body used without lens >

e
LIS
[y
l..
Lo Ly
AR}
>
-

v

Table 5.1 The equipment used in the experiment.
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The first optical element the beam encountered was the absorbing filter. This
filter was actually one or several Wratten neutral density filters of various values. The
filters was used to adjust the irradiance level in the plane of the detector array.

Two first-surface mirrors, M1 and M2, directed the beam into the spatial filter. The
mirrors had a surface flatness of A/10. The spatial filter was formed by a 10X, 0.25 N.A.
microscope objective and a 10 micron diameter pinhole.

The pinhole acted as a point source for the optical imaging system formed by L1,
the apodiser, the iris, and L2. The image of the point source through this system was the
irradiance impulse response of the system. Lens L1 was a telescope objective with a
diameter of 78.7 mm and a focal length of 435 mm. This iris, while adjustable, was used
with a nominal diameter of 25mm. If L1 was used to focus a plane wave limited by the
tris at the nominal diameter, the diameter of the resulting Airy spot would be
approximately 30 microns. Thus, it.is ctear that the 10 micron pinhole was indeed acting
as a point source for this system. Furthermore, a simple calculation reveals that the
irradiance of the wavefront from the pinhole at the lens L1 varied by no more than 2
oercent over a central circular region of 25 mm in cilameter. Lens U1 was a high Juahity
telescope objective purchased from jaeger Cptical Company. When used at this recuced
jcerure the 2ns ~ouid 2e 2xpeciec "o e 2kantia.ly 3perration-iree A messuremar
of the wavefront after the lens L1 confirmed this expectation |

The apoaiser was one of severai wnose ampntuge transmittance was ~ominaily
Gaussian. The design, construction, ang characterization of these anodisers is cetailed in
Appendix 2.

Lens L2 was the final etement in tne opticar imaging system. Ouring the
experiments different lenses were used in this position. The particular lens used

dependgedg ypon the aperrations desired.
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The image of the point source was formed in the image plane. Two different
configurations were used to characterize this image.

The first is shown on the optical axis below the image plane in Fig. 5.1. It consisted
of a 20X microscope objective (L3) and a linear detector ar}ay. The microscope objective
acted as a magnifier. Magnification was needed because the scale of the image of the
point in the image plane was too small to be adequately sampled by the detector array.
Lens L2 generally had a focal length of about 300 mm. Thus, the diameter of the Airy
spot 1n the image plane was approximately 19 um. The detector array was a Fairchiid
CCD111 linear array of charge coupled detectors (CCD), each of area 17 x 13 um, on 13
pum centers. Hence the magnification provided by the microscope objective L3 was
needed. The array was part of a card of electronics marketed by Fairchild under the
name 1-SCAN. The data flowing from this array was collected by a microcomputer.
Appendix 3 contains a complete description of the data collection equipment. This
configuration resuited in a linear array of samples of the irradiance through the center of
the image of the point source.

The second configuration used to measure the ‘mage 's shown shifted to the right
of the first configuration in Fig. 5.1. it consistea of a point-diffraction interferometer’s
(PON, lens L4 and a camera back. The PD! s 3 oartiallv transmitting =late with 3 *otally
transmitting circular regionin its center  The circular region was on the order of the size
2f the airv spor zenerated by LI, ‘Nhen "te 20| was ciaced n ‘he ‘mage 2lire. ‘ne
wavefront from L2 passed through the PDi and was spiit into two wavefronts Cne was a
repnca of the .ncident wavefront with reducea rradiance, wnie the other was a
Yiverging oherical wavefront zenerated Gv the tmail circuiar crgion. Thaca twa
wavefronts interfered and the resultant interferenc_e pattern contained information

about the aberrations in the optical svstem  "ans L3 was adjusted =0 *hat *he axit ~ugil
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, was imaged orto the film plane in the camera. Thus the recorded interferogram
- ° Ca
‘. ‘I.\i.
) contained information about the aberrations in the exit pupil. &{i
N
Y N
b}
o) . - .
e 5.1.2 The Imaging Configurations
X : . . N
For the experiments involving the image of two point sources, the configuration
:-:: of Fig. 5.1 was used with little modification. However, when imaging an extended object
’ such as an edge or a slit this configuration had to be extensively modified as shown in Fig.
= 52
- 5.1.2.1 Imaging of Two-point Objects
*
;~: A set of five double pinholes was purchased for use in the two-point imaging
.
N experiments. They were placed, one at a time, in the plane of the pinhole of the spatal
y fiiter of the configuration of Fig. 5.1. The double pinholes were mounted on the same
.',: type of circular magnetic holders used for the spatial filter. The spatial filter lens was
-"‘
moved longitudinally away from the filter location so that each pinhole was illuminated
e uniformiy The Getactor array was centered on the resulting image irradiance pattern
‘.}', “he separation of the peaks in the mage was determined by counting the number of
- oixels between *he peaks.
&
. The double pinholes were manufactured by burning twe closely-spaced small
:_': ~otes wilh & ‘ocussed .aser seam. ~he noies ~ere specitied to ce 10 microns in qiameter
~-e spacings were specified to pe 42,35,28.21, and 4 microns. The actual diameters and
:}: spacings were getermined experimentally.
N
"
\:,
Ly The diameters of the individual holes were determined by observing the far-field
:-'. diffraction pattern when the hole was itluminated from hehind. €ssentiallv. each hole
.:‘
= -
N N T e e L . L N
"™ Y .A‘PL'L‘.‘PL.L‘,\‘..}.‘.‘!L‘!‘ Syt .‘-’:'.‘:\':3:‘.‘.':‘.':;;’.__ A AAA‘;."A'A';L..';:.; )
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Fig.5.2 The experimental configuration used to measure the image irradiance
distribution of edge and slit abrects through the apotical svstem formed 5y L* 2
the ins, and the apodiser.
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was set up as a slightly defocused spatial frequency filter. The incident wavefront was
approximately flat in phase and uniform in irradiance. The far-field pattern was then an
Airy diffraction pattern. The width of the first dark ring (diameter of the Airy spot) was
measured and the width of the diffracting aperture (pinhole) was inferred using Fourier

optics techniques. The pinhoie diameters were found to be 9.5 ¢ 0.5 pm.

The separations were found in a similar manner. For this measurement, both holes
of each double pinhole were illuminated by a beam which was approximateiy uniform in
phase and modulus. The resulting far-field pattern was a system of Young's interference
fringes. The spacings of these fringes were related to the separation of the holes.
Assuming that one pinhole separation was known, the others could be determined by

the ratios of the fringe spacings in the various Young's interference patterns.

The separation of the two holes in the double pinhole with the largest labeled
separation was measured using 3 powerful optical microscope. For this purpose, a Leitz
Orthoiux microscope was used. it had a3 50X objective (N A =0 65) and a 10X eyep:ece
‘or an overail visual magnification of 35C0. The smaliest resoivabie linear dimers.on in tne
Joiect piare, dy he Rayieign criterntan was 2= 2.9 1 N A with A =235 microns s gives

2 047 Mirons. Tha measurea Leparanans i the TwoO Soles N this 13se wvas 4o o

micron. Nctice that the measured separation 1s much greater than the resoiution limit so

“natine mensuration error discussed in Chaoters 2 ana 4 was neghgtbie.
5.1.2.2 Imaging of Edge and Slit Objects

The lonntiguration Of Fig. 54 was needed ‘Or e .Maging o1 he 2dge ang st
objects because of the presence of speckle. Speckle is the random ifradiance fluctuations

>éer in he mage irragiance gistripution. it :s ¢auseg Jy rangom variguons .n he
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nominal surface shapes of mirrors and lenses, as well as dust particles on these surfaces.

Speckle was reduced in this experiment primarily by using fewer optical elements, one
lens instead of three, between the object and the image planes. Thus there were fewer

sources of speckle.

The effects of speckle were also controlled by carefully choosing the placement of
the iris  The characteristic size of the speckle pattern was determined by the limiting
aperture in that part of the system which followed the source of the speckle. For
instance, if *he source of the speckle was in the object piane of Fig. 5.2, the iris would be
the limiting aperture and the characteristic size of the speckle in the image plane would
he the Airy spot diameter of the system. !n the przsent case however, the object was cre
or a pair of razor blades (no source of speck'e except perhaps along the edges), and the
incident wavefront had just been spatially fiitered so it was relatively, if not completely,
free from random phase flucuations. This then left as a major source of speckle, the lens
L1 But the iris was not the aperture stop for the optical sytem following the lens. The
system following the lens was simply a ‘ree-space oropsgation system Thus the
<haracteristic size of the speckle from sources in or on the lens L! was much .arger *ran
the speckie size irom opject sources. The 2rfect was 3 reducuion of the spec. e wricn

TI20T2r2g TErTTL Ly MITN TNe Sesiras . mages TR .fels.2 7 TNe Mage Ttaéne T e N ot

completely removed, was considerably reduced by this techmique.

5.1.3 Alignment
The oroger alignment of the vanous 2xpernmental tonfigurations was cruciat to
*he cuctecs of the axceriment. A misaligred svstem would have unwanted 3berr3vtnor~<._
The alignment procedure was based on a technique developed by Taylor and

Thnmpson’d The essence of the idea was 'o first establish unambiguousiy an oot:cal ax:s
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and then align each element to that axis. The procedure outlined here is, for clarity,
specific to Fig. 5.1. However, the techniques are perfectly general and were used to align
all of the experimental configurations.

Initially, tﬁ’e optical axis was established with - > laser, the turning mirrors M1
and M2, and a target placed in the detector ptanz .::: :g. 5.1). The target was a black
cross inked on a white card. The card was mounted so as to be perpendicular to the
optical table surface. The center of the cross was 4 44 inches above the surface. Placing
the cross in front of the laser, the output aperture of the laser was adjusted to be 4 44
inches above the surface. Then the cross was moved to a position in front of M1 and the
faser was tilted, about the output aparture, to center the laser beam on the cross. Next,
the target was moved just in front of M2 and then M1 was rotationally adjusted to the
center of the laser beam on the cross. Then the target was moved to the detector plane
and M2 similarly adjusted.

Next a white painted sheet of metal with an aperture that was smaller than the
laser bearmn was placed between M1 and the spatial filter location. The small hole was
centered on the beam by observing and centering the circular diffraction pattern from
~he nole on the cross. This hole was used as a reference for aligning the lens in the spatial
silter

Before the spatial filter was aligned, a crosshair formed by two thin metal wires
~as dtacea detween ‘he positton of the <oatiar ‘ii*er and position of lens .0 “he
c-ossnalr was centered on the optical axis by observing and centering the shadow of the

rosshatir on the target ¢ross. “he center of “he hole 'n the metal sheet and the crosshairs
*hen defined *he octical sxis.
The spatial filter was modified so that the lens and the pinhole were separately

adiustable. After mounting the spatial filter lens ‘n its aoproximate location it was
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adjusted in tilt by observing the reflected light as it impinged upon the white-painted

WSS S AT, .

metal. The reflected light formed a circular interference pattern which was centered on '-:;'.

.

-\'.

the hole by adjusting the tilt of the lens. Simultaneously, the transmitted beam which o

), %y
again cast a shadow of the metal crosshairs onto the target was aligned to the target E. ]

cross by adjusting the lens in translation. When the reflected circular diffraction pattern
was aligned on the hole and, at the same time, the shadow of the crosshair was aligned

I on the target cross, the alignment of the spatial filter lens was complete.
The spatial filter pinhole was then put in place and aligned in the usual manner by

maximizing the power throughput while minimizing the transmission of higher spatiai

!_ frequencies. When done correctly, the shadow cast by the metal crosshairs remained -

centered on the target cross. The metal sheet with the small hole was then removed. At E -
this point the optical axis was defined by the pinhole and the metal crosshairs r”

I_ Next, the main elements of the optical system were put in place and aligned L

These elements were lenses L1 and L2, the iris and the apodiser. S

s e e e
ek a a A i e,

S
.

- First, L2 was putin place. It was adjusted in translation by observing and centering

the shadow of the metal crosshairs on the target cross. The rotationai alignment was

accomolished by using the Boys points. Boys points are images of the spauat filter

“- . .
- nirhote formed by reflections from the surfaces of *he lens Thesa 20ints occur hoth
= De‘cre and after the lens The positior of these points which occur before the iens are

Dartcuiariv sensitive o ~otationai adiusiment™® 7o sig » shgring these toints 3 fine

metal mesh screen was interposed between the fens L2 and the pinhole. This screen was :"»f.\.j
] | £
5 placed in ne olane of one of the reflected Boys points. Thus, a small brignt spet Ce
. *Cemd
- apoeared on the screen. The shadow nf the metal ¢-2¢shair also apoeared an *he s¢crean 'j
- ‘\.‘ q
- The lens was property aligned, in a rotational sense, when the Boys point was centered ; ¥ 1
[ | ¢
i
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on the shadow of the crosshair and simultaneously the transmitted shadow of the

r -
A L]
.

o crosshair was centered on the target cross..

".‘

W, . . . .

W Lens L1 was then put in place and aligned in an analogous manner. Additionally,

lens L2 was adju’sied along the optical axis so that it was exactly its focal length = vay
from the pinhole. This was done by placing a shear plate between lens L1 an. .0 ind
observing the refiected interference pattern. The lens was adjusted correctly in a
longitudinal sense when the interference fringes were completely fluffed out.

Next the iris was put in place quite close to lens L2. it was aligned in translation by
observing its shadow cast on the target. The apodiser, when used, was aligned similarly
and was placed as close as possible to theiris.

At this point the optical system was completely aligned. Depending on the
particular need, either L3 and the detector array or the PDI, L4, and camera was then
aligned to the optical axis.

As a test of the accuracy and repeatability of alignment, the same optical system

was aligned from scratch several times. Each time the aberrations were measured. The

opticai system (see Fig. 5.1) consisted of a Jaegers #1158 lens (f =495 mm) as L1, a jaeqers
# 358 lens (f =390 mm) as L2, and an ins with a ciameter of 0.525 ‘n¢nes. The measureq
third order aberratons, in terms of Siedel aberration coefficients, for each of these ‘ests
are ‘aouiated n Tapie 5.2. Two conciusions ¢an be drawn from the cata 'n *his tadie.
Sirt. because of *he 'ow magnitude of 2ach aberration. it can be conciuded that ‘he
lenses were of high gquality and the system was aiigned well each time. Second, because
tne different aligrments produced very similar resuits, it can be concluded that the

ailgnment procedure was repeatable.
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Astigmatism 0.0 0.0 N0

Coma 0.1 0.1 0.1

IS 3 MRS

Spherical 0.1 -0.0 -0.1

Table 5.2 The measured third-order Seidel aberrration coefficients after several
aligments of the same optical system. The units of the tabulated values are
wavelengths (A = 0.6328 microns).

5.1.4 Data Acquisition

Tyt aTe e e
AR RN DA

r,T,7T,
4
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After a particular optical system had been set up and aligned the data acquisition

"f' o

¥

process could proceed. The raw data were in two forms. photograchic and electro-optic

!

Trese wiil be discussed separately. To clanfy this orocess. a carticuiar sotical system aill
De analyzed as an example. For this curpeose, the ooticai systém of Fig. 51 was

corstructed wher2 LY was a laeger’s £ *1S8 lens (2395 mm), L2 was 3 laeger’s # 398

ers (f =390 mm), and the apodiser was #5 These components were selected anc
ariented 10 acrieve a system having smail amounts of aberrations wnicn 'wouid resuit n

an Airy diffraction pattern in the detector piane

R | DS

5.1.4.1 Electro-optic Data

Electro-optic data were generated by operating the linear CCD detector array

A R,

when that array was in the piane of the adifiraction pattern oi interest. The detector
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array and the associated 20X microscope objective were installed and aligned as
described in section 5.1.1 and 5.1.3.

The data were in the form of 256 eight-bit words; one word for each element in
the detector ariéy. Such a grouping was called a frame of data. Eight frames of data
were taken each time data was collected.

A single frame of data from a test of the example system is shown in Fig. 5.3a. The
optical configuration was that of the example system. The vertical axis is relative
irradiance plotted logarithmically and the horizontal axis is normalized distance v. The
scales are the same for all the plots in Fig.’s.3.

The digitized nature of the data is evident from Fig. 5.3a There are 256 (28)
possible values of relative irradiance because the word size is eight bits. Thus, the
minimum resolvable signal difference is 1/256 = 0.0039 relative to a maximum signal
value of 1.0. This minimum resolution is seen as discrete steps in the data of Fig. 5.3a.
The steps are of different vertical size because the vertical axis was plotted
logarithmically.

When e:ght consecutive frames of data were averaged the result was the curve in
Fig. 5 3b. The :ntegration ume for 2acn ‘rame was i 2 msec. T“he data after inis
averaging orocess were considerably smoother.

in Fig. 5.3¢, the 3veraged data (pictied as triangtes) are shnown reiative to an Airy
satiern. The differenca bHetween ‘he data and the Airy pattern never axceeds the
minimum resclution of the system.

in Fig 5 3d, the averagecd data are snrown relative to 3 centrai slice of the
irradiance imoulse respanse of an optical svstem having the aberrations measured using

the PDI. The theoretical plot was generated using the model described in Chapter 3.
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Fig.5.3 A comparison of theoretical and experimental results. (a) A single frame of data.
‘b) Tha average of migntirames 57 2ata. ¢} A <omparison of “he 9ata in <5170 an
Airy pattern. (d) A comparison of the data in (R) to a central slice through the
impulse response predicted using the measured aberrations. The vertical axis for
each plot is relative irradiance(l) plotted on a logarithmic scale. The horizontal
axis for 2acn giot ‘s normaiized distanc2 v. The :Iaies are the same on il of *he
plots. :
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A photograph of the irradiance impuise response through this optical system is

™
o

<
g

shown in the top of Fig. 5.4. In this case there was no apodiser and essentially no

7

”

-
aberrations (only those of column 3 of Table 5.2). The photograph should be and is g';, ¥
X

approximately an Airy diffraction pattern. The plot in the bottom of this figure is the i \
calculated modulus of the amplitude impulse response with the above aberrations and ‘
no apodiser. The plot was generated by the model described in Chapter 3 (PSF.FOR) with .
the measured aberrations as inputs. f“‘
: Two different apodisers were used at different times during these experiments. '
When they were put into the system, the impulse response was significantly modified. "
el

Experimental data in the form of a central slice through the impulse response for one of Ej
these apodisers (#6) is shown in Fig. 5.5. The broken curves represent the experimental
. data from two data collections when the detector array was rotated about the optical
axis by 900 for one of the collections relative to the other. The theoretically predicted P Ji
irradiance impulse response is shown as a solid line in this figure. The predictions were 7 ‘,::9
generated by the model described in Chapter 3 with the aberrations measured with the {'j

PO: ancd with the apodiser parameter descrived by (4 6) The apodiser can be Gescrined

Jy tne funcuon T{n) =exp(-Gni),wnere, wnen G =3, Ne apodiser Jescr:oed Sy s RO

function was in place in the system and, when G = 0, there was no apodiser in ptace. This

L IW". o .

snorthan notation will be used in future references 10 the existence of an apodiser For —i
. these data the iris diameter was set to be 0.525 inches. Details about how the apodisers L
4 - '
: were designed, constructed, and tested are contained in Appendix 2. o
- | | o £
. A photograph of an apodised (G =3) and essentiaily unaberrated 'rraciance D garan
- imoulse response is shown in Fig. 5.6. The optical system had the third-order aberrations C
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The pnotograph in the top ot this figure 1s of the irradiance impuise response of :'Z-'.:.
an unapodised and essentially unaberrated optical system. The aberrations of A
this system are listed in column 3 of Table 6.2. The plot on the bottom of this k ‘

fiqure is the calculated modulus (vertical axis) of the impulse response through
the same opticai system. The horizontal axes have the same units of normanzed
distance.
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Fig.5.6 The photograph in the top of this figure is of the irradiance impulse response of ;‘,-I"
an apodised (G = 3) and essentially unaberrated optical system. The aberrations . A
of this system are listed in column 3 of Table 6.2. The apodiser is described by =
{4.6) and shown in Fig. 3.9. The piot on the bottom of this figure is the calculated .
moduius (vertical axes) of the impuise response through the same optical system. -
The horizontal axes have the same units of normatized distance. e
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listed in column 3 of Table 5.2. The apodiser was #6 and the iris diameter was 0.525 r’-—i
- o

inches. The plot in the bottom of this figure was generated with the same aberrations N
e

and apodisation by the computer model PSF.FOR. :-.f_:.
At this point, it is clear that the experimental apparatus was capable of making P

.’;“

measurements which were fine enough to measure the important details. of the A
\":~.‘

diffraction patterns produced by these optical systems. The measurements were .f::;f-
accurate, precise, and replicable. The measured patterns agreed well with the predicted r

patterns .

5.1.4.2 Photographic Data

The data recorded by photographic means were the interference patterns
generated from the point-diffraction interferometer (PDI) and analog data from the I-
SCAN detector displayed on the oscilloscope and photographed.

The PDI was used to measure the aberrations in the optical system. The PDI, lens
L4, and the camera back were installed and aligned as described in the previous sections
This was done on every data run. The interference pattern was recorded on Kodak Plus-

Pan 35 mm film, which was developed according to tne manufaciurer s instructions. Tre

resuiting negative was used to print a positive .mage onto an 8" x :0" sheet of Kodak
Pziycontrast AC o1 lim, which aiso was Jevelocecd 3Ccarding 0 ihe manuraciurer’; I -
instructions.
An intertercgram from the exampie system .5 dispiayea n Fig. 5.7. These Jala :

were collected with the iris diameter set to be 0.525 inches. The shape of the ringes anc ;
—~-

their spacing are related to the aberrations in the optical system. These aberrations were o
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Fig 5.7 An interferogram of the example optical system generated by the point-
giffracuon interferomater. Tl wvhite SCtS ar2 he 30INTS MNICD aere Jigitized
and entered into tha interferogram analysis orogram WISP.
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found by digitizing the coordinates of central points along the fringes. The
interferogram as well as the digitized points for this example are shown on the in Fig.
5.7. The digitized points were the input data to a fringe analysis program written by
Professor James Wyant of the University of Arizona. One of the outputs of the program
is the aberration values in terms of the Zernike as well as Siedel coefficients. The third
order Siedel coefficients for the interferogram of Fig. 5.7 are listed in column 3 of Table
52

At times, instead of ¢ollecting the I-.SCAN cata, digitizing it, and processing it with
the microcomputer, the analog data from the i-SCAN detector was dispiayed on the
osciiloscope where it was photographed. This analog data was then compared to the
theoretical predictions. This method of data coilection was considerably more simple to

accomplish than the totally electro-optic method of section5.1.4.1.
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5.2 EXPERIMENTAL EVIDENCE

As stated in the beginning of this chapter, the purpose of the present experiments
was to adequately test the theory developed in Chapters 2, 3, and 4. The development of
that theory im}olved several assumptions and approximations. Extensive predictions
about the behavior of aberrated coherent imaging systems and the utility of apodisation
were made based on this theoretical development. Thus it was necessary to perform
credible experiments to establish the validity of the model used to make those
predictions.

In the previous sections some experimental results were presented. The
experimental data on the irradiance impulse response of the nearly unaberrated system
agreed very well with the theoretical predictions.

In the following sections, the theory will be tested under a wider range of
conditions. Aberrations will be introduced into the optical system and imaging of a
point, two closely-spaced points, an edge, and a slit will be performed. It will be seen
that in these cases also the theory is sufficient.

5.2.1 Aberrated Impulse Response Data

- Aberrations were introduced by a number of methods. Sphernical aberration was
introquced, for instance, by reversing the orientation of lens L2 in the configuratiors »f
Figs. S 1 and 52 The lens L2 was usually a well-corrected telescope doubiet Such
2lerments are designed assuming that one of ke comiugates s at :nfirity Thig rasults A
the surface of the doubiet having the largest curvature being on the infinite zonjugate
sice. For example, the lenses in Fig. 5.1 are drawn with the infinite coniugate sides
rowards each other. 'n this arientation the <ystem will have 32 minimum imecunt »f
spherical aberration. This is indeed how the system was oriented when the data

tabulated in Table 5.2 were gathered. If the orientation of lens L2 were reversed 50 *hat

‘.‘-‘- .t .V-'- ‘.‘.‘-- - " ‘-‘."‘.'». .4-'-‘,'.‘~ : . .‘. v-‘~"-- .'.Vn .- -‘.‘.-
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the infinite conjugate side faced the image plane, it could be expected that the

% IR

- dominant aberration in the system would be third order spherical.
~!
> This is indeed the case for the data in Figs. 5.8 through 5.11. The data in these

figures were coliected using the configuration of Fig. 5.1, where different lenses,
oriented for maximum spherical aberration, were used as L2.
In Figs. 5.8 and 5.9, photographs of the irradiance impulse response of an

aberrated system are displayed along with calculated 3-D plots of the modulus of the

amplitude impulse response generated by the model PSF.FOR using the measured .Z:i'l:
: aberrations of the photographed system. Fig. 5.8is for an unapodised system and fig. 59

is for an apodised (G = 3) system. The measured third order Seide! coefficients were

.t
-
o~
-
s
i

asugmatism = 0.1X, coma = 0.1X, and spherical = -0.8A. There were negiigibie t

amounts of higher order aberrations. In the theoretical plots shown just below the e

v
0

'-L‘.'-':_"-
e "-l e (R

photographs, the modulus is used instead of the irradiance to emphasize the ring

structure.

I IR ]
vt te
e, R

The agreement between the experimental and theoretical data 1s qualitatively

4 .“.-' LA
5

. Jery 5000 n the case of the unapodised impulse response (Fig. 5.8), the magr:ituce 2°

; . re first nng grew whiie the magnitudes of the central peak ang the secsrg =g

decreased reiative to the unaberrated case (compare Fig. 5.8 to Fig. 5.4). This behavior

~as pregicted in Figs. 3.11 and 3.15. As seen n Fig. 5.9, the apodiser ‘~as quite effeciive *_-}
- in removing the ring structure. The imoulse response has been considerably smoothed
. whnicn s 1n agreement with theory. This smoothing implies that the apodiser wiil be
.
o elfaciue nreaucing the ringing in the image of an edge or a siit, as weil as regucing ~e
~
- mensuration error in the image of two closely-spaced points. Data from these types of

images through a system with the present impulise response will be displayed in the next

section,
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Fig. 5.8 The photograph is of the irradiance impulses response of an unapodised
optical system with the aberrations of astigmatism = 0.1, coma = 0.1}, and
spherical = -0.8A. The 3-D piot is the theoretically predicted modulus
‘verticai axis) Dased on these sberrations. The horizontal axes are 'n the .ame
units of normalized distance.
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Fig 5.9

The photograph is of the irradiance impuises response of an apodised (G = 3)
optical system with the aberrations of astigmatism = 0.1),¢coma = 0.1}, and
spherical = -0.8A. The 3-D plot is the theoretically predicted modulus
‘'verticai axis) based on these aperrations. “he horizontai axes are :n the same
units of normalized distance.




When other lenses of various focal lengths and orientations were substituted for
L2, different impulse responses were obtained. Data collected by the electro-optic
technique of Section 5.1.4.1 are shown in Figs. 510 and 5.11. In each figure the
theoretical data are plotted as solid lines and the experimental data are plotted as
dashed lines. The unapodised (G =0) cases are on the left side of each figure and the
apodised (G = 3) cases are on the right. The measured amounts of third order spherical
aberration for the four cases was -0.2A, -0.6}, -1.2X, and -1.9X for Figs. 5.10a, 5.10b,
S 11a, and 5.11b respectively. Smaller amounts of the other third order aberrations were
present and are noted in the figure captions. Higher order aberrations were negligible.

These data show quantitatively the same effects seen qualitatively in Figs 5.8 and
59. There is, first of all, good agreement between the experimental and theoretical data
in each of the figures. The only exception is that the theoretical and experimental data
differ by about 10% in some portions of Fig. 5.11b.

Aberrations other than spherical could be generated by misaligning an originally
unaberrated system. For instance, the optical system of Fig. 51 with the elements
oriented for minimum spherical aberration was deliberately misaligned untii the imouise
response in the top of Fig. 5.12 was obtained The aberrations were measurec and ‘ounc
0 be: astigmatism = 2.2, coma = 0.2X. and soherical = -0.°1 The 3-D niot '~ *he
oottom of this figure is the calculated modulus of the amplitude impulse response of a
ivstem naving the measured sberrations ana "o apodiser Simiiar zata ‘or *ne tame

svstem with an apodiser (G = 3) as part of the system 1s shownin Fig. 5 13
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Fig 5.10 Theoretical (solid lines) and experimental (dashed lines) results are compared
for two systems. In the first system (a) astigmatism = 0.1X,coma = 0.1}, and
spherical = -0.2); and in the second system (b) astigmatism = 0.1, coma =
Q.1A, sphernical = -0.5A. The piots on the left are for the unapodisea case
while the others are for the apodised (G = 3) case.
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Theoretical {solid lines) and experimental (dashed lines) results are compared
for two systems. In the first system (a) astigmatism = 0.0\, coma = 0.1}, and P

soherical = -1.2); and in the second system (b) astigmatism = 0.2).coma = IS
0.3X, spnenical = -1.3X. The piots on ne ient are [or the unapodised lase :
while the others are for the apodised (G = 3) case. N
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The pnotograpn is of the irradiance impulses response of an unapoogised
optical system witht he aberrations of astigmatism = 0.2\, coma = 0.2, and
spherical = -0.1A. The 3-D plot is the theoretically predicted modulus
(verticai axis) based on these aberrations. The horizontal axes are ‘'n the same
units of normalized distance.
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-

F1g.5.13  The photograph is of the irradiance impulses response of an apodised (G = 3)
optical system witht he aberrations of astigmatism = 0.2X, coma = 0.2}, and
soherical = -0.1\. The 3-O olot is the theoretically predicted modulus
(vertical axis) based on these aperrations. The norizontal axes are in the same
units of normalized distanca.
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A quantitative comparison between theory and experiment for the impulse F-

. Ty
‘.-‘ u’-‘-
_::: responses of Figs. 5.12 and 5.13 is provided by the data shown in Figs. 5.14 and 5 15. The L._ .,
~.‘ .d.' »
"o datain Fig. 5.14 were generated by placing the I-SCAN linear detector array in the center :':;7
. of t~2 imnulse response. The orientation of the linear array corresponds to a horizontal E J',
. S
R
o tir= .irough the center of the photographs of Fig. 5.12 and 5.13, with the sense of left S
o R
iy and right reversed. The analog output of the I-SCAN detector array was displayed on the e
CRT of an oscilloscope where it was photographed. r—.

LR}
n

S These photographs are displayed in Fig. 5.14. The horizontal axes are the same for S
o both photographs and correspond to a linear distance in the plane of the impulse
- response. The veritcal axes, respresenting image irradiance, also have the same units, ‘;
B except that for the top photograph a neutral density fiiter (ND = 0.7) was inserted into jl-:i
. the system. ‘ N
The data of Fig. 5.14 are displayed as black dots in the plots of Fig. 5.15. The solid E.;'
N T
" . . . . . . . ™o
- curves in this figure are theoretical plots of the irradiance along a line through the center E{
RN B
'~ of the impulse response for a system having the measured aberrations of Fig. 5.12. The f}:'
. top piots 1 both Fig 5 14 and 5.15 are for an unapodised system. whiie the bottom plots
g , SES)
- ara for an apodised (G = 3) system.
from the several different impuise responses ccnsidered in this section -t is clear 'l:‘";
j.:l that the mode! is accurate in predicting the expenmental results. The largest error is '_fj-‘_L
L spout '0% in ‘he case whnere the spnerical aperrauon equalea ® 2X. 'n the sther cases. T
irvoiving aberration with magnitudes less than this, the agreement between theory ang -]
L
ayseriment \was ‘egs than 34
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ig.5.14  Experimental data through the center of the umpoqiud (pp) a_nd apodised
Fie-3 (bopt.t:m) irradiance impulse response of a system with astigmatism = 0.2),
coma = 0.2), and spherical = -0.1A. The apodiser had a value of G = 3.
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Fig.5.15 Experimental (dots) and theoretical (solid lines) data are compared for the
experimental conditions described in Fig. 5.13.
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5.2.2 Aberrated Imaging Data

Imaging experiments were performed where the objects were an edge, a slit, and
a set of two closely-spaced points. The experimental configuration is shown in Fig. 5.2.
The specific optical system used here was the one which generated the impulse response
data of Figs. 5.8 and 5.9. That is, the measured aberrations were: astigmatism = 0.1,

coma = 0.1}, and spherical = -0.8)\.

5.2.2.1 Edge and Slit Images

After the aberrations were measured and the impulse data were taken, the
pinhole in the spatial filter was replaced with the edge object. Both the pinhole and the
edge object were on identical magnetic mounts so that the edge object went into the
system at the same axial location formerly occupied by the pinhole. The 10X microscope
objective was moved axially back from the pinhole so as to provide a relatively uniform
illumination at the edge object. The 10 micron pinholé was reinserted at thé focal point
of the laser beam after the objective. This was done to spatially filter out the high
frequency noise on the beam. The edge was a section of a razor blade.

Data were collected by placing the §-SCAN detector array in the image plane with
the axis éf the detector array perpendicular to the edge image. The analog output from
the detector array was connected to an oscilloscope and photographs were taken of the
patterns displayed on the CRT.

Data obtained in this manner are shown in Fig. 5.16 where the coherent image of
an edgé with no apodisation is displayed in the top photograph and the same image
with an apodiser (G = 3) in the system is displayed below it.

These data (in the form of black dots) are shown superimposed on theoretical

curves (solid fines) in the plots of Fig. 5.17. Two conclusions can be drawn from these
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Fig.5.16 Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the edge image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order
aberrations: astigmatism = 0.1A,coma = 0.1), and spherical = -0.8).
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Fig.5.17  Experimental (dots) and theoretical (solid lines) data are compared for the
experimental conditions described in Fig. 5.16.
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data. First, the apodiser has been effective in removing the edge ringing in the image of
the edge through this aberrated system. This behavior is a direct result of the smoothing
of the impulse response seen when comparing Figs. 5.8 and 5.9. The second conclusion
that can be drawn is that the theoretical model is quite accurate in predicting the
experimentally observed behavior.

When the object was two razor blade edges instead of one, a slit was formed. The

width of the slit was varied and image data were collected in the same manner as with

the edge. The photographic data for three different slit widths are shown in Figs. 5.18,

5.20, and 5.22. These data (in the form of black .dots) are shown relative to theoretical
predictions in Figs. 5.19, 5.21, and 5.23 respectively. The predictions were based on the
measured system aberrations (same as for the edge).

The same conclusions that were drawn for the edge can be drawn here. Namely,
the apodiser is effective in removing the edge ringing and the theoretical model does a
good job in predicting the experimental outcome.

The small deviations between theory and experiment in the top plots of Figs. 5.19
and 5.20 are caused by speckle. It is interesting to note that the apodiser has diminished

this difference (compare the top and bottom plots of Figs. 5.19 and 5.20).
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Experimental data from the analog output of the |-
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order
aberrations: astigmatism = 0.1),coma = 0.1}, and spherical = -0.8).
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!3 Fig.5.19  Experimental (dots) and theoretical (solid lines) data are compared for the
- experimental conditions described in Fig. 5.18.
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Fig.5.20 Experimental data from the analog output of the {-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order
aberrations: astigmatism = 0.1A,coma = 0.1}, and spherical = -0.8).
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Fig.5.22  Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot) N

and apodised (bottom plot, G = 3) optical system with measured third order - |
aberrations: astigmatism = 0.1}, coma = 0.1), and spherical = -0.8\.
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5.2.2.2 Two-point images

The data coliected in the two-point imaging experiments were from two different
optical configurations. The first configuration (Fig. 5.1 was used) was designed to have
small amounts of aberrations. A measurement of the aberrati~~: 2fter this design was
configured gave: astigmatism = 0.1X,coma = 0.0}, and sprer:cai = 0.0,

The five double-pinholes described in Section 5.1.2.1 were individually inserted
into the system and the resulting image plane separation of peaks was measured. An
example of the data obtained from this process is shown in Fig. 5.24. In this case the
object was the double pinhole with a pinhole separation of 42 microns. In the top plot of
this figure, the experimental data with no apodiser was drawn as a dashed line. The
theoretically predicted image irradiance distribution for' the same condition was drawn
as a solid line. When the apodiser (G = 3) was added to the system the curves in the
bottom plot of Fig. 5.24 are obtained. The geometrically expected locations of the
pinhole images are indicated by vertical dashed lines.

This procedure was repeated for the other double pinholes as well as for all five
double pinholes in an essentially unaberrated system having twice the magnification All
of these data are combined into Fig. 5.25. The horizontal axis in this figure i1s the
geometrically exnected image point separation while the vertical axis is the mensyration
error. The mensuration error 1s the difference between the expected and the actuai
separation. The *heoreticaily oredicied mensuration error s snown as 3 soiid 'ine for the
unapodised case and as a dashed line for the apod:sed (G = 3) case. The experimental
data potnts are shown as boxes for the unapodised situation and as X's for the apodised
(C = I <ituation.-

A similar set of data is displayed in Fig. 5.26. In this case the optical system was

modeled after Fig. 5.2 and the measured aberrations were astigmatism = 0. !X zoma =
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MENSURATION ERROR
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IMAGE PLANE SEPARATION

*he mensuration error is plotted relative *o the geometrically exnected
image point separation for a system which is essentially unaberrated ana is
unapodised (solid curve) or has a Gaussian apodiser (broken curve).
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Fig.5.26 The mensuration error is plotted relative to the geometrically expected :‘\
image point separation for an unapodised (solid curve) and Gaussian L
apodised (broken curve). The measured aberrations were astigmatism = Bt
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0.1X,and- spherical = -0.8)\.

In both Figs. 5.25 and 5.26 the data show that a mensuration error exists when the
separation is close to the limit of resolution. This is true for both cases of apodisation and
for both ﬁgure's.; However, the data also reveal that the mensuration error when the
points are resolved is less when the sytem is apodised. The unapodised case has a better
resclution limit, but this is misleading because the mensuration error is greatest in the
region between the resolution limits for the two cases of apodisation. This conclusion

applies equally to the unaberrated and aberrated situations.

5.3 EXPERIMENTAL SUMMARY

Experiments were performed involving the imaging of simple objects through
coherent optical systems having various amounts of optical aberrations. The effect on
imaging performance of adding a Gaussian (G = 3} apodiser to the optical system was
determined. The objects were 3 point, two closely-spaced points, an edge, and a slit.

The goal of these experiments was to adequately test the theory deveioped in
Chapters 2, 3, and 4 These chapters contair a large amount of theoretical data. The
experiments were not intended to test each individuar theoretical resclt; rather

representative theoretical results were tested. The experimental results were very close

to the theoretical predictions for those cases which were tested. The experiments

confirm that he theorv is valid at least under *he range of conditions tested.
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CHAPTER 8 CONCLUSIONS

This study was performed to investigate both theoretically and experimentally the

effects of aberréiions on the performance of coherent imaging systems, and the utility of qu

, apodisation in improving that performance. It has been established by other workers '2

that apodisation is useful in improving the performance of unaberrated coherent i

oo

& imaging systems. Any real optical system, of course, has some amount of residual L~1

; aberrations. So this study, by considering the reality of aberrations, has extended the :

_\ body of knowledge in the fieid of apodisation.

! It is worth emphasizing the ubiquity of aberrations in optical systems. There are a

few optical systems which are essentially free of aberrations; for example, the projection

system used to make masks for the semiconductor industry. Such systems are extremely
expensive however. It is more likely that an optical system will be considered well
corrected if it meets the Rayleigh quarter wavelength rule. This rule of thumb states that
an element is well corrected if the absolute value of its dominant aberration does not
exceed 3 quarter of a wavelength. In byving ooticai elements for this experiment, optics
- of this quality were found to be the norm. Imitially in the experimental phase it was very
difficult to acheive a system having low amounts of aberrations (say less than 0 1 waves
of each of the third order aberrations.) The problem was that each of the individual
eiements ;ust met "he quarter wavelength ruie. Eventuaily igh quality, ‘arge ¥/ #
telescope objectives were employed to acheive a low aberration system Byt even a
system hike *nis could have several temtrs of 3 wave of 3perration un‘ess tne aerer's

~ere 3hignec aith great 7are The 'acon nere T cmat g see, SHICUIY tn socteie in

effectively Onaberrated system. This difficulty translates into extra weight, size, and

expense in any oractical optical system
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In the theoretical development of Chapter 2 and its application to specific imaging
situations in Chapters 3 and 4, several simplifying assumptions were made. These were
clearly noted when made but for convenience are assembled as a group here. The major
assumptions are ‘:-‘ : .'ng.

1. Scaiar 7 ssnei-Kirchoff diffraction theory (see for exampie Born and Wolf5) is
adequate to describe the systems investigated here.

2. The system parameters are [imited such that the complex amplitude U, in the
(xy.y,) plane is reiated to the complex amplitude in the (z,,y,) plane by the Ffresnel

propagation formula

2n
-, |
U‘(I,-y‘) = e;;z eli(x?*’?)j ruuo(xo%)e‘%(‘z’f)e'%(xox‘wz.)dxodyo’ (2.6)

where A wavelength of light and z is the distance between planes. This equation wiil be
valid if the largest aperture dimension is much greater than )" and less than z/10.

3. Thelight source is monochromatic and produces‘a field in the first plane of
interest which is completely spatially coherent.

4. The imaging process for the magnitude of aberrations considered and the
size of the objects is isoplanatic. There are aberrations in the optical systems considereg
'n thes study, so the ‘orm of the imoulse response changes as an object soint axciores “re
opject plane. However, for the small region of the objects considered here 1t was
assumed that the form of the mpuise response changes negiigibly.  n this i3se. ‘he

imaging process was expressed as the convolution integral

U (x:,y:‘) = ‘ (” U’(xJ,y’ }K(x —xr_,_y.—_v}‘)dxl)dy;,

-0

where K is the amplitude impulse response of the system.
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The assumption of isoplanitism for the systems corsidered in this study were checked
and found to be valid. The largest object considered was a slit which had an image width
of v=80. This corresponds to an object width of approximately 300 microns for the
imag:~ o éf Fig. 5.2. Theoretical imaging calculations were performed using this
ooiect wze through an optical system having as much as four waves of defocus or one of
the third order aberrations.

The isoplanatic assumption implies that an off-axis amplitude impulse response in the
vicinity of the edge of the largest slit differs only slightly from an on-axis impuise
response. These two amplitude impulse response functions were calculated using the

program PSF.FOR described in Chapter 3. The off-axis amplitude impulse response was

then translated until i - peak was aligned with the peak of the on-axis impulse response.
The difference in the compiex values of the two patterns was obtained and the intensity s
of this difference was found. The area under the resulting intensity pattern was

calculated and compared to the area under the on-axis intensity impulse response. The

comparison was in the form of a ratio. !f this ratio was less than 0.01 then the assumption a
of 1soplanatism was considered justified. o
This calculation was performed for the off-axis point being 150 microns from the axis j
and with 4 0 ~vaves cf ore of *he aper-ations fdefocus, astigmatism. 2oma. and <cheral = 1
A different calculation for each aberraton was performed. The effect of apodisation was Lﬂ
1

3150 determined. .n each ¢ase, the "at:o was Tuch tess tran 0.0 : .
PSS

Since the agreement between the experiments and the theory is so good, the E
Y

’
’

2

assumptions outlined here clearly are valid for the optical systems considerea in this
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aberrations in a coherent imaging system degrades the imaging performance of that

system in 3 crediciable way ana apocisation s 2ffectve ' imoreving seieciad ssoects of

L. et T e e e e e e T e T e e el . B IR
2t atats ate Yate Ve Ta Vata Nt ata e et tar e Joda i vl I.J




AN NS

FanT,

M A

v
o4

T v

< T

system performance. The experiments conducted on both the unapodised and apodised

systems agree wel! with the theoretical predictions. This agreement implies that the
other theoretical predictions of Chapters 3 and 4 are valid as well.

It can also be .concluded that the use of apodisation is beneficial in improving certa-m
aspects of system performance. Specifically, apodisation of aberrated coherent imaging
systems reduces the mensuration error in the image of two closely-spaced points and
reduces the edge ringing in the images of both an edge and aslit.

It appears that expressing the images in terms of the square root of irrac:ance s
beneficial. This effectively removes the nonlinearity associated with the detect.on
process. As a result, the edge ringing and shift are reduced. If the asymptotic value of
the irradiance on the bright side of the edge can be determined, then the edge shift can
be reduced to zero, except when unsymmetrical aberrations are present.

Finally, this research has indicated that there is still some work to be done in order to
fully understand the effect of apodisation on aberrated coherent optical systems
Specifically, the effect of aberrations and the utility of apodisation on beam przcagat o
systems should be studied. The theoretical effect of varicus apodisers on aperrz: o~-‘-ee
beam propagation systems has been studied, but the berefit of using apocsat on =

aberrated heam orooagation systams has not been investigated.
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APPENDIX 1 COMPUTER PROGRAMS

The computer programs which are documented in this appendix were developed
to perform the 'c'alculations leading to the various theoretical results of Chapters 3 and 4.
The program PSF.FOR is the parent program; all the others are derived from it.

The program PSF.FOR calculates the modulus, phase, and irradiance of the point
spread function of an optical system. The inputs to the program are the size of the array
representing the exit pupil, the third order aberrations in terms of Zernike coefficients,
and the radial width factor of the Gaussian apodiser. The point spread function is found
by performing a fast Fourier transform of the exit pupil array.

The program TPNT.FOR calculates the irradiance in the image of two point sources.
The point sources are of equal amplitude and have zero relative phase. TPNT.FOR is an
only slightly modified version of PSF.FOR. The modification is an additional

multiplicative term in the exit pupil:

2
8(x—b>+~3(1+b)]=2ms( nbV) (A1)
\ A[

ARG2=F

where b is the separation of each object point from the optical axis, y 1s the linear
dimension of the exit pupil parallel to a line joining the two points, \ is the wavelength
of the illumination, and fis the distance from the object plane to the entrance pupi! The
modification occurs in the section of *ne orogram !apbeied “Circuiar Aperture. " Much
of the program after that pointis not included because 1t is 1dentical to PSF FOR

The programs EDGE.FOR and SLIT FOR are also modifications of PSF FOR  Both
orograms have been specialized to one dimension because of the inherent ane-

dimensional nature of the edge and slit objects.
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FPROGRAM FSF

THIS FROGRAM CALCULATES THE FHASE» MODNULUS AND
INTENSITY OF THE TWO-DIMENSIONAL IMAGE OF AN
ON-AXIS POINT SOURCE THROUGH AN OFTICAL
SYSTEM WITH AREBITRARY ARERRATIONS AND
AFODISATION

o000 0

INTEGER IWK(2000):IA1,IA2¢N1N2/N3+IJOF
REAL RWK(2000)
REAL F(48r48)»M(48,48),E(4B)»INT(48,48)
COMPLEX A(2S62256)yCWUK(256) 1 (A8,48)9L(48)
COMFLEX D(48) .
C
OFEN(UNIT=22»STATUS='NEW’»FILE="FH.DAT ")
OFEN(UNIT=23»STATUS="NEW‘»FILE="MOD.DAT ')
OFENCUNIT=24,STATUS="NEW'»FILE="INT.DAT")
OFEN(UNIT=25ySTATUS="NEW’»FILE="RBR.DAT ‘)
C
C READ FARAMETER VALUES FROM MIC FILE
C
READ(S»20)N
READI(S,40)A20
READI(S,40)A21
READI(S»40)A22
READN(S,»40)A31
READ(S+40)A32
READ(S»40)A42
READ(S»40) GG

20 FORMAT(14)

40 FORMAT(F10.4)
41FORMAT(I3»3IX»IZ3»3X»F10.4y3X,F10.4)
42FORMAT(I3»3IX»I39»3X»F10.4)
4IFORMATIT(2Xs I3 S(2XHr3,4
44F0ORMAT(I3»3XrF1044,3XyF10.42

.
LR
Ao 3, 2,

r Vet
(N 3 *afse

Rk B S i

% M8

NS WO .

A42=SFHERICAL
3G=WIUTH OF GAUS3IAN

FI=3.1415927

Q1=3.%xF1/4,

DL=3.xFI/2.

C

c N=NUMEER COF SAMFLE FCINTS IN ONE OIMENSICN

C A20=45 deg ASTIGHMATISM

c A21=FOCAL SHIFT

c A22=0 des ASTIGMATISH

o AZ1=X COMA No.
c AZ2=Y COHMA O
c y
c

......
........
.........
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CIRCULAR AFERTURE WITH VARIAELE TRANSMITTANCE
AND ABERRATIONS

o000

00 220 I=1»N
0o 200 J=1:N
RAD=SQRT((I-(18.40,.3))X%X2+(J-(18.40.,5) ) %x%x2)
X=(I-(18.40.5))/17.0
Y=(J-(18.,40.5))/17.0
CALCULATE CONTRIBUTIONS OF THIRD ORDER
ARERRATIONS
USING ZERNIKE MONOMIAL REFRESENTATION
ARG20=A20X%2, xXxY
ARG21=A21%(-1,4+2. XYXY+2.%xX%xX)/2,
ARG22=A22% (YXY-XX%X)
ARGI1I=AT1IX (-2 AX+3T  XXKYXRY+3 . XxX%*%3) /3.
ARGI2=A32k (2. XY+3 . XYXX3+3 . xXXXXY) /3,
ARG42A=A42X (1, =6 XYXRY -6 XXXKX+6.XYX%X4)
ARGA2=ARGA2A+ (12 . ¥ XXkXKYXY+5 ., XX%kX4)XA42
ARG42=ARG42/6.
ARG1=(ARG20+ARG21+ARG22+ARG3I1+ARGI2+ARG4A2) ¥ 2 . xF ]
CALCULATE CONTRIEUTIONS OF VARIOUS AFODISERS
GCAUSSIAN AFODISER
TT=EXF(-GGXRAIXRAL/17.0/17.,0)
SUFERGAUSSIAN AFODISER

oNeNe!

OO0 0O

F=1,

TT=EXP (- (GG*RADXKRAD/17./17 ) %%F)

IF(RADLTL16.5)60 TO 60

IF(RED.GT.17.5)30 TO 100 : S

SC=-RAN+17.5 SRR

G0 TO 80 By
40 A(Ty 3=CMFLX(TTXCOS (ARG v TTXxSIN(ARG: —

56 7O 120 E;%

B0 A(I»J)=CMFLX(SCXTTACOS(ARCL1)»SCAxTTXSIN(ARG1)) Sy
GO TO 120 R

100 ACIi={0400. .‘

120 CONTINUE ol

200 CONTINUE ;

220 CCNTINUE

L0 2320 I=1,48

0o 225 J=1,48

MY UY=CAZS (AT o).

CWRITE(24+42)19JsM(Is D)

22SCONTINUE

230CONTINUE

i 4
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C PERFORM FAST FOURIER TRANSFORM USING IMSL ]

- C s

> 240 IA1=N §£ﬁ

- IA2=N s

3 N1=N Wff

N2=N 4

N3=1 Eg.

1J0E=-1 R

CALL FFT3D (ArIA1»JA2)N1»N2/N3»I1JOER)IWK'RWA»CWK) }:H

[0 242 J=1,N ot

I=1 NS

CURITE(22,41)IrJrA(Ird) Lon

- 242CONTINUE k.4

? C r.?

- C REDUCE SIZE OF ARRAY ST

. [0 250 1=1,24 i

: 00 245 J=1,24 E =3

- E(IyJ)=ACI, )

E(1,24+0)=A(IyN-24+0)
B(2441,yJ)=A(N=-2441,))

o B(244192440)=A(N=-24+T,N-244J)

- 245CONTINUE

25S0CONTINUE

DO 252 I=1,48

U0 251 J=1,48

CWRITE(23,41)19JsE(I )

251CONTINUE

252CONTINUE

oo

‘Y

«

a

sl

ZERC FREQUENCY T3 ARRAY CENTER

3200
w
T
=
i)
~4

.
Lam I
SN

C I=1,402
[
-

J 'y 24

< 1)
[

!

P

v

]9 24+J)=R(Ir49-)
2SSCONTINUE
260CONTINUE

Q0 270 I=1,24

o [0 265 J=1,48

.. B(Iy )=4025-1T,0)

- B(Z4+1,0)=A(49-1,])
A 24TCONTINUE
- 270CONTINUE

-—l—-l

D D

P> = =
- - - o ? =

- Lo 272 I=1,48 .
C TYFE 4191y JeR(I, )
~> 272CONTINU
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FIND FHASE OF ARRAY

aoNnon

248 DO 360 I=1,48
DO 340 J=1,48
AA=AIMAG(E(I»J))
BH=REAL(E(I,J))
IF (RE.EQ.0.00000000)EE=0.000001
F(I+vJ)=ATAN2(AAER)
C WRITE(2S,42)I»JeF (1))
340 CONTINUE
360 CONTINUE
C
C FIND MODULUS AND INTENSITY OF ARRAY
C
[0 400 I=1:48
[0 380 J=1.48
M(I»J)=CABRS(E(I+»J))/.013%
INTCI»J)=M(TI»J)XX2,
380 CONTINUE
400 CONTINUE
[0 404 I=1,48
0o 402 J=1+48
C WRITE(23+,42)IyJeM(IyJ)
WRITE(24/,42)I+sJrINT(I D)
402CONTINUE
404CONTINUE
C WRITE CENTRAL SLICE OF INTENSITY
[0 415 I=1,48
CWURITE(23,44)1/M(T»24)
WRITE(2S+44,IyINT(1,24)
41SCONTINUE
C
r FEMOVE TILT FROM £ACKH ROW
C
no 4290 I1=1,48
OC 410 u=lr4¢

FOIe)=F(Ind)-(J-1)%,4295

C WRITE(23y42)I v eF Iy
410CIONTINUE
420CONTINUE
C
i J
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C HANDLE FHASE JUMFS ON EACH ROV
C
DO S00 I=1,48
DEL=0.
ICNT=0
DO 490 J=1:+48
ICNT=ICNT+1
PCIyJ)=F(I»I)+DEL
Fi=F(IJ)

Gi=P(I»J+1)+DEL
Hi1=ABS(G1-F1)
CWRITE(22,43)IvJ+ICNT,DEL,F1,6G1,H1
IF(H1.LE.Q1)GO TO 490
IF((HL.GE.DL) +AND. (G1.GT.F1))G0 TO 450
IF((HI1.GE.DL) .AND.(GL1.LT.F1))G0 TO 460
IFCICNT.LT«S)GO TO 411
ICNT=4
C DO LINEAR FIT TO LAST ICNT FOINTS(E1=SLOFE)
411IF(ICNTL.EQ.1)60 TO 431

SXY=0.

SX=0.

SY=0, '-
DO 421 K=1,ICNT N,
X=ICNT+1-K R
SXY=SXY+X¥F(IrJ+1-K) [ﬁ%
SX=SXA+K e
SY=SY+F(I»J+1-K) AT
SX2=SX2+Kxx%2., Rt
421CONTINUE ]
E1=(SXY-SXXSY/ICNT)/(SX2-SXXSX/ICNT) -

GO TO 429

431RBI=F (I, J+2)-F(I,J+1
4Z9IFCCBLVLEWO) WANDL G167 F 158 T3 430
IFC(BEL.GT.0.) AN (GT.LT.F1))GO T 440
ICNT=0

GO T2 4°0

430INCT=0

GO TO 450

440ICNT=0

50 73 460

4SODEL=DEL-2.%FI

GO TO 490

460DEL=TEL+2.%F]

490CONT INUE

SOOCONTINUE

- _—r MR ] A
e Do ‘.'—."“6

[0 B84% J=1,48

c WRITE(24,42, 1y JsF (1) K
849CONTINUE, N0
2TOCONT INUE s
.-.;. ‘S
Sy
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c
C CORRECT FHASE ON ENTIRE ROWS RELATIVE TO ROW I=1
»
DO 1160 I=1,48
C WRITE(25:,42)15JrF (14 J) s
1160CONTINUE e
C REMOVE TILT ERETWEEN ROWS o
[0 1200 I=2,48 ~ ]
[0 1150 J=1,48 S
FOIvJ)=F(Ipd)=(I-1)%,4295 i1
11S0CONTINUE oy
1200CONTINUE e
D0 1210 I=1,48 S
J=24 L
C WRITE(22+42)I+JsF(Ivd) RN
1210CONT INUE -
C
C HANDLE FHASE JUMFS ERETWEEN EACH ROW
C
DEL=0.
ICNT=0 .
[0 1500 I=1,48 : k.
ICNT=ICNT+1 : R
0. 1510 J=1,48 35
F(I»d)=F(IyJ)+DEL .
1510CONTINUE )
J=24 ey
F1=F (1,0} g
Gl=F(I+1sJ)+DEL o
H1=ABS(G1~F1) S
CWRITE(24»43) I, rICNT»DELYF19G1sHL NG
IF(H1.LE.Q1)G0 TO 1500 NONS
IF  HLWOE.IL,.AND. . 31.37.71.060 T3 14%0 B
IF((H1,GE.DL) .AND.(G1.LT.F1))G0 TO 1460 =
IFCICNT.LT.4)G0 TO 1411
1CNT=3
C DO LINEAR FIT T3 LAST ICNT FOINTS
1411IF(ICNT.EQ.1)G0 TO 1426 o
SXY=0, -
Sx=0,
SY=0, S
SvT=h T
20 1421 N=1,ICNT o

X=ICNT+1-K




169

SXY=SXY+X¥P(I+1-K»J)

SX=SX+N

SY=SY+F(I1+1-Ky» J)

SX2=SX2+KXX2,

1421CONTINUE
R1=(SXY.-SXXSY/ICNT)/(SX2~-SXXSX/ICNT)
GO TO 1427

1426B1=F (142, i+l )

1427 IF((BLI.L2.0.)ANDW(G1.GT.F1))G0O TO 1430
IF((B1.GT.0.) . AND.(G1.,LT.F1))GO0 TO 1440
ICNT=0

GO TO 1500

1430ICNT=0

GO TO 1450

1440ICNT=0

GO TQ 1440

14SOLEL=DEL-2.%FI

GO TO 1500

14460NEL=DEL4+2.,%FI

1SO0CONTINUE

D0 2470 J=1,48

1=24

C WRITEC(2S5,42)IvJyF(Ivd)
2470CONTINUE

C CENTER PHASE AROUND ZERO VALUE
[0 2501 I=1,48

0 2491 J=1,48

F(IeQ)=F(I»J)=-9.

C WRITE(22,42)I»JsF (I,
2491CONTINUE

2S01CONTINUE

b 3
2R

{
[AR]
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(@]
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=
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Z
o
"M
I
D
Q)
n

c WRITE(22,44) 497 (1, d)
c WRITE(23,44)JyM(1v D)
2ST0CONTINUE
T CLOSE(UNIT=22)
- CLOSE(UNIT=23)
o CLOSE(UNIT=24)
y C_CZENUNIT=25;
1100 STOF
ENL
C IMSL ROUTINE NAME - FFT3L
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PROGRAM TPNT

THIS FROGRAM CALCULATES THE FHASE» MODULUS AND
INTENSITY OF THE TWO-DIMENSIONAL IMAGE OF TWO
FOINT SOURCES THROUGH AN OFTICAL SYSTEM WITH
AREIT™ =Y ARERRATIONS AND AFODISATION

NnOoOOOO0n0no0

INTEGER IWK(2000)»IA1»IA2/N1/N2»N3»1JOE
REAL RWK(2000)

REAL F(4B+48)»M(48,48),E(48)»INT(48,48)
COMFLEX A(256,256)»CWUK(2586)»R(4B+48),C(48)
COMFLEX D(48)

C
OFPEN(UNIT=229STATUS='NEW’ yFILE="FH.TIAT ")
OFEN(UNIT=23,STATUS='NEW' »FILE="MOL.DAT ")

OFEN(UNIT=24,STATUS='NEW’ yFILE="INT.DAT") E:j
OFEN(UNIT=25,STATUS='NEW’ »FILE='KE.DAT") koo
E READ FARAMETER vaLUpS FROM MIC FILE o

READ(S,»20)N g,ij
READ(S»40)A20 P
REAN(S»40)A21 SNk
REAN(S»40)A22 _ B
READ(S,40)A31 R
READ(S,40)A32 e
READI(S,40)A42 e
KREAD(S»40)GG -
READ(Sy40) BEE DER
FLAL(S a0 FF SO
20 FORMAT(I4) e

40 FORMAT(F10.4) R
A1FORMATC(IZ»3XsI3+IXHF10,.4,3X»F1C.4) T
A2FCRMAT(IZ)3XrI39s3X0F10.4) .
A3FORMAT(3(2XyI12)+1S(3X,FB.4)) el
44FORMAT(I3+3XsF10.693X»F10,4) R
c N=NUMEBER OF SAMFLE FOINTS IN ONE DIMENSION o
o A20=45 ded ASTIGMATISH e
° A21=FOCAL SHIFT LA
c A22=0 ded ASTIGMATISH NS
C A31=X COMA i
~ A22=7 COMA :;ﬁq
C A42=SFHERICAL ey
» GG=WIDTH OF GAUSSIAN 'i:i
C EEE=0FF-AXIS DISTANCE OF ONE FOINT T
» FF=FOCAL LENGTH OF FIRST LINS Ry
FI1=3.1415927 . iy
Q1=3.xF1/4, e
DL=3.xFI/Z. RN
L
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C CIRCULAR AFERTURE WITH VARIAELE TRANSMITTANCE k]
C AN ARERRATIONS )
c 3
DO 220 I=1,N 474
[0 200 J=1yN D
RAD=SQRT((I-(18.40.5)) X424 (J-(18.40,5))%X2) : L2
X=(1-(18.40,5))/17.0 -
Y=(J-(18.40.5))/17.0 oo
c CALCULATE CONTRIBUTIONS OF THIRD ORDEK S
C  ABERRATIONS S
c USING ZERNIKE MONOMIAL REPRESENTATION e
ARG20=A20%2 . XXXY

C bt

ARG21=A21X (=1 . +2 . XYXY+2 . XXXX) /2,

ARG22=A22X (YXY-X%XX)
ARGI1=A31X (-2, %kX+3 . XXXYRY+3.XX%x%3)/3,
ARG3Z2=A32% (-2 . ¥Y+3 . XY X%Xk3+3 .k Xk X*Y) /3,
ARGA2A=ARA2X (1, =6 XYXY -6 kXXX+6 . ¥Y X% Q)
ARGA2=ARGA42A+A42X (12, XXKXXYXY+6 . XX XX4)
ARGAZ=ARG42/6.,
ARG1=(ARG20+ARGI21+ARG22+ARGI1+ARGI2+ARG42) X2 ., xF I

AP

) A

.,
S

» o N ':"-:,
oo AR
. Wy Py 4 i

ARG2=2, XF IXEREXY/FF/.6328 sl
c CALCULATE CONTRIEUTIONS OF VARIOUS AFODISERS Sy
C GAUSSIAN AFODISER e
o TT=EXF (-GGXRANXRAL/17.,0/17.0) B4
C SUFERGAUSSIAN AFODISER ]
F=1. e
TT=EXF (- (GOXRAIKRAL/17./17.)%XF) iy
1IF(RALLLT.16.5)6G0 TO 60 TN
IF(RADL.GT.17.5)60 TO 100 E:i
SI=-FAl117.5 i
50 70wl S
0 A1) =CMPLX(TTXCOS (ARG K2, #COS (ARG TTH¥SINCARGY S

GU 10 120

80 A(I»J)=CMFLX(SCXTTXCOS(ARG1)%2.%COS(ARG2) rSCXTTAXSIN(AKRG1) s
50 TO 129 1

100 ACI»di=(0.,120.) 543
120 CONTINUE :
200 CONTINUE
220 CONTINUE
L0 230 I=1r4€
[0 229 J=1.48
MOIr J)=CARS(ACT P I))
CWRITE(Z4y482 19 dyM (I
22SCONTINUE

L DA R
. P

e P T

e it

“* 'r 'y
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FERFORM FAST FOURIER TRANSFORM USING IMSL
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PROGRAM EDGE

c -
Y o
€ THIS PROGRAM CALCULATES THE INTENSITY IN THE e
C COHERENT IMAGE OF AN EDGE THROUGH AN e
C ABERRATED AND APODISED SYSTEM ~y
¢ E E
c -
INTEGER I4K(250C0) -
REAL WK(2500C) ,H(4096),INT(2048),E(2C0) b
COMPLEX G(2048),F(4096) S
OPEN(UNIT=22,DEVICE*'DSK',ACCESS*'SEQOUT"', o
* FPILE*'PH.DAT') : i
OPEN(UNIT#23,DEVICE="'DSK',ACCESS="SEQOUT", R
Y FILE='MOD.DAT')
OPEN(UNIT=24,DEVICE="'DSK',ACCESS="'SEQOUT",
* FPILE='E.DAT')
OPEN(UNIT=25,DEVICE="'DSK',ACCESS="'SEQOUT", -
' PILE='BB.DAT') k.
c =
C READ PARAMETER VALUES FROM MIC FILE el
c o
READ(5,2C)N T
READ(5,40)a2C i
READ(5,4C)A2¢ ?,
READ(5,4C)A22 S
READ(5,4C)A3" o
READ(S,4C)A32 i
READ(5,4C)ad2 s
READ(5,4C)GG E:
2C FORMAT(I4) -
4C FORMAT(FIC.4) -
41 FCRMAT(P30.4,3X,7P%C.4) e
42 PORMAT(I3,32,13,3X,FsC.4) i
43 FORMAT(3(2X,13).5(3X,F8.4)) -
EQ TORMADIIS, X, 2004, E“
45 PORMAT(32X,21C.5,3X,7%C.6) e
46 FORMAT(I4,3X,P4C.4,3X,F1C.4) L
- L
o NeNUMBEZ JFP ZANFLZ POINTS IN JNE DIMENSICN o
c A2C*45 deg ASTIGMATISM e
c AZY®POCAL SHIFT B
c A22°C deg ASTIGY¥ATISM iR
c ASreX COMA .
z 1727 00Ny
N ASCe®SPHERITAL
c GGed IDTH OF GAUSSIAN

PIe3.14%v5927

...............

......................
o et et el e PR A PR S . e et et et et . J N A T T R I S R T S
. . R R I
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a0

INPUT PUNCTION - AN EDGE

DO 6C I=¥,%C24
G(I)=CcMPLX(».,0.)
6C . CONTINUE
DO 70 1#%025,2048
¢(r)=cMpLX(0.,C.)
0 CONTINUE

PERFORM FIRST FOURIER TRANSFORNM

QOO

CALL FPTCC(G,N, IdK,WK)
DO 9C I=y,2C48
WRITE(C3,46)1,G(1)
CONTINUE

(]

MOVE ZE.O SPATIAL PREQ TO CENTER OF APERTURE

OO0 O

C(255)=G(%23)
DO %CC I=%,6 %27
G(¥27+1)=c (1)
G(I)=c(v92te1)
scC CONTINUE -
DO 19C I=%,2C48

c WRITE(22,46)1,G6(1)

$1C CONTINUE

c

£ +-D APERTURE WITH VARIABLE TRANSMITTANZE AND
c AEEZRRATIONS

M

DO 2CC 1=%,255
Ye(I-928)/%27.
ARG2r=A2+*(-¥,+2.%Y*Y ) /2.
ARG22=322% (v ev) '
ARG3I2oA32%(-2.%7 +3,%Y%%3 5,3, }
ARGA2°A42%(%.-6.%Y*Y s "y ®®y) /g,
ARGY=(ARG2¥+*ARG22+ARG32¢ARC42)%2. %P1

> GAUSSIAN APODISER
A"EXP(-(GG*Y*Y))
P(I)=CMPLX(A®*COS{ARGY) , A*SIN(ARGCY))®*3 (1)

222 CCoNTINUE
30 22C 1#2S5%,4C32
F{1)=CMPLX(C.,C.)

220 JluT U
DO 23C 1+%,4096
c 4RITE(24,46)1,F(1) |
23C CONTINUE !
5 ;" ;' \_'-;::_‘L."L“ -.; -;‘..A’_‘-L‘ .L':-L~.A_:~A \.- s:: !::\:‘ \;- . A o :: Al atatana -:.- 1‘._~~:\3:.:1:. l:Al' a -'.' .:; . ; :;: ‘,.' ";;.:g.'\n:‘:-}::;::-::.{\.f
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26C

27C

258C
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PERFPORM SECOND FAST POURIER TRANSFORM

M*4C96

CALL PFTCC (F,M,IVK,¥K)
DO 24C 1=%,4096

WRITE(25,46)I,P(1)
CONTINUE

QALCULATE INTENSITY : USED TO NORMALIZE

DO 244 1=2C0C,2%5C
H(I)o((CABS(F(I))/vE+3)®%®2, )% 2384
Xe(I1-2C5C)*¥8.85/96
WRITE(24,4%)X,H(1)

CONTINUE

GEOMETRIC EDGE

()

D) 26C I=2CCC,205C
E(1)=0.

CONTINUE

DO 27C 1#2CS5%,2%5C
E(I)esy.,

CONTINUE

D) 28C 1e2CCC,2%5C
Xe{I1-2CSC)*%3.85/36.
WRITE(25,4%)X,E{1)
CINTINUE
CLISEIUNITe22)
CLCSE(UNITe23)
CLOSE(UNIT=24)
CLOSE(YNIT=25)
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N N +3
" PROGRAM SLIT ~E
3 c R
3 C THIS PROGRAM CALCULATES THE INTENSITY IN THE 3
' C COHERENT IMAGE OF A SLIT THROUGH AN ABERRATED

C "AND APODISED SYSTEM K.

7 c o

3 - c o
.. INTEGER I¥K(25000) N
= REAL WK(250CC),H(4096),INT(2C48),E(700),Xx(5¢CC) N

' REAL V(700) oo
) COMPLEX G(2048),P(4C96) ‘ | S
N OPEN(UNIT*22,DEVICE='DSK',ACCESS='SEQOUT", oy

* FILE='PH.DAT') S
[ OPEN(UNIT=23,DEVICE='DSK',ACCESS='SEQOUT", Tlin

- ) + FILE='MOD.DAT') e

¢ OPEN(UNIT=24,DEVICE='DSK',ACCESS# 'SEQOUT", znLa

v FILE='B.DAT') Read

OPEN(UNIT®25,DEVICE="'DSK',ACCESS® 'SEQOUT", RO

t FILE®'BB.DAT') T

¢ T

C READ PARAMETER VALUES FROM MIC FILE e

c s

. READ(S5,20)N L-:

~ READ(S5,40)a2C U0

. READ(S,4C)A 21 222

- READ(5,4C)r22 2

A READ(5,40)43) o)
READ(5,4C)A32 4

= READ(S,40)a42 E%?

- READ(5,4C)C5 el

5 2¢C ?ORMATéId) N

- 4C PORMAT(F¥C.4) v

- 4 FORMAT(P+C.4,3X,F1C. 4) s

sz FORMAT(IZ,3X,22,2X,73C.4) k.

43 FORMAT(3(2X,I3),5(3X,F2.4)) R

44 FORMAT(IS,3X,F3C.4) =

3 TORMAT(%2X, 758,58, 7%, 730, 5] SO

- 46 FORMAT(I4,3X,FP¥C.4,3X,7%C.4,3X,F1C. 4) e

. C PR

¢ N*NUMBER CF SAMPLE PSINTS IN ONT DIMENSICN F=

C A2C=45 deg ASTIGMATISM o

- c A2¥=POCAL SHIFT s

- 9 A22%C deg ASTIZMATISH v

o c A3%=X COMA : s

’ c A32°Y COMA N

_ c A42°SPHERICAL §F§

. z 3G*dIDTH OF GAUSSIAN o
. PI*3,.%4+5927 §;=
g RN
- NN




.....
........

DY
"

176

C INPUT PUNCTION - A SLIT

DO 6C 1e%,2CC
G(I)eCMPLX(S.,C.)

60 CONTINUE
DO 70 l=20%,2048
¢(1)=cMpPLX(0.,C.)

c CONTINUE

PERFORM FIRST POURIER TRANSFORM

e e Ne R

CALL PPTCC(G,N,I¥K,¥WK)
DO S0 I=v,2C48
H(I)={CaBS(G(I)))**2.
4RITE(23,46)1,H(I)
CONTINUE

GO TO. 23%

(@]

MOVE ZERO SPATIAL FREQ T0O CENTER OF APERTURE

OO0 0

G(255)=G(v28)
DO 300 Iey,t27
G(%27+1)eG(1)
C(I)=Gc(9923+1)
+CC CONTINUE
DO +3C I=%,2048
WRITE(22,46)1,6(1)
CONTINUE

-
(@]

-3 APEITURE fdITH VARIABLE TRANSMITTANCE AND
ABEIRATIONS .

P ESESIE Y

D0 2CC le%,255
Ye.1-928)/%27.
ARGZYoN2v% Ly, 2 ®vey) /2,
ARG2Ze=A2Z* 1Y,
ARC3I2eA32%(-2,%Y 3, ®yee3) /3
ARGCA2%A42%(v. 6.9V v o5 ®yoe ) /g,
ARG e  ARGZY+aRG22rA2CT2sARCE )2, %07

2 GAUSSIAN APODISER
A*EXP(-(GG®Y®Y))
T )@IMPLI  A® 203 (ARGY) ,A®SINCARGY))®*3 (1)

ce JONTINUS

DS 22C I+256,2048

. 2 ’
L - M ~
P

22¢ CONTINUE
DO 23C I*»,2C48
c YRITE(24,46)1,F(1)

TINTINUE

[
~
]
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c
C PERFORM SECOND PAST POURIER TRANSFORN
c

N=4096
234 CALL PPTCC (P, N, I¥K,¥K)

DO 24C I=%,4096
H(I )= ((CABS(F(I))/¥vE+3)®®2,)/4.0933

c WRITE(25,46)1,H(I)

240 CONTINUE

c

C CALCULATE INTENSITY : USED TO NORMALIZE
c

DO 244 I=%,6142C
H(1+499)=((CaBS(F(I))/vE+3)®*2,)/4.192C
244 CONTINUE
DO 246 le*%,4939
H(I)e((CABS(F(3597+1))/%E+3)®®2 )/4.%v92C
246 CONTINUE
DO 248 I=%,602
V(1)e(I-3Cyv)®*PI/v6.
WRITE(24,44)v(I),H(1)

248 CONTINUE
o GO T0 333
c
C GEOMETRIC SLIT
c
DO 26C lev,607
E(I)=0.
26C CONTINUE
D) 27C 1+37,5%%
E(I)=».
27¢ CONTINUE
DO 28C Ie%,6C2
V(I)=(1-3Ct)®*P1I/¥6.
p dRITE(Z 4y 2l
c dRITE(22,4+)Vv(1),E(1 )
23¢C CONTINUE
333 CLOSE(UNITe=22)

CLOSE(UNIT=23

CLOSE(UNIT=24)

CLOSE(UNIT=25)
»1CC STOP

END

. e R RN
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> APPENDIX 2 THE FABRICATION OF GAUSSIAN AMPLITUDE APODISERS
’\’I ’:-'"‘
.\,
£ o
R The Gaussian apodisers used in this experiment were produced using a E a“:‘,'
. hals
[-. photographic method perfected by Weller?S. The method was originated in 1964, by P. N
N :.:__.:
-~ Jacquinot and B. Roizen-Dossier2? and refined by Hee80 (1974), Kay®! (1976), and Kris|82 :';‘_;:-
- T
. (1978). The essence of the method was the imaging of a rotating mask onto a ‘:;
photographic plate. The mask is mostly black with a generally wedge-shaped region in !-*
» white (see Fig. A2.1). The tip of the wedge was at the center of rotation and the angular . e
i extent of the wedge, 6, varied with radiai distance, r, from the center. Thus the exposure ,-
=
- of the photographic plate varied radially. If the shape of the wedge was chosen
. appropriately the exposure would be Gaussian. By working in the linear region of the .
¥ film, the developed plate had an amplitude Gaussian transmittance. 'Q:}'.-'
~ While this method proved satisfatory, it should be noted that other methods of
.~.: achieving a Gaussian apodiser are possible. A method suggested by G.M. Morris83
invoives illuminating a film plate with a laser beam directly. if the laser is operating in
:'.: *he ‘owest order transverse mode, the illumination would have hag a Gaussian profile
'::j Another method uses a digital film piotter such as the Photowrite P-1500 by Optronics
- meernational. Inc. This device can focus a light-emitting diode light source onto a '2.5
micron drameter spot on unexposed film  The hight can be modulated {256 energy leve!s) _f;-
3nd the spot moved "0 any iccaton on 3 'O-nch 2y 0-inch area. 3y oroperiv talloring :-'.jj
the write instructions to this device, almost any desired transmittance, including a r
o Gaussian, can be achieved. PN
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The Procedure for Making the Gaussian Filter

The objective was to make a transmitting filter which had an amplitude
transmittance of the form

e )

where r was the radial distance, a is a constant which controls the width of the Gaussian,
and the subscript A refers to the amplitude transmittance of the filter. In making the
mask, a was chosen so that T4(r) = 0.05, where r = 1.0 inch. When a was evaluated and

substituted into (A2.1) the result was

2

TA(r)= e-(ﬁ).:. . | a22)

The intensity transmittance of the filter was

.2
SERIEE

where the subscrint [ refers 1o the intensity transmittance of the fiiter

(A2.3)

'n the linear region of the fiim, the :ntensity ransmittance wili oe proportionai to
the exposure. Thus the opening angie 8 which controls the exposure of the film varied as

2

A2.3%)

247

8| r)=Bl 1-¢ L.
whnere B was chosen such that 8(1) = 2. Choosing *his vaiue of 9 1nsured that the mask

variation occurs only in the first quadrant. The other quadrants of the mask were

entirely black. Upon evaluating B, (A2.4) yielded

,
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.2 ' .
ofr)=18[1-c 7 |. (a2.5)

Using the Euler relationships
x=rsin® and y=rcos® B (A2.6)

the x-y coordinates of the outline of the mask were determined.

The mask profile was calculated on a DEC10 computer and plotted on a Tektronix
4662 plotter. The profile was then transferred to a diffusely reflecting white paper;
standard computer paper worked well. The .mask shape in the first quadramt was cut
carefully with a razor blade and mounted with paper cement to a very black piece of
paper. The resultant mask is shown in‘Fig, A2

The mask was then centered on a turntable which had been centered underneath
a camera. The setup as well as the exposure and development times are the same as
those used by Weiler’8. The process which initially appeared straightforward was, in
fact, time-consuming and produced results which were quite variable. Nevertheless,
several satisfactory filters were produced

Two filters (Nos. 6 and 52) were characterizec oy measuring the a:ffraction pattern
produced by them The optical configuration 1s shown in Fig. 5.1 imtially the apodiser
~as not in the opuzal system. The lens 1B was 3 Jaegers #1158 telescope doubiet ana
'ens L2 was a Jaegers #958. The iris had an aperture diameter of 0.4 inches for apodiser
# 52 and 0.525 inches for apodiser # 6. !n these cases, the system was essentailly
unaberrated. The aberrations were measured with a point diffraction interferometer as
explained in Chaoter 5 and found to be on the order of 0 1 waves for third order

astigmatism, coma, and spherical, and much less for the higher order aberrations

3
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The results when these filters were used in the system are displayed in Figs. A2.2 and
A2.3 for filters #6 and #52, respectively. in each figure the photographs are of the
impulse response of the system both unapodised(on the left) and apodised(on the right).
In each case the ringing nature of “he unapodised impulse response was suppressed by
the use of the apodiser. In thz = «=2r half of each figure, theoretical and experimental
data are displayed. The solid lines are the predicted values of a central slice of the
irradiance impulse response with the measured aberrations. The experimental data are
shown as dashed curves on these same plots. The experimental data are from the I-SCAN
device which was certered on the impulse response. The apodised impuise response was
measured in two orthogonal directions.

The agreement between theory and experiment is within 1% for these data. This
agreement indicates that the filters are indeed Gaussian in transmittance and are
effective in removing the ringing structure from the irradiance impulse response in the

presence of a small amount of aberration.
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Fig.A2.2 The characterization of filter #6. The photographs are of the

Jnapodised(upper .ent] ang apodised mpuise respenses of the lest system.
Below each photograph are plots of the corresponding theoretical(solid
curve) and experimental plots of irradiance along a line through the center of
the imoulse responses. Experimental data are from two orthogonal slices.
The crdinate of each pIot s in terms of the iogarnthm of relative irradianc? (1)
and the abscissa is in terms of the normalized distance v.
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APPENDIX3 DATA COLLECTION SYSTEM Vo

L

o

The data collection system consisted of three main units, as shown in Fig. A3.1. :-:._

N

. . . LA

The first unit was the I-SCAN card which contained a 256-element linear CCD array and v
Y

some supporting electronics. The sec: -3 the data acquisition unit which converted [,
the analog output from the I-SCAN into an §-bit digital format and stored it in temporary
memory. The last unit was the microcomputer, which controlled the data collection }":'.-',
process and transfered the data from the temporary location to an internal floppy disk !%‘;;
-.‘(’

The microcomputer performed some simple preprocessing on the coliected data as well "\-'.-;
and transferred of the data to a large mainframe computer for a more detailed analysis. ‘_a

o

Data - Micro-
=1 Acquisition [—> computer
Unit

optical
system

T
»
)

R

~
. ey
o FSCAN NOW
' Detector S
Vo Array _\'.-._~
r‘. \,h.‘
N

Fig. A3.1 Block diagram of the data collection system

-

The 1-SCAN consisted of a Fairchild CCD111 256-element line scan sensor mounted

L ow 2an e o b S Be
e
o .'. -"f Iy
PR e, A
AP N
St e, N o

on a grintad circuit card that ¢ontained all *he necessary CCD1 1Y operating 2lecironics. s

b A
s

The data were available on one of the output pins of the card edge connector in the form

of 33.5-2.0 MHz analeg (Viceo) data st~eam  Also svaiianie was a comgensat:on (COMPY

o i a4

| S

u sigral which was identical to the video signal except for the lack of input opticai e
= r:
- information  The other two signals used were a 0.5-2.0 MHz clock, (MC'2) and an _'"

:_ avgosure sync . 25). These four sigrais as we'l as sower and groung w~ere connectad 0 -
5% - -~
h the data acquisition unit. l,
’l. [l N ‘:~
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The purpose of the data acquisition unit was to condition the video signal, convert
it to 8-bit digital words and to temporarily store it in a memory chip. The temporary
storage was necessary because the data flowed from the I-SCAN at a rate which was
much faster than the = ‘outer could handle. Additionally, this card contained
several logical circuits 1o coniroi these processes. v

The schematic for the data acquisition unit is shown in Fig. A3.2.. The
interconnections to the I-SCAN card are shown in the upper left-hand corner. Below that
the power supply for both the I-SCAN and the data acquisition card is shown. The power
supply was physically located within the data acquisition unit.

The video and compensation signals were connected through 47 ohm resistors RS
and R4 to pins 6 and S, respectively, of the Analog Devices ADLH0032CG operational
amplifier. With these connections the operational amplifier acted as a differential
amplifier. Feedback resistors R3, R6, and R7 controlled the gain of the op amp. The gain
was set to provide a 0.0 to -5.0 volt signal on the input {pin 19)> of the Analog Devices
MAH-0801-1 analog-to-digital (A/D) converter.

The A/D converter, when triggered by the encode command pulse, (inout on pin
3), converted the analog signal into an eight-bit digital word. When the data ready
signal fpin 1 of the A/D) went low a valid data word 2xisted on the output irs § *hreugn
8 and 11 through 14

A twvo-stage ouise shaping dircurt (U2A and U28) generatea the encode commanc
pulse in response to the applied MC'2 signal  The MC/2 signal was at the same data rate

as the video The first stage, U2A, created a iong puise wnich was adjustanie in 'ength
tnrougn resistor 11 The second state. J28, jenerated the 2ncoge command duise ‘wnicn

was approximately 100 nsec long. The encode command occurred in time just after the

. .,
:':'
’ v
I'l'.‘ A
l" ’
9,

‘.‘: oo
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start of the data pulse on pin 19 of the A/D converter. Resistor R1 of the first stage was

:3 ; used to insure this coincidence.

\

: The digital data generated by the A/D converter was connected to the data bus

¥

’ through the bus transciever U7(74L5245). This chip allowed the data to be transferred to

R

N the memory chip U11{TC5517APR) when the read enable signal (from the

-

'_‘-'. microcomputer) was low. However, when data was being transferred from the memory

‘ chip to the microcomputer, the read enable line was brought high, isolating the A/D

converter from the data bus.

The memory chip required several time-coincident signals to function properly in

‘ its read and write modes. During the write mode, data from the A/D converter was
stored into the chip. When valid data were on the data bus, the read/write signal (R/'W)
on pin 21 was held low for approximately 500 nsec. This negative pulse was generated by

UGA in response to the data-ready signal.

, : ’ The particular address within the memory chip where each data word was stored

-,

:: was controlied by the address counters U8, U9, and U10. These binary counters (93L16)

: sequent:ally counted from binary zero to binary 2048 in response to the data-ready “ -
- transitions. The first address (zero) was set oy the master reset (MR} signal from the \;
' microcomputer before data acquisition started. Then, after each memory write :::
; operation, a puise from U68 steppeg the memory caunters (o the next aacress UJB3 was k :
*riggered by *he data-ready transition

, The MR signal not only reset the memory agdress counters to zero, but it also reset

" the three-input logicai switch U4 'When Ud was reset the output on pin 10 was neld iow

This pin was connected to one of the inputs of the AND gate U3A; thus when 1t was low

:: the encode command pulse could not reach the A/D converter and data were not L&
NG converted. 'E':a
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: The data collection process was initiated by 3 MR followed by a carriage return E_‘
3‘ (CR) signal from the microcomputer. The latter signal set U4 so that the next exposure E:\.

3, sync (ES) signal from the I-SCAN brought the output {pin 10) of U4 high. These ES pulses _ . :\:

occurred in time just before a serial stream of analog data. The ES puises were about 1

1

.
.
P
.

., .

.l » )

AT 8
.

.

S

.

msec apart and the data stream was about 500 nse¢ long (for an 0.5 MHz data rate).

.
"
ety
R

OEAD:
- 8 .

The data coliection process up to this point can be summarized in the following

series of steps.

o
ie

1. A MR from the microcomputer reset the three-input switch U4 and zeroed the

o 4 Y
.l ln " ‘.

memory address counter.

2. ACRset U4,

BERE A

3. The next £S forced pin 10 of U4 high, allowing the encode commands to pass
through the AND gate U3A.

.- 4. Each encode command initiated an A/D conversion which was stored in the

[N
-
o
-

D memory chip. -

(4
’
L
e

2,

5. The data-ready transition generated two pulses The first signalled the memory
chip to store the €ata currently on the Jata bus. After the gata word was siored.

the second pulse incremented the memory adcress for the next data word

There were 256 (28) cetecior etements on the CCO1i1 line scan getector  This

constituted one frame of data. When the {ast address of a frame was reached the

o memory address counters generated a termingi count {TC) signai which was usea to
terminate the data coliection process for that frame The memory chip could hoid aight
frames so the process was repeated seven times. The TC acted as a memory reset for U4
but did not reset the memory address counters Instead, a software clock signal from the

microcomputer incremented the address counters by one address. Then a CR initiated
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another frame of data. The microcomputer monitored the TC signal and after the eighth %-"":’
»
one was sensed, the data collection process was terminated. ‘-_::"f::
Next, the data were transferred to the microcomputer. The first signal in this ::::
process was a3 MR which set the memory address to binary zero. Next, read enable was é::
brought high isolating the A/D converter and forcing the memory chip, through the :'.,'_::
s
signal on pin 20, into the data-read mode. At this time, the contents of the first memory :"
e
location were on the data bus. When the microcomputer had stored that data, it issued a i .
software clock pulse. This pulse incremented the memory address thus placing the next ‘,

.
TRt e

word of data on the data’bus. This process continued until all 2048 memory locations

-
.
)

were read and stored in the microcomputer.

% AR

e

The microcomputer was 3 Healthkit H89 with 64K (8-bit) internai memory and two

Dl I 0 4
A
)

bdgty
.
.

i Vv

s o0t

100K single-density, single-sided disk drives. Once all eight frames of data were within

g

the microcomputer, a software program on the microcomputer performed some simple

>

l.'r-\‘

preprocessing. First, the eight frames of data were averaged, on a pixel by pixe! basis. .:-:.tj

Then the data was displayed in a x-y graphic format on the microprocessor CRT screen. 4}:

Finaily, the average frame was stored in a file on disk. Additional software allowed ore o

frame of data to be subtracted from another (SUB.DAT) and the data to be transferred 0 '.:-}_-

a DEC10 computer (via MODEM7) The data collection process was initiated by entering "::-':j

‘DATA FiLE.DAT' into the microprocessor The data was stored in the file named E"

SiILE.DAT. The software usea :n this data acquisition crocess was developed by Mr ze ST
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