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Preface

The purpose of the thesis was to qualitatively describe the effects of aberra-

tions on off-axis beam steering for multi-aperture systems. A new expression

analogous to Goodman's thin lens was developed which shows the beam degrada-

tion that occurs at angles, with respect to the optic axis, much greater than five

degrees for a thin lens, and two degrees for a thick lens. It is my hope that this

thesis will be the first in a series which will not only prove and validate the idea

of phased optical beam steering, but to make an engineering analysis on such a

system.

The analysis described in this research is of special interest to organizations

such as SDI since it defines regions and specifications for a multi-aperture system

which will not work. Hopefully with this research, a reliable system can be made

to achieve the goals of SDI.

I would like to thank my advisor, LtCol Jim Mills, who has spent many an

hour discussing this project with me. I would also like to especially thank Maj.

Jim Lupo (user friendly) for his invaluable support, as confidante, and computer

expert - without whom I am sure there ,ould have been a baseball bat through

Wmore than one terminal. I would like to thank my parents, who happened to be

, stationed here three days after I did - please don't follow me to my next assign-

ment! Its awful hard to have a daughter around for the first time in five years,

and to refrain from calling because of thesis. And most importantly, I can never

thank these two people so that they will ever understand. To the person who



I
stood by me to help me finish this thesis - even to staying up all night with me

the night before it was due. May our future together be as beautiful as our past.

And to my bestest friend and teddy bear, I can only hope that I helped you as

much as you helped me as we went through this.

Christina N. Walton
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Abstract

The effect of aberrations on off-axis beam steering for multi-aperture systems

was qualitatively investigated. A new expression analogous to Goodman's Thin

Lens is proposed which shows the beam degradation that occurs at angles, with

respect to the optic axis, much greater than five degrees for a thin lens, and two

degrees for a thick lens. This expression was then applied to three multi-aperture

configurations as a way to correctly predict the field-of-view for various optical

systems. Analytical predictions supported by computational and experimental

results are included. Although the beam degradation as the field-of-view or field

angle is increased has a dramatic effect on the image quality, the power loss as the

field angle is increased will be the major factor in designing a system of this type.

ix



p
Aberrations: Their Effect On Off-Axis Beam Steering

I. Introduction

1.1. Problem Statement

In this thesis, the effect of aberrations on off-axis beam steering for multi-

aperture systems was qualitatively investigated. A new expression analogous to

Goodman's thin lens (1:80) is proposed which shows the beam degradation that

occurs at angles, with respect to the optic axis, much greater than five degrees for

a thin lens, and two degrees for a thick lens. This expression was then applied to

three multi-aperture configurations as a way to correctly predict the field-of-view

for various optical systems. This thesis includes analytical predictions supported

by computational and experimental results.

1.2. Air Force Applications

Today a single phased array radar can do what previously might have

re(pldred a battery of mechanically steered dishes. Phased array radars are a series

of point emitters which radiate at microwave frequencies. If a phase shift is intro-

duced at each emitter, then the beam can be steered as opposed to rotating a plat-

* form (or radar dish). The replacement of a single, movable antenna with an

immobile array of radiating elements can offer more advantages than just elec-

tronic steering, reliability being one of them. A fixed array does not depend on
L_

fallible mechanical components such as bearings and motors. With increasing

51I



simplicity and compactness. concomitant reductions in weight and increases in

reliability. phased array radars can be deployed in space within a few years (2:94-

i 102).

The Pr,'Ilents Strategic Defense Initiative (SDI) has been proposed as the

central defense concept in our nation for the years to come. One of the SDI mis-

sions. midcourse discrimination, requires simultaneous acquisition, identification.

and tracking of a large number of targets over a twenty degree field-of-view. The

obvious benefits of a phased array multi-aperture optical system. therefore.

become very important to the Air Force and the Department of Defense.

The ability to achieve a large field-of-view from a multi-aperture optical sys-

tem has been doubted by many based on the transfer function for a thin lens

derived by Goodman (1:77-80). Based on the new expression derived to include

the effects of off-axis radiation, beam steering for an uncorrected multi-aperture

optical system is not realizable.

1.3. Background

The transmission function for a thin lens is given by Goodman (1:80) as:

t1 (X,Y)=exp t7k(z 2 +Y 2)i 11

The expression was derived to enable diffraction analysis for on-axis radia-

tion. This function was used to show how a lens can perform the Fourier

transform of an inipt.



Gearv' and Peterson (3:52-54) derived a new transfer function for a thin lens

which included one more term, from the binomial expansion, that had been

assumed negligible in Goodman's expression. They showed that this extra term

included the effects of spherical aberration. However, if the rest of the terms are

kept in the expression for the transfer function, no further information is gained

about the other third order aberrations such as astigmatism. coma, Petzval field

curvature, and distortion. The only information found is an exact specification of

spherical aberration.

In none of the material found to date is an exact specification for a transmis-

sion function of a lens which is appropriate for off-axis radiation (further than the

paraxial approximation). The transmission function for the lens is a function of

the distance the light travels through the lens, relating that distance to a phase

lag the light undergoes. Light incident on a lens surface at an angle larger than

zero degrees (off-axis), will travel a further distance than was previously assumed.

This additional distance actually yields far larger aberrations than were previously

expected for the optical system, thereby significantly degrading system perfor-

mance.

4

1.4. Multiple Apertures

A multiple (or synthetic) aperture is formed when separate optical systems

are combined to function as a single larger aperture (-1:2). Coherent imaging

through a synthetic aperture has many advantages, among them ease of manufac-

turing and reliabilitv (1:2-4). The more apertures contained within a multi-

F 3
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aperture system the greater the light gathering capability. The central peak of a

multi-aperture system is more narrow than that of a single optic which has the

same outer, or effective radius. This is advantageous to tracking or two point

resolution as was pointed out by Watson (5:40-62).

Coherent imaging through a synthetic aperture, where the de component of

the light has been blocked, also has the added feature of being an edge enhancer.

Therefore, there will be "ringing" around any edge of an object coherently imaged

through an optical system as shown in Figure 1. Bergey (6:72-75) pointed out

that these patterns could be controlled by the number of apertures in the optical

system as well as the placement of the apertures in the system.

Figure 1. Multiple Aperture Intensity Pattern of an Edge (6:26)

1.5. Aberrations

Aberrations are apparent in any realistic optic-al system. The third order

e4
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aberrations: spherical. astigmatism, coma, distortion, and Petzval field curvature.

will be discussed in this thesis. Spherical aberration is dependent upon the fact

that the lens is spherical in shape as opposed to aspheric (e.g. hyperbolic). A-stig-

matism and coma are off-axis effects. If the incident angle of the plane wave with

the optic axis is zero, then the effect due to these two aberrations is zero. As the

incident angle grows. the effects due to these aberrations grow as well. This

greatly affects the final image since the greater the aberration. the greater the

beam deformation. Such deformations cause a decrease in field-of-view. Field

curvature and distortion only affect the image of an extended object. Since this

thesis deals only with the impulse response of the optical systems. these two corn-

sponents of the third order aberrations will be neglected.

When the affects of these aberrations are included in a multi-aperture system.

the beam degradation as the incident angle grows will become even more of a

problem. The problem with two point resolution in multi-aperture systems is the

addition of side lobes, which can be as large if not larger than the central peak

(5:40-62). As the incident angle grows, the lobes on one side of the intensity pat-

tern grow much faster than the lobes on the opposite side. This increases the pos-

siblity of error in reading the pattern. Therefore, the beam deformation problem

becomes worse in a multi-aperture system. Aberrations are one major limitation

to the field-of-view for a multi-aperture optical system.

I5



1.6. Scope

For SDI purposes, optical phased array radars are an optimal solution for

Utracking and targeting. The requirement of a twenty degree field-of-view means

that for far-field imaging a plane wave could be impinging the lens at an angle

with respect to the optic axis of twenty degrees or more. The transmittance func-

tion for the Goodman thin lens, which has been assumed in all previous work is

not applicable for angles in excess of two degrees, as the experimental results

showed. Goodman, in defining his thin lens assumed the paraxial approximation.

In this thesis, a new definition for the thin lens will be derived which includes the

angle of incidence implicitly. The only approximation in this method was to

assume that the angle change at the surface due to the index of refraction is negli-

gible.

This thin lens expression was applied to three multi-aperture systems to show

how the beam degradation affects the field-of-view as the incident angle is

increased. The three multi-aperture systems used are shown in Figure 2. Two of

the three multi-aperture systems are being tested at the Air Force Weapons

Laboratory, Kirtland Air Force Base, New Mexico. The three aperture system is

called Phasar (7) and has been in operation for approximately two years. while

the four aperture system is called the Multiple Mirror Tracking Telescope

(.\IITT) (7). which will begin operation in January 1988. The six aperture sys-6

tem is in the same configuration as the Multiple Mirror Telescope (NIMT) in

Arizona. where it is engaged in astronomical and other scientific endeavors. Ber-

gey showed that the six aperture system is one of the optimum designs for multi-

~6



aperture systems (6:72-75). Also, Watson (5:40-62) demonstrated that six aper-

tures has a better two point resolution than the other systems he investigated.

All of the systems used in this thesis are symmetric with the optical axis as shown

and the lenses are separated by a small distance to avoid overlapping in the com-

putational analysis as well as to allow for the fixed supports these systems would

qrequire in reality.

(a)

00
00

(b)

00
00

(C)

Figure 2. Iulti-.\perture Configuration

~7
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This thesis will deal strictly with coherent imaging. In Chapter 2. aberra-

tions and Goodman's thin lens will be discussed. The new lens transmittance

Ifunction will be derived and applied to two different lens designs in Chapter 3.

Chapter 4 will verify the methods applied by comparing the previous results with

the geometrical ray trace program FALCON and in Chapter 5. experimental

analysis is used to support the work done. Chapter 6 will apply thesis lens

designs to the three multi-aperture systems. A comparison of these systems will

be made in Chapter 7 and the conclusions drawn will be presented in Chapter S.

4

.



II. Aberrations and the Perfect Thin Lens

This chapter develops the concept of aberrations and the perfect thin lens.

Aberrations, as discussed by Born and Wolf (8:459-490), will be applied to an opt-

ical model. The aberration coefficients are then derived for practical comparisons

of these optical models, and the case of Goodman's thin lens applied. This model

was computationally analyzed and the resulting intensity patterns are given at the

end of this chapter. In addition, the lens parameters of the thin and thick lenses

used in all of the analyses in this thesis are included.

H.1. Aberrations

The following development follows closely that of Born and Wolf (8:460-472).

Consider the centered optical system shown in Figure 3:

In order to get a perfect Airy pattern (8:460) in the image plane. a perfect

but truncated spherical wave must exit the lens system (at the exit pupil). How-

ever, if a wavefront exits the lens system and is different from a perfect spherical

wave, then aberrations exist which are of the form Q - Q, (the distance between

the two wavefronts). It is convenient to regard 6 as the total effect due to aber-

rations. where 6 is of the form:

0 = o(Y1 ,pO) (2.1)

and:

e Y,. = object height from the optic axis in the image plane

p radial di.qtanre from the optic axils in the plane of the exit pupil

N9
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Optical 
Q

System Co

Gaussian T Wavefront
Reference Sphere

Figure 3. Reference Frame and Notation for
Aberration Analysis

0 = angle of rotation around the optic axis in the plane of

the exit pupil

Including aberrations, the Huygens-Fresnel equation becomes:

U(x 1 ,y1 ) = j (]xp(-jk:)f f (expjk(6+s) ]S (2.2)

Where dS is the spatial integration over the exit pupil, lambda is the wavelength

of interest, k is the wave number, and z and s are optical path differences from

the object to image planes.

The function j can be separated in many fashions. Two of thw most

famous ways are given by Seidel and Zernike. The Seidel aberrations are defined

for geometrical optics, whereas, the Zernike circle polynomials were deined for

10
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diffraction analysis. The representations for the primary aberrations in both

forms is given below in Table 11-1. where the expansions for j are given by:-

Seidel: 0 A=n, Ap' cos' '9 (2.3)

Zernike: 6 A,,, En~nR,1 (p)cosm 0 (2.4)

TABLE Ul-1.

Representation of the Primary Aberrations

Aberration 1 n m Seidel Form Zemike Form

Spherical 0 4 0 A 4o p4  A Ao 4OR 0(p) = -LA 040 (6p4 -6p 2 + 1

Coma 0 3 1 A031 pCO A 03 1R 1 (p)cose = A 031 (3 p2
-2pcs

Astigmatism 0 2 2 A0 22  2~o2  00 R(~o2 A 2 2p(osO-)

Field Curvature 1 2 0 A 120 p2 -120 0 p !A 2 2p

Distortion 1 i 1 All, pcosO. A1 11RI1(p)cosO =A 1 1 1 pcosO

From Eq. (2.2), the transfer function G can be defined as follow~s:

G(zoyo) = ex p(iko) (2.5)

where G conitainas all of the cont ributions to thle imiage due o (- rrat IOns. 'Ilher-

fore, all of the aberration eflcts; produced by an optical system cann be r( unlinetl

into one funaction whic li :iap p lied at the exit puil of the syt on. '1' ii. it a~ b e



said that the optical system is perfect, but there is a transparency across the exit

pupil . G, which contains all of the aberrations. The sole effect of these aberra-

tions is seen to be the introduction of phase distortions within the bandpass of the

system. These phase distortions can have a severe effect on the fidelity of the sys-

ten (1:121).

11.2. Lens Design

Two lenses were used in the experimental analysis. These lenses were then

used tu test out the analytical and computational portions of this thesis. The

first lens was a thin lens which was chosen to verify the computational analyses.

while the second lens was chosen as a thick lens to show the limitations of the

analyses. Given:

LENS 1:

R= 16.84cm

R 2 = -44.23cm

H = 4.372cm

On-axis thickness = .794cm

and

n =1.5

\Vhere n is the index of refraction for any non-specific glass. The second lens was

designed to test the limits of the approximations made. Lens 2 is a thick lens

which will have large aberrations present:

12I,4



LENS 2:

R= 11.37cm

R, = -11.63cm

H = 6.0976cm

On-axia thickness = 3.5cm

and

n = 1.5

The aperture stop in both optical systems is 1 cm in radius.

11.3. Perfect Thin Lens

A lens is said to be a thin lens if a ray entering at coordinates (x,y) on one

face emerges at approximately the same coordinates on the opposite face, i.e., if

there is negligible translation of the ray within the lens (1:77). Figure 4 gives

the description of the lens used in this discussion. This discussion follows Good-

man (1:77-85).

Ul Uj

Figure 4. Goodman's Thin Lens

The phase delay given to an incident wave going through this lens is:

6(x,y) = knV(z,y)+k(V0 -7(x.y)) (2.6)

tip 13
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Where n is the index of refraction, the first term is the phase delay introduced by

the lens and the second term is the phase delay introduced by the remaining

I region of free space between the two planes. Therefore, the transmittance func-

tion of the thin lens is given by:

ti(x,y) exp(jk7Vo)exp(jk(n-1)'(x,y)) (2.7)

And, the complex field immediately behind the lens is:

U'(XY) = t,(Cz,Y)b(z,y) (2.8)

Thus, the problem is to define the thickness function of the lens, '(zy) . To

define this, break up the lens into two separate parts, as shown in Figure 5. Then

the problem is to solve for each half of the distance, or phase delay, that the lens

imparts.

After solving for distances the light travels in the lens, V1 and V. are given

by:

V1(xy) = V0,-(R,-[nR 2 -X 2 ) (2.9)

72(XY) = 7o2-(-R 2- R -x2 -y 2 ]2) (2.10)

Adding the terms together, remembering that V0 1+'7 0 2=7 0 :

1 1

V~~)= 0 R(1- () ± 2 1 +Y 2)) 2R (2.11)

The most important approximation taken in Goodman's analysis is the

paraxial approximation. After completing the binomial expansion of the two

square roots, this approximation requires that only the first two terms are

retained and all other terms are ignored. This assumes that the radii of the two

spheres which make up the thin lens are much greater than the radius of the lens

itself (or the distance from the optic axis). After this assumption is made, the

L11 I



(x,y)

AO 12

Figure .5. Calculation of the Thickness Function

new eqluation for V is:

V7(x,y) =- (X 2 +y 7 2) (2.12)

Substituting this expression into Eq. (2.7) and remembering the len's makers

equation:

(n -1(2.13)

F 15



The final equation for the perfect thin lens is then:

gt(XY) = exp + ) (2.14)

Where the exponential phase factor ezp(jAnVo) can be ignored since we are only

looking at the intensity patterns in this thesis. WVhen this equation is used to find

the complex field amplitude, (ignoring the phase factors in front of the integral

since they will negate when computing the intensity) the new complex amplitude

is found via the Fresnel transform :

U(xo,yo) ==f fU(x1 ,yj)exp Lk(X 2 + Y2)1x XP fdox+ol ]dxidyi (2.15)

Here U(x,,y) is now only a function of the shape of the exit pupil, in this case a

lens (a circle). The limits of the integral then become the limits of the aperture.

Given in Figure 6 is the intensity pattern of a circular aperture containing a per-

fect thin lens in a plane a focal length away. This pattern is called the Airy pat-

tern, named after G. B. Airy (9).

6.P

Figure 6. The Airy Pattern



However. in taking the paraxial approximation. Goodman excluded any

effects of aberrations as can be shown in Geary's paper (3:52-54). In excluding all

of these aberrations, there would be no beam deformation as the angle of

incidence grows. In the following analysis, the binomial approximation will not be

taken. Therefore, the transfer function for Goodman's thin lens becomes:

t(x, ) = exp J{k(n-1) -R (1- K ( +y )T+R- (X2(2.16R RX22 2) (2.16)

When this equation is used to find the field amplitude using the Fresnel

transform, the intensity pattern is derived and given below in Figure 7.

Figure 7. Goodman Analysis at a= 0

Note that the main aberration affecting the system is spherical aberration.

The second ring of the pattern is .0190 times the height of the central maximum

whereas in an unaberrated case the second ring would be .0175 times the central

17



maximum. As long as the plane wave is parallel to the optic axis. the contribu-

tions due to astigmatism and coma are zero.

a Goodman handles an off-axis plane wave as a function of the input U(x.y).

Figure 8 below shows the system used.

Y Image Plane

Z

Figure 8. The General Thin Lens Configuration

The input plane wave then becomes:

Ul(x,y) = exp(jksinay ) (2.17)

versus one for a unit amplitude plane wave parallel to the optic axis, and alpha is

the angle in the y-z plane with respect to the z or optic axis. The complex ampli-

tude can still be solved with the methodology given previously. The complex

amplitude in the image plane was solved by taking the Fast Fourier Transform

(FFT) of the plane wave incident on a thin lens. The output of the FFT was

then squared to obtain the intensity distribution in the image plane. The program

used for this analysis is located in Appendix A. The intensity patterns for various

angles alpha are shown in Figure 9 for Lens 1 and in Figure 10 for Lens 2. The

Strehl Ratios for the intensity patterns decrease as the angle alpha increases.

Here, the Goodman case analyzed still carries all of the contributions due to

18
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spherical aberration and defocus, and as can be seen in Chapter 4. as the angle is

increased, the Zernike coefficient for spherical aberration increases a finite amount

due to the changing defocus term. Therefore the Strehl Ratio should correspond-

ingly decrease by a finite amount as is shown in the two figures.

As is shown in the previous graphs. the plane wave at an arbitrary angle

alpha just moves the q = 0 pattern up and down the image plane with respect to

the magnitude of alpha. i.e., the larger the angle alpha, the larger the displacment

in the image plane from the optic axis. Therefore in the Goodman case, the angle

alpha does not affect the amount of aberrations at all, the aberrations are all con-

tained in the transfer function within the square root. From this result there

-" whould be no beam degradation at all as the field-of-view is increased. However,

this is known not to be true, based on experimental evidence obtained using P1-IA-

SAR at the Air Force Weapons Laboratory (7). Therefore, this description of a

thin lens must be incorrect.

Va 19.
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III. A New Thin Lens Expression (The Walton Thin Lens)

This chapter explores the expression of a thin lens which is applicable for off-

axis projections such as those used in multi-aperture systems. An expression is

derived and then computationally analyzed. Following this are several

verifications of the expression's accuracy. The Strehl ratios for all of the cases are

presented as well as the limiting case at a = 0 which should approach an Airy

pattern. Also included are the cross-sections at various angles to determine which

aberrations are present and which aberrations cause most of the beam deforma-

tion as the angle alpha grows.

II.1. The Mathematical Expression

Figure 11 describes the system employed in the following analysis. The

center of the coordinate system is at the "center" of the lens, or where the two

halves of the lens meet at the optic axis. The only approximation made in this

case is that the lens is a thin lens, i.e.. that one can ignore the refraction of light

at the lens surface. To make the mathematics managable, alpha. the angle of the

incident plane wave with the optic axis, is taken to be with respect to the y-z

plane only. The thin lens approximation also states that throughouit the system.

the plane wave will stay in a specific y-z plane for any given value of x.

The next part of the analysis is purely geometrical, with many of the details

omitted. First. the lens thickness is solved for as in Chapter 2. This new thick-

ness is substituted in for 7 in Eq. (2.12) giving the transmittance function for the

,--,, 2'2
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Figure 11. Geometry Used for Walton Thin Lens

new lens expression.

To solve for the distance between the two surfaces of the lens, the equations

of the two spheres and the equation for the line, which is two-dimensional since

the plane wave is only in the y-z plane, are equated. To solve for the point at

which the entering ray exits the lens, equate, for the:

Sphere (V+z.) 2+x +y' = R (3.1)

Line Y2 =-tana(z2-zo)+Y (3.2)

Where the point (y,z 0 ) = (y,O), so that or the reference frame of the lens becomes

the x-y plane. Also:

V= (R 2-Hj2 (3.3)
1 2

Solving these two equations yields a quadratic equation in :

z' (seca)+2:,( R -FP 2-ytan a)+4 +y-H = 0 (3.4)

or

2Z2 +2=Z2+,= 0 (3.5)

where
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[R2 -f-)- -ytana(.)

Solving for the point (y, 2

- 3KKI± (3.7)

Y2 =-zotanak+y

In a similar manner, the following- three equations are solved for the point

Sphere :(ZIV')2 +X2+y2 2 38

Line :yj = -tan o(Zi-Zo)+Y (3.9)

T' = (R 2-ijH (3.10)

NWhere again, the reference of the x-y axis through the origin was used such that

the point (y,.-O) = (y.0). Solving these three equations as before gives the point

(yl,zi) with respect to y and alpha:

Z~ (3.11)
(3.13

yj= -zitanck+y (.2

where:

3seca

~=(RzI-) 2 +ytana (3.13)

Therefore. to solve for the distance between the two surfaces as a function of

the system parameters (R1 ,R2 . and H) and the givens (x. y. and a) the dlst:ince for-

nvila is needed. The distance is then given by:

24
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d(P,,P I) = ._j2+Y_ j (3.14)Y

This form is two-dimensional in N and z because of the thin lens approximation.

Substituting in for the two points derived above, the distance formula becomes:

L I

d =Cosa( ( 2_q,3j+ 2_ (31_,0 (3.15

where

sec2a

q.'_= (R_ -HT-ytana (3.16)

'+= (R -r)I + y tanae

17 = z 2+Y 2_H2

Therefore the new transfer function for the thin lens becomes:

tj(z,y) = exp(jk(n-1)d) (3.17)

The constant phase factor was again ignored since only intensity patterns are

being considered.

111.2. Computational Analysis

The intensity patterns were solved by taking the FFT of a plane wave

incident on a thin lens. The output of the FFT was then squared to obtain the

intensity distribution in the image plane. The program ALPI-L- written for this

purpose is included in Appendix B. The thin lens was described as a set of dis-

tances from which a set of optical path differences was defined. In Figure 12 are

two graphs Nliich depict the distances the light travels through the lens. Part (a)

shows the set of distances for an angle of a = 0: part (b) the set of distances for

, 2 5 )
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Next, the Strehl Ratios were calculated for all of the intensity patterns. AS

can be seen, for the thin lens the Strehl ratios correlate well with information

given by Mills (10). A significant problem deduced from the Strehl Ratios is that

the power in the central peak has decreased by 40 percent as the angle alpha has

increased to two degrees in Lens 1. Lens 2 shows that there is a valid problem

with the approximation made when the lens varies at all from being "thin". This

correlates well since Lens 2 was designed to be a thick lens. The distance formula

derived above is therefore inappropriate for a lens of this type.

The last verification made was to vary the size of the aperture stop to show

how the aberrations change. The smaller the aperture stop, the more like an Airy

pattern the diffraction pattern becomes. The larger th. aperture stop. the more

aberrations there are present in the diffraction pattern. This is shown in Figure

15.
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IV. Analysis Using FALCON, a Geometrical Ray Trace Program

In the previous chapter, the Walton Thin Lens expression was analyzed for

on-axis cases. In this chapter. the expression is compared to the geometrical solu-

tion for off-axis projections. The geometrical ray trace program FALCON was

used to derive the aberration coefficients which were used in a diffraction analysis

and subsequently compared to the Walton expression. The program written to

compute the diffraction analysis is included in Appendix C. The intensity plots

derived for this analysis are given at the end of the chapter.

I

IV.1. FALCON

A comparison was made between the Walton Thin Lens and the results from

the geometrical ray trace program FALCON (11). Initially the lens characteristics

N were first entered into FALCON, and since a geometrical analysis requires an

object, an object of variable height was place at '"nfinity" so that a plane wave of

various angles could be modelled. The results, the aberration coefficients. were

then computed and inserted into a diffraction analysis. The aberration coefficients
6

for piston, tilt, and defocus were included in the diffraction analysis for complete

accuracy, but are not included below because the emphasis in this thesis is the

beam deforrnation due to the third order aberrations. Listed below nre the

approximate coefficients for the two lenses used in this analysis. As can be seen

from the intensity patterns in Figures 16 and 17, the aberrations occured at a

much smaller angle than they did in the Walton analysis. However, the two ana-

fA 
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lvses definitely show similarities in the shape of the resultant curves an(I in the

aberrations which dominate as the angle alpha grows. Table 111-1 lists the various

aberration coefficients for the two lenses at various angles alpha.

As can be seen from the intensity plots for the diffraction analysis. the plots

for the thin lens correlate with those from the Walton analysis. Because of this

correlation, these coefficients are a close approximation to the actual coefficients.

However, the thick lens did not correlate as well in this ease, so the coefficients for

the second lens are not a good approximation. This is due to the program being

inadequate in the limit of the thick lens. Therefore, the intensity plots for the

thick lens will not be representative of the actual intensity distributions.

From the analysis of FALCON, the diffraction analysis seems to break down

as the angle alpha grows above ten degrees for the thin lens. and five degrees for

the thick lens. This is delineated in the next chapter as the aberration coefficients

grow out of proportion to the experimental analyses.
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Table III-1 Aberration Coefficients foi- Lens 1 and Lens 2

5 LENS 1

Angle 45 Astig. 90 Astig. X Coma Y Coma Spherical

0 0.0 0.0 0.0 0.0 -0.0424

2 0.1744 0.0 0.0 0 0.0735

5 1.1094 0.0 0.0 0.1931 -0.0444

10 4.7075 0.0 0.0 0.4541 -0.0506

15 11.6450 0.0 0.0 0.87 12 -0.0630

20 23.5473 0.0 0.0 1.588 1 -0.0873

LJENS 2

Angle 45 Astig. '90 Astig. X Coma Y Coma Spherical

0 0.0 0.0 0.0 0.0 -0.5387

2 .3198 0.0 0.0 0.6530 -0.5478

5 2.0326 0.0 0.0 1.6826 -0.5715

10 8.6280 0.0 0.0 3.7407 -0.6643

15 21.2976 0.0 0.0 6.6225 -0.8462

20 42.8664 0.0 0.0 11.0306 -1.1836

All of these coefficients have the units of waves or optical path differenice.
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V. Experimental Verification

The most important verification for this new expression is a comparison to

experimental results. Below is the experimental set-up which was used to verify

the impulse response of a lens. The lens was turned through different angles to

simulate radiation which would impinge the static lens from various angles in

reality. The experimental results versus the computational results are outlined

below.

V.1. The Experiment

Figure 18 gives the experimental set-up used to validate the previous

analysis.

The two lenses described in Chapter 2 were used in this set-up. As a rem-

inder, the first lens was a thin lens with dimensions of R, = 16.84 cm, R = 44.23

cm, H = 4.37 cm, and an aperture stop with a radius of 1 cm. The second lens

had dimensions of R1 = 11.37 cm, R 2 = -11.63 cm, H = 6.09 cma. and an aperture

stop with a radius of 1 cm. A IeNe laser was used in the experiment and in all of

the previous analyses a.s well. True to assumptions, the thicker the lcnw, the

worse the aberrations became as the angle of incidence of the raliation grew.

V.2. Results

The results of the experiment are shown in Figures 19 and 20. These inten-

sity patterns are not norm:lized to any size standard. as the aiiaysis is rtel\
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Figure 18. Experimental Set-Up

qualitative not quantitative. The larger the off-axis angle, the larger the pattern

in the far-field. The distance to the image plane is given for each set of pictures.

A correct size approximation can be made based on the distance from the tele-

scope to the camera, which was chosen in order to get. the most information per

picture. All pictures were taken with the same shutter speed and f number. how-

ever, various neutral density filters were required. The magnitudes of these filters

are also given in the above figures. These magnitudes are representative of the

magnitudes of the intensity in the central peak. The larger the neutral density

filter. the larger the intensity value. As can can be seen from the values of dis-

tance and neutral density filter used, there is a much higher intensity value in tile

central peak for on-axis radiation than for off-axis r:idiation. This is consistent
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with the Strehi Ratio argument from Chapter 3. This also shows that one of the

main problems with a large field-of-view is not the addition of side lobes, but the

W loss of power in the central peak.

Figures 13 and 14 give the results from the computational analyses of the

lenses used in the above experiment. The data is normalized to 1 cm per 17

matrix elements. As can be seen, the plots for various values of alpha are con-

sistent with the information obtained from the experiment.

The only aberration to be concerned with for a = 0 is spherical aberration.

The first lens was of poor quality, an Airy pattern never being achieved using this

lens. Therefore this lens exhibits more aberrations, such as astigmatism, than the

computations would handle. The experimental results for the second lens are very

similar to the results found from the computational analysis for a = 0. As the

incident angle grew for the first lens, astigmatism became the dominant contribu-

tor to the intensity pattern. This occured through an angle of ten degrees. After

ten degrees. the dominant contributor became coma and at this point there is a

serious problem with the intensity pattern shifting in the image plane. As can be

expected from a thicker lens, the results are just a worse case of the first lens.

Astigmatism became a problem at an angle of two degrees, and coma became a

problem at an angle of five degrees. As can be seen in the last picture for tlhe

second lens (a = 20). the intensity pattern became so large that the telescope

became the limiting aperture. Again. the results from tile computational analysis
jJ

did not have this problem. However, the program's results are not ,s accurate for

this second lens as they were for the first. Also, the matrix size was too small for
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any results at. an angle of alpha greater than ten degrees. so no accurate comparis-

ons can be made between analysis and experiment in this region. In the region 0

< 10 degrees however, there is good correlation. just as had been

hypothesized.

Therefore, as has been seen from the experimental results given above.

Goodman's analysis is a good approximation for on-axis radiation effects. If

Geary and Peterson's term is used, the result becomes extremely accurate for on-

axis radiation, but, does not hold for off-axis radiation. The most obvious

difference between these previous results and the new expression for the thin lens

derived herein is that instead of off-axis effects simply moving the intensity pat-

tern in the image plane, these effects actually do not move the pattern as much as

cause deformation of the pattern and severe aberrations for large angles.

Although beam deformation does seem to be a problem for the field-of-view

Krequired by SDI, the amount of normalized intensity, or power, lost in the central

lobe as the angle alpha is increased can also cause serious problems for detection.
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VI. Application: Multi-Aperture Systems

b
In this chapter, muli-aperture systems will be applied to both the thin and

the thick lenses investigated previously, and the effect of aberrations on field-of-

view will be investigated. Note that in all of the multi-aperture intensity pat-

terns, the envelope of the pattern is the intensity pattern for the single lens used

in the system. In all of the following analyses, the optic axis is located at

(129,129) and 17 matrix element are taken to be 1 cm. The configurations to be

used in this chapter are given in Figure 2. The program written to compute the

intensity patterns for the multi-aperture configurations is included in Appendix D.

VI.1. Single versus Multi-Aperture Patterns

Given in Figure 21 are the intensity patterns for the single thin Lens 1 at an

angle a = 5 degrees and the four aperture case using this lens at an angle of five

degrees as well. Note that the pattern for the single lens is the envelope for the

multi-aperture pattern. This result is in keeping with the theory as shown by

Young (12:281-283) in his classic double slit experiment.

VI.2. Multi-Aperture System Using Goodman Analysis

As a comparison to the previous theory, the Goodman analysis was applied

to the three multi-aperture systems given in Figure 2. As can be seen from Fig-

ures 22 through 2-1. as the angle alpha iucre: ss to twenty degrees the side lobes

V, -tr
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Figure 21. Single vs. Multi-Aperture 

grow asymmetrically in the pattern. As the angle increases through ten degrees 

the side lobes approach a maximum, and as the angle approaches twenty degrees 

the side lobes decrease again. This phenomenon is apparent in all of the multi-

aperture configurations using the Goodman thin lens model. The form of these . 

results are not consistent with standard results using Goodman's thin lens. How-

ever, the analyses of interest in this thesis were based on the new lens equation so 

this discrepcncy '\Vas not investigated. The only lens used in this analysis is Lens 

1 since the patterns for this lens and Lens 2 are essentially the same. Note that 

the Strehl ratios for the Goodman analysis decreased by a finite amount as in the 

single apertut'e case. Again, this is due to the effects of spherical aberration and 

defocus as described in Chapter 4. 
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VI.3. Three Apertures

The following analysis is for Lens 1 and Lens 2 in the three aperture

configuration. Given in Figure 25 and Figure 26 are the graphs for the intensity

patterns at various values of alpha for both lenses. As can be seen from Lens 1.

the central peak is much more narrow than for the single lens case. Therefore. two

point resolution for multi-aperture systems is much better than for a single lens a.s

has been reported previously (5:40-46). However. as the incident radiation

impinges the lens at an angle greater than zero, the side lobes on one side of the

central peak grow more than those on the other side. This is apparent from the

intensity patterns for the single lens which form the envelope for these plots. At

A-' angles larger than five degrees coma is the dominant aberration, which causes an

asymmetric shift of the light intensity to one side of the pattern. Thus. there is

consistency with patterns shown in Figures 13 and 14 and the information given

above. As the angle of incidence grows to five degrees, the side lobes grow to

approach the height of the central peak. Ii addition, there is a small shift in the x

axis caused by astigmatism which has to be included. This causes problems with

detection which has not been dealt with in any of the research to (late. Hlowever.

with any kind of threshold level detector this problem can be overcome (5:63-6 t).

From the graphs in Figure 25, as alpha grows, the main lobe separates into many

., a. : alin.l definite problems for two point resolution as pointed out by \Vat-

sc) (5:10-62). :\n addlitiotral prolemn for this optical system is that the :miount

-tf p,<%r in tli ,enoril ak at an angle of five degrees is approximnitely 10 per-

, t. lt1 i0 t = () c:se.
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Lens 2, as seen in Figure 26. is a poor lens based on multi-aperture considera-

tions. At an angle of zero degrees, the side lobes of the system are approximately

45 percent of the intensity of the central peak. This is obviously not a good

multi-aperture system. As the angle grows, the side lobes increase to the point

that by the time the angle is two degrees. the side lobes are within 90 percent of

the central peak. At an angle of ten degrees the central intensity begins to walk

down the x as well as the v axis. Again, this must be accounted for in the detec-

tion system. For angles above two to five degrees, virtually no information can be

gleaned from this system with the thick lens because of the many peaks in the

central region. In addition, the central intensity has decreased to approximately

one percent of its initial value. The aberrations present as the angle increases

indicate that this lens is unacceptable for multi-aperture systems.

VI.4. Four Apertures

In Figure 27 are the intensity patterns for the four aperture system at varn-

ous angles alpha. The four apertures almost completely fill a square in the optical

system, thus a square pattern is achieved in the image plane. The multi-apertur,

intensity plots for Lens 1 are much better than for Lens 2 based on the results

;' "-"froin section V1.3. "ITherefore, the analys-is of Lens 2 for the four aperture wisoxvll

Q' he onitted. For Lenis 1, the side lobes are very smnall -it n = 0. Hocweve r. :i:- 11w

central peak intensity. Ngahl. as the angle alpha increfor:s, the number of peaks ii
the rane e _ntra] nrxiivrn, and thus twre are prol,lms
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with a large field-of-view for this system. As before, the central peak shifts iown

the x axis, by a relatively small amount compared to the shift down the v axis.

VI.5. Six Apertures

Figure 28 gives the intensity patterns for the six aperture system at various

angles alpha. As can be seen from the patterns for Lens 1. the central peak has

decreased in width significantly from the three aperture case. and the side lobes

are also much smaller than in any of the previous systems. These are excellent

results based on two point resolution criteria. However. as the angle alpha grows.

many side lobes increase to a height equivalent to the central peak by an angle of

five degrees. This optical arrangement actually proves to be a far worse

configuration than that for the three aperture case. This result contradicts previ-

ous research (5,6). Therefore, this optical system shows the same problems as the

previous two optical systems. This is an unexpected result based on previous

research concerning SDI's required twenty degree field-of-view. No comment will

be made about the six aperture case for Lens 2 given the results from the three

aperture case.

V-.6. Field-of-View and Power Considerations

Field-of-view and power in the central peak are the two basic problems of

interest within this thesis. As can be seen from Figures 2.5 throlgi 2S. the lield-

of-view of any system varies with the number of apertur-s in the system. their
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placement. and the angle of incidence of the incoming radiation. Only Lens 1 will

be considered in this synopsis since the intensity patterns for Lens 2 were so poor

w when compared to Lens 1. As determined previously, the mnore apertures there are

in the optical system. the narrower the central peak, which is a very good result

for two point resolution. Also aperture placement is important in field-of-view

considerations. While the four aperture case was poor when compared to the

three aperture case, the six aperture case seemed to be the best of all systems stu-

died. However, this is apparently only for on-axis radiation. The computations

achieved in this thesis indicate that for off-axis radition with a more accurate

analysis for the transfer function of a thin lens, the beam degradation a-tually

becomes far worse as the number of apertures is increased. Also. there exists a

problem of threshold levels dependent upon the angle of incidence. At angles less

than five degrees these systems behave well, but for angles greater than five to ten

degrees the system performance degrades due to the large number of side lobes of

the same approximate size as the central peak. The structure of these patterns.

i.e. the envelope, is the same as that obtained in the experiment.

The main problem forseen in future optical systems is not the problem of

0field- of-view in relation to two point resolution but the problem that the further

off-axis the incident radiation, the le, power appearing in the central lobe. This

g coull cause serious problems with "tection as has been mentioned previosly. If

insuffcient intensity exists to detect the signal, aberrations iressentially nin-

portant. Also. if any kind of threshold system were used for this detector. th,

L angle of incidence must be considered so that the threshold could be v:ritcd. This

poses an extrernely difficult design problem for futire optical syst ms.

W N % %.



VII. Results: A Comparison of the Four Methods

i Given in this chapter is a comparison of the four analyses discussed previ-

ously to find an overall method for describing a transfer function of a thin lens

appropriate for off-axis projections. The four methods discussed are: Goodman's

Analysis. The Walton Analysis, FALCON. and Experiment.

VII.1. Comparison of the Results

Given in Figures 29 through 32 are a comparison of the results at the specific

angles zero, two. five. and ten degrees for Lens 1. At zero degrees. all four of the

methods correlate extremely well. This is the limiting condition for the Walton

analysis. and the validity regime for the Goodman analysis. This result is excel-

lent since it shows consistency with the results shown previously in the literature

(1,8). The only aberration present in this analysis is spherical aberration.

At an angle of two degrees, the Goodman analysis shows that there is no

beam deformation. only a translation in the v axis from the plane wave. Ilowever.

the experiment explicitly shows how astigmatism is present as well as a small

translation in the v axis. FALCON shows not only an astigmatic problem. but

also a contribution due to coma. The Walton analysis shows the same intensity

distribution as the experiment.

At an angle of five degrees. the Goodman analysis again shows only a trans-

,ation in the vaxis. The experiment shows not only an astigmatic problem. but a
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large contribution due to coma. The intensity distri butions from FALCON show

only the portion of the coma pattern in the y direction, the point of maximum

P intensity. The Walton analysis at this point -hows not only the portion of the

coma pattern in the y direction, but the astigmatic asymmetry in the x direction

as well. The Walton analysis correlates well with the experimential results.

At an angle of ten degrees. the Goodman analysis shows a further transla-

tion. The experimental result shows a large component due to coma. which

literally washes out the comtribution due to astigmatism. The FALCON analysis

has exceeded the limitations of the program because of the finite size of the matrix

used in the FFT. The \Walton analysis again correlates well with the experimental

results.

Given in Figures 33 through 36 are the results for Lens 2. The analysis is the

same as that of Lens 1 except that the strength of the aberrations occur at much

smaller angles than for Lens 1. Also, the Walton analysis has broken down since

a thick lens does not agree with the basic assumption of the analysis. FALCON.

as before. breaks down after five degrees since the analysis has exceeded the limi-

tations of the program.
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VIII. Conclusions

1
This thesis contains a number of breakthroughs, the most important of

which is a new expression for a thin lens applicable for off-axis projections. This

expression qualitatively analyzes the aberrations induced as the incident radiation

impinges a lens at an arbitrary angle alpha with respect to the optic axis. This

expression. unlike Goodman's (1:SO), displays how the resulting aberrations will

affect the field-of-view of a system. This system was verified through various

methods, the most important of which was a simple experiment. This experiment

explicitly shows how the beam deformation in the image plane affects the field-of-

view of an optical system. Through this experiment, the accurate modelling of

the system by a computer program was determined.

Subsequently, the program ALPI-L\ was used to model two different lenses.

one thin and one thick. The thick lens was employed to test the limitations of

the underlying approximations. This lens accurately verified the extent of Hie

thin lens approximation. As the angle alpha grew. the finite limitation of the
J.

matrix size in the program limited the field-of-view of the results derived from the

\W:dIton aiialvsis.

lThe thiin lens behaved very well, both in the experimental :iialvsis. al

hatr themilit:1tiomnl analysis. This lens shiowed aiclirittlv lhotIi t. prblemi>l

:1i1d r',-ls ,f inere'sligt li, angle ,alpla..-s the angle wa> ine svl from /.,', t,

five. ,l, . al,'s t ignat isi becarine tlie dominant aherratikm. . -s the angle N :i, thin

inrea.el fro1I fiv 1o tell t grecs, astigmatism ws still lresriit, but coma hmr'amm,
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the dominant aberration. BothI of these aberrations aire off-axis alerrat ions :i:.

defined by Born and WVolf (8:21 1-218s). At an andte or zero de,4rees, the only ahe-r-

ration present wvas spherical. The amount of spherical aberration pr! eent t aync1

basically constant as the angle was Increased.

The most important result of this thesis Is the application of thisl. lens expres.-

sion to the multi-aperture configurations flis;ted in Chapter VIi. These result.s -,ire

very important for SDI initiatives. A hield-of-view of twenty degrees i possible

from any multi- aperture systemn made uip of thin lens<es. 1However. the number ()f

lenses. placement of the lenses, and the angle of icidence of the irninrili

* tion are vitally 'import ant criteria when dlesigniing the mlost accurate o)pt ival sv--

tern. The more apertures the better the field-of-view for on-axis radiation.Ilw

ever, for oil-axis radliation, as alpha inucreases,. the fewer apertutres the bet ter for

ild -of-vio.w cons iderar ions. By comparing the three and four apertur rc ease. the

placement or the lens es is seen to he a doiinant fact or in (leterinin hg Owi

optimnitn multi-aperture df-siTn. ('nes .In allI thr(e ytm n1()IAde . tir"

was a Iprohblen in the imange plan-e of the side lobes app)roaching thie height o)f thet

cntral I inxi m ii at a ngles o)f in cid en ce bet ween ci git and twelve Iresfor the

(( d~laIihi. Fiun hiet rcs :irch sIioiild be, (e in this are-a to aIscnt :iin tlie

pril!h.~inhwernt in this arligir rang of incident raitonhi It thy speihic

'lh rn"tiriijo(rt:'Int (dih tl his tlwhI > i>- tllat whlilP Ii'hvf ii

a -iiiii~mit rohdei. the- ptwer 1('l inl tilie centir:1l iiii1xi l s11 ti hi'- Uw

I l'to Vtte \ the ilrcibtit iu' pI:Ih4t'i Pn''.tiei:.tt' i w
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central peak draedto one percent of the power in the on-axis case.

A possible solution to this5 a bcrr-at ional problem lies in the eng-ineerimg of the

goverall optical !xsteni. If a beamn steering optic. such as a grating. we-(re placedI in

he optical path of the incident radiation before the first optical element of the

receiver it could poss ibly alter the path from off-axis to on-axis. This wouldl

enable the systemn to use the b-es-t lima-Igi criteri as of a in nti-aiptrtire vystemn

while keeping the -id.vantages of an optical beam st eerinig dievice. N lore r~arh

shud lobe conducted- in the arenals of: the application (.X iiiccier'ilt ligh1t To

the new expression for the thin lens. the effects of off-ax*is project ion wit hin The

an gles of eighit to t vel ye degrees in the Groodmina in mu t i- apert ii e aimi:ivi. mnid t h

dt r-m dno ace -ite iiti- ai e rt ure 5ystems ileroaii i ew% !(. t jre1,o



APPENDIX A

I

This appendix contains the code for the program GOODNIAN. This program

calculates the far-field intensity pattern of the impulse response for the Godllan

thin lens at various angles of incident radiation (with respect to the optic axi').

The aperture is defined by the knowns: the two radii of curvature for the lens.

the radius of the aperture stop. and the angle of incidence a. The various dis--

tances through the lens are then calculated for various x and y coordinates, in the

central plane of the lens as is defined in Figure 4. These distances are then corn-

puted as phase lags for the incident plane wave (at an arbitrary angle). This

aperture is then Fresnel propagated to the image plane where the inteniity plots

are computed and given in the text. The parameters. as well as other dimensions

deterinined by the computer, are in units of pixels. The optic axis is centered on

the position ( 1_S... 1.5) in the object plane, and in the image ITln h"I !stem

rounds the optie axis to be at the position (129.129).

I

27(

111 '.11 v A l' l 'O
.5

S . V S

.- 9 V



C
C
C PROGRAM.%: GOOD.NIAN.F
C
C
C THIS PROCGRX-\I CALCULATES THEI INTENSITY OF THE TWO
C DIMENSIONAL IMLAGE OF A PLANE WAVE THROUGH.-A
C THIN LENS A-%T SOME ANGLE ALPHLA
C

CINTEGER LAI .LX2.-NI .N2.N3,IJOB.I\\K(2000),N

INTEGER LARG. JARG.CEN\TER
REAL R\I(2000).I-NT(256.236).X.AI\(256.2 6 ).R I.R,2
REAL INDEXYPI.RA-\D.D.A-R G2.F.A-\LPiA.\ LVN.AS~lTOP
COMPLEX C\\1K-(256).A\(256.256).B(2.36.250)

C,
OPEN(UNIT-23,STATUS=NLTW'.F ILE=A*-kPER.D_\T')
OPEN(UMT-). LSTATUS ='NEEV'.F ILE =DBGFF T.DATY)
OPEN( 'UN1 T=25.STA-TU S='NE\NV',FILE='TEST. DAT')
OPE-N(UN1\T=26STATUS--='--NW'F ILE ='PERFE CTA.DAL\,)

C READ PA-\RAM"ETERS
C

N =256
F'1=3.1-115027
WRITE(5.29)
READ(5.30) RI
READ(5.30) R2
REAkD(5.30) ASTOP
READ(5.30) INDEX
REA \D(5.30). ALPI-LX
READ(5.31) CENTER

29 FORNLXI~T(2X'TY-PE IN' VALUES FOR R1h_~O~IN):.Ii .\. ANI)
- CENTER(o OR 1). RETURN AFTER EA CH ENTRY. RNMIPIL~O)
30 F OR.\tAT(F15.4)
:31 FORN.LNTl(:13)

\VRITE'(5.30) RI%.
C
C RIV=R.\DII~s OF CUR'VATUR>E 01' 1,EFT hA-N!) 1tII
C P-Z=Z\DI_'S OF ('I *R\V.1'~IHC O 01(Ii'I[N 1 :.\1
C OFI-ItII ' 1 APkkJ ()I; ,T0 OT I 1
C OF)xIN~~ 0lk, FRflP.\ "ITION OF 1,11 Vii 1W VI
C Fz zFOC.\I, LIKNG'II 1 01" TI lKl, TrI 1I N IAN>
C .Ii A AN I;OF INCII)LN(I I ll. )[I Wi \\ I
C (IN IR=\Ii1IkOP \OT )'(I \.NT Til 1\ I~ \-I> I Ki \i'ji i .

C



ALP FIA \I--P FL-\ *P1/ ISO.
F = 1. /( (IND EX-i1. )* (1/Ri-i /R2))
DELX=ASTOP/ 17.

C
C CREATE A-\PERTU-RE
C

DO 220 1=1,-N
Xl=I
DO 200 J=i,N

AyJ=J
RA-\D=DELX*SQRT((Xl i27.+O.5))* *2--+(y-J.(i27.+0.5))**)
X==(XJ-( i27.+O.5))*DELX
tY=(YJ-(127.+O.5))*DELX
WF(RXAD.LT.ASTOP) GO TO 60
WF(RAD.GT.ASTOP) GO TO i00

60 D=-Ri*(.SQRT(I ((X**2+Y* *)/i*2))i

ARGi =Pl*(X**2-+Y**2-)/F
ARG2=2.*PI*(IN\DE-X-.)*D+AJ\-G1i2.*PI*X*SIN(ALPHAL)

* IF(I.EQ.128) THEN
WRITE(21,87) J.X,-i.D.X-\RG1.A-RG2

87 FOR-NIAT(2X,13.3(3X,IPE11.4))
ENDIF
A(I .J)=C\IPLX(COS(X-RG2).,SlN(A-RG2))
GO TO 120

100 A(lJ)=(0.0.0.0)
120 CONTINUE
.200 CONTINUE
220 CONTINUE
C
C OUTPUT APERTURLE \IATRD
C

DO 230 1=90.12-,
DO 225 J=90.127

*\\RITrE(23.]O) 1.J.A-(I..J)
10 FORNIA[.T(2X.1:3.3X.13.2(3X-\. 1 FE1 1. 1))

2:20 CONTINUE
C OTNI

21 L IA>=N

NU I

N2=
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lJOB=1
CALL FFT3D (A4,IAI .LX2,N M.N2.N3.1 JOB.1\\1K-.RP\1K.C\\iK)

CIC OUTPUT \NW MA-\TRIX: A
C

DO 242 J=1.N

NNRJTE(24,40) I.J.A(I,.J)
40 FOR,\AT(2--X,13,3X.I3,.2(3X-, IPE 1.4))
2-12 CONTIU
C
C

IF(CENTER.EQ.l) G;O TO 767
IF(CEN\TER.EQ.O) THEN

C SHIFT ZERO FREQUENCY TO A-RRAY CENTER
C
C

*DO 260 1=1.256,-)
DO 2535 J=1,12S

B(I,J)=A(1.J+ 128)
B(I, J +128) A( 1, J)

2.5.5 CON,\TIN-\UE
260 CO 0N T INUTE

DO 27-0 J=1.2.56
* DO 263 1=1,128

A(I.J)=B(J+128.J)
A(I-i128.J)==B(I..J)

265 CONTINUE
270 C ON TINUE
C
C
C REDUCE SIZE OF ARRAY

DO20 1=1,96

DO 2-15 J=1,96
B(I,J)=- 'I+SO,J-i80)

2 215 CONTIN-UE
250 CO-NTIN'\UE
C
C

*C WRITE CENTERED A MATR-)%IX

DO 27-1.1=1,06
DO 272 .J=1,96
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NN-RITE(2-5,40) I.J.B(I.J)
272 CONTINUE
274 CONTINUE
C

C C.ALCU-LATE THE -MODULUTS AND INTENSITY OF ARRAY
C

DO -100 1=1,96
DO 380 J=1.96

M%(I.J)=CAkBS(B(I,J))

380 CONTINULE
400 CONTINULE
C

C FI'ND THE POINT OF MALXIM.UM INTENSITY

N tAkX=0 .0
DO 343 I1=1,96

DO 341 J==1,96
IF(IN-\T(I,J).GT.MLAX) THEN

liLAX=I

ENDIF
342 C ON TINUE
343 CONTINUTE
C

C OUTPUT OF INTENSITY

I.NI-X=L\Lk\X±80
-AJMAX=JMtAX+80
WkRITE(26,13-1) IMAX,JMAX,LA.X

13-1 FOR.NIAT(2X,13,3-X,i3,3X,1PE1 1.4)
DO 404 I=1,96

DO 402 J==1,96
WVRITE(26,41) 1,J,INT(I,J)

41 FORM\,AT(2X,13,3X,13,3X, 1PE 1.41)
,W2 CONTINUE
4041 CON T I NUE

ENDIF
GO TO 999

C ************************************
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C
C TO GRAPH MAL-XP\UM I-NTE-NSITY AT CENTER OF PLOT
C
C SIFT ZERO FREQUEN. CY TO ARRAY CEN-TER
C
767 DO 6.54 1=1,256

DO 653 J=1,128
B(I,J)=A(I,J+128)
B(I,J+1 28)=A(I.J)

653 C ON\T INUE
654 CO'NTINUE

DO 652 J=1,256
DO 6511-18

A(IJ)=B(I+ 128,J)
A(I+128.J)=B(I,J)

651 CONTINUE
6-52 CON.TINUL-E
C
C
C CALCIULATE THE .MODULUS A-ND INTEINSITY OF THE ARRAY
C
C

DO 721 1=1,256
DO 720 J=1.256

TM(I,J)=CABS(A(I,J))
INT(I,J)=M(I,J)* *2

720 CONTINUE
721 CONTINU-E
C
C
C FIND THE POINT OF MAXIMUM INTENSITY
C

MLAX=0.O
DO 124 1=1,256

DO 123 J=1,256
JF(lNT(I,J).GT.MLAX) THEN

IMAt~X=I
JN'IAX= J
%,AX=INT(I,J)

E NDIF
123 CONTINUE
1241 CONTINUE
C
C
C SELECT BOX TO GRAPH
C

IOFFSET=INJIX-48-1
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JOFFSET=JMAL-X-48- 1

IF(IOFFSET.LT.1) THEN
IOFFSET=O

E ND IF
IF(IOFFSET±96.GT.256) THEN

IOFFSET=256-96- 1
EIND IF

3 IF(JOFFSET.LT.1) THEN
JOFFSET=O

E ND IF
WF(JOFFSET-i96.GT.256) THEN

JOFFSET-256-96-1

ENDIF

DO 542 1=1,96
DO0 541 J=1,96

MI(I,J)=INT(IOFFSET+I,JOFFSET±J)
541 CONTINUE
542 CONTINUE
C

C OUTPUT OF INTENSITY

\VRITE(26,34) JM\,AX,JM\AX,MVALX
34 FOR.\LkT(2X,13,3X,13,3 X,1PE11.4)

DO 702 1=1,96
DO 701 J=1,96

WVRITE(26,73) LJ,M\(I.J)
73 FORM,,ALT(2X,13,3X,13,3X,1PE1 1.4)
701 CONTINUE
702 CONTINUE
999 STOP

E ND
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APPENDIX B

This appendix contains the code for the program ALPHA. This program cal-

culates the far-field intensity pattern of the impulse response for the Walton thin

lens at various angles of incident radiation (with respect to the optic axis). The

aperture is defined by the knowns: the two radii of curvature for the lens, the

height and aperture stop for the lens, and the angle of incidence a. The various

distances through the lens are then calculated for various x and y coordinates in

the central plane of the lens as is defined in Figure 11. These distances are then

computed as phase lags for the incident plane wave (at an arbitrary angle). This

aperture is then Fresnel propagated to the image plane where the intensity plots

are computed, and given in the text. The parameters, as well as other dimensions

determined by the computer, are in the units of pixels. The optic axis is centered

on the position (128.5,128.5) in the object plane, and in the image plane the sys-

tern rounds the optic axis to be at the position (129,129).
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C PROGRA-M: ALPHAL-.F
C TIlS PROGR.AM CALCULATES THE INTENSITY OF TI-I TWO
C DIM-\ENSIO-NAL L\IAE OF A PLANE WAVE TH[ROUCGH- A
C THEN LENS AT SOME ANGLE.:ALP-L-k
C
C

INTEGER LAI ,1A2.N1 .N\2,.N3.IJOB.I\\IK(2000).N-\
INTEGER Fl.F2,CE-NTER
REAL RWKI-(2000).I-NT(256.2--56)X,Y,NI(256.256).R 1 R2J1-ALPHA
REAL IN-\DEX.PI,RA-D ,BETA.ETA.XSDJI.XSIP,ARG1 .A-RG2.F.\L-\.X
REAL L-AMBDA.D(256,256)..ARG3.ARG4
COMPLEX CW\IK (256).A(256.256).B(256,256)

C
OPEN-(UN-\IT-)3,STA-TUS='\NW'FILE=SURFACE.DAYkT)
OPEN,(U-N\IT=2-1,S TATUS ='.-N\'.F ILE ='DBGFFT.DAT)
OPE-N(UNIT= 25,S TATUS ='N-EW%',F ILE= ALPI LA.DAT')
OPEiN(UN'\IT=2,STATUS =N ENV'.FILE ='A kLPHA-.DAT )
OPEN-\(UN .\IT= 27, S TATU S =N. EW',F ILE='.IILLSA.DAT)

C
C RE.AD PA.RAMETERS

C. N=256

PI=3. 1415927
WRITE (5,29)
READ(5,30) Ri
READ(5,30) R2
READ(5,30) 11
READ(5,30) ASTOP
READ(5,30) ALPHAL
READ(5,30) JNDEX
READ(5,31) CENTER

29 FORMAT(2X.TYPTE IN VALUES FOR R1,R2,H,ASTOPA~LP-A.IN\DEX-\
*AND CENTER, RETU-R-N AFTER EACH ENTRY, REMEMBER PERIODS")

31 FORM\ALT(13)
30 FORM\,AT(F-5A4)
C
C Rlz=R.-\DIUS OF CURVATURE OF LEFT HAND SURFACE
C R2=RADIUS OF CURVATURE OF RIGHT HA, ND SUJRFACT

!WC FL=I-EIGFIT OF LENS FRO.M OPTIC A-XIS AT CENTER OF LENS
C ALPHA-=ANGLE WITH RESPECT TO OPTIC AXIS OF INCIDENT
C PLANE WAVE
C INDEX=I.NDEX OF REFRACTION OF THE LENS iMEDrUAI
C F=FOCAL LENGTH OF THlE THIN LEINS
C LAMlBDA=W.AVELENGTH USED IN EXPERIMENT (HE.NE - 632SE-6)
C

ALPHIA=ALPI IA*PI/ 180.
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DELX=ASTOP/ 17.
LX\ [BDA= .632S
WVRITE (5,30) ALA,I C

C CREATE APERTURE
C

DO 220 I=1,N
MG=I

DO 200 J=1,.N
YJ= J
R.AD==DELX*SQRT((X1V-[(127.+0.5))**_.+(_J-( 127.+O.5))**2.)
X==(MXI(127.+0.5))*DELX
Y==(YJ-( 127.+0.5))*DELX
IF(RA.D.LT.ASTOP) GO TO 60
IF(RAD.GT.ASTOP) GO TO 100

60 BETA= I./(COS(ALPHiA)* *2.)
ETA=~X**9 )+Y**2-.-LI**29.
XSIM\=(SQRT(R2* *92H* *2?))YA*TAN(ALPHA)
XSIP=(SQRT(Rl**2--.-H**2-.))+Yi*TAN(ALPHA)
D (1,J)= COS (ALPHA) *((S QRT (XSIM* *'-.-ETA* BETA))+

* (S QRT(XSIP *').ETA* BET.\))XS fS,,IXSIP)

A\RG2=2.*PI*Y * SIN(ALPHAN)* 10* *4/L.A \JBDAk
ARG3=2.*PI*(INDEX71.)*D(I,J)* 10**4/LANvIBDA
.ARG-1=ARG3fARG 1-ARG2

'RITE(27,97) I,J,D(I,J).ARGI..RG2.,ARG3.ALRG-A
97 FOR.\LkT(2X,2(13,3X),5(1PE1 1.4.3X))

IF(I.EQ.127) THEN
WRITE(27,98) J,RAD ,X,Y,BETAETA,XSINLXS IP
WVRITE(27,99) D,ARG1,.AIRG2

98 FORMAT(2X,13,7(2X,1PE1I1.))
99 FORi\MAT(15X,3(1PE11.4,2X))

ENDIF
A(I,J)=CMIPLX(COS(ARGI ),SINL(ARG4))
GO TO 120

100 A(I.J)=(0.0,0.0)
D(I,J)= 0.0

120 CONTINUE
200 CONT I NUE
220 CONTIN-UE

C OUTPUT APERTUTRE MNATRIX
C

DO 230 1=1041,151
DO 225 J=104l,151

IF(REAL(A(I,J)).EQ.0.) THEN
NM,(,J)=0.0



ELSE
M (1,J) LNA(MIG (A(I. J))/R EA-L(A(I, J)))

225 CONTINUE
230 CO.NTINU,-LE

C PERFORM FAST FOURIER TRANSFORM USING LMSL
C
C
210 IA1I=N

-N2=N\

'\3=1
IJOB=l1
CALL FFT3D (A,L-kl ,1A2,N1 ,N2,N3,JJOB,IWIK.-RW1K..CWTK,)

C
C OUTPUT NEWNMATRIX A
C

DO 2412 J=1,-N
I-17

WRITE(21,1) I,J,A(I,J)
40 FOR.\AT(2X,13,3X..13,2(3X,1PE1 1.4))
2-12 CO-NTI-NUE
C
C

IF(CENTER.EQ.1) GO TO 767
IF(CENTER.EQ.O) THIEN

C
C SHFZEOFEU NCTOARYCNE
C SHTZRFRQECTOARYCNE
C

C O20I=,5
DO 20 J=1,28

DO25J=1(,J128)

25 B(I,J±128)=A(I,J)
25 CO0NTIN,\UE

0260 CO.NTINUrLE
DO 270 J=1,256

DO 265 1=1,128
A(I,J)=B(I+128,J)
A(l+128,.J)=-B(l,J)

265 CONTINUET
270 CONTINUE
C
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pc
~C

C REDUCE SIZE OF ARRAY
Cp

DO 250 1=1,96
DO 24.5 J=1.96

B(I.J)=A(I+S0.J-+80)
2-15 CONTINUE
250 CONTINUE
C
C
C WRITE CENTERED A LATRLX
C

DO 274 I=1,96
DO 272 J=1.96
WRITE(25,40) I,JB(I,J)

272 CONTINUE
274 CONTINUE
C

C CALCULATE THE MODULUS AND INTENSITY OF ARRAY
C

DO 400 1=1,96
DO 380 J=1,96

M(I,J)=CABS(B(I,J))
SINT(I,J)=M(I,J)**2

380 CONTINUE
400 CONTINUE
c

C FIND THE POINT OF NLkXIMUM INTENSITY
C

MAX =0.0
DO 343 I=1,96

DO 342 J=1.96
IF(INT(I,J).GT.MLA.X) THEN

IMA X=I

.JMAX=J
SIAX= INT (,J)

ENDIF

342 CONTINUE
343 CONTIN-U E
C

C OUTPUT OF INTENSITY
C
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721 CONTINULE
C

DO 368 J=1.2-56.
WNRITE(21,23) J.NT(129.J).J+1 .INT(129.J+1)I23 FOR\IAT(2X.2-(I3.3X1PE11.1.3X"))

368 CONTINUE
C
C FIND THE POINT OF MAXI MUM INTENSITY
C

N LA\X =0.0

DO 124 I=--1.256
DO 123 J=1.256

IF(IN-T(I.J).GT.NLAkX) THEN:-
E\ LAX= I
JN\LAX=J
NLA-X==INT(I.J)

ENDIF
123 CONTINUE
124 CONTINUTE
C
C
C SELECT BOX TO GRAPH
C

JOFFSETz=L\AX-18-1
JOFFSET=JNL-X--48-1

C
IF(JOFFSET.LT.1) THEN

IOFFSET=0
E ND IF
IF(IOFFSET+96.GT.256) THEN

10FF SET =255-95-1

END IF

IF(.JOFFSET.LT.1) THEN
.JOFFSET=O

ENDIF
IF(.JOFFSET±96.GT.256) THE N

.JOFFSET=256-96- I
END IF

C
C\L\X=O.0
DO 542 1=1,06

DO 5-11 J=1,96
NI(I,J)=INT(IOFFSET+IJOFF SET +J)
I F(M\(IJ).GT.CNIA\X) THEN

%LAXI = I
%MALxJ=J



C.% IAN =\ I 1(I. J)
ENDIF

I4 CO.NTINU-E
5,12 CO.NTI-NU-E

C
C OUTPUT OF INTENSITY
C

WRITE(26,73) JIXJIXNA
73 FORNIA-\T(2X,13,3X.13.3X, 1PE 11i.4)I DO 702 1=1,96

DO 701 J=1.96
W\RITE(26.7:3) I.J.NI(L.J)

701 CONTINUE
702 CONTINU7E
999 STOP

END



APPENDLX C

This appendix contains the code for the program ZERNIINE. This program

calculates the far-field intensity pattern of the impulse response for the two lenses

at various angles of incident radiation. The aberration coeffciells were first cal-

culated by the ray trace program FALCON. and then these coefIrcients were

mapped onto a unit circle which is the exit pupil of the opticnl system. These

values were then entered into a Fast Fourier Transform, and the intensity plots

were calculated by squaring the output of the transform. The optic axis is cen-

tered on the position (128.5,128.5) in the object plane, and in the image plane the

system rounds the optic axis to be at the position (129,129).

I
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c

C TIS PGAMCAL1CULATE'S TILE INTENSITY OF THE TWVO
C DIMEN'SIONAL1 IMA-GE OF A PLANE WAVE THROU%0tGH A

C, LENS WITH THE A\PPROPRLvTE ZERNiIKE .kB3ElRZRATIONS AT SOME
C ANGLE AL PI I-

INTEGER Ll.X.I.2N3IJBI\K20'.
INTEGER LVRC.JARG.CENTER
REAL RI(00.N(3.5)XYN(526.IP
REAL INDEX.PJI.RA-D.A:\RC2.FOCA-LNAXiLAM1) A

COMPLEX C\ \1(25 6).A(25-6,2.5-6).B(2.Th6256)

OPEN (UNIT =23.STATUS =:=NE\V.FILE =--APE R. 1)A')
OP E N(UNI T= 21STATUS =N \E\\,F ILE ='D BGFFT. 1). \I
OPEN(UN1IT==25 STATS== -N NT 'VFILE = TEST.DA T )

*OP EN (U-NIT =-26,STATUS= 'N-E\W.FILE=Z E R NINE. 1). k Y)

JC READ PARAMETERS
C

N=256
L-\Mfl3DA=.632S
PI==3.l4 15927
WRJTE(5,29)
READ(5,30) Ri
READ(5.30) R2
READ(5,30) A-LP1FLk
REXD(.5.30) INDEX
READ(5,30) Al

ft READ(5,30) A2
READ(5,30) A3

* REXD(5.30) A-1
READ(5,30) A5
READ(5i30) A6
READ(5.30) A7
READ(5,30) AS

* REXD(5,31) CENTER
20 FOR.\LkT(2-,'TYP)E IN VALU-ES FOR RlR.LIAIDXA-.AND

*cENTER(0 OR 1) RETURN AFTER EA.CI ENTRY. RENN3RPEIOD!
30 FOR.\L\T(F:15.1)
31 FOR.\-T(I:3)

N -PITE(5.30) RI'.

C Rl1=RADI[US OF CURVATURE OF LEFT HAND SU'RFC
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C R2=RADIVS- OF CU-RVATURE OF RIGHT ILAN\D SURFACE
C, LNDEX=INDEX OF REFRACTION OF THE LENS %IEDIUM\
C FOCA.L=FOCXL LENCGTH OF THE THIN LENS

C A1-S=TIIE ZER-NIIKE COEFFICIENTS :TILT.FOCUI-S.ASTIG.\L-\TIS\L.C'ONIA,.
C AND SPHERICAL
C CENTER= \\HTI-IIHER OR NOT YOU WANT THE INTENSITY GRA-\PH TD
C CENTERED ON TIlE.\Lk\INIUNI-\ OR NOT
C

FOCAI=== 1 ./((INDEX- 1.)*( 1/R1-1/R2))
ALPILtk=ALPI LAV P1/ ISO.

C
C CREATE A-PERTURE
C

DO 220 1=1,-N
M =I1
DO 200 J=1.N

I-J=J
Rk-\D=SQRT((M-C(127.+.5))**2--+(Y J-(127. O.5D))* *2!17.
X=-(Xl-(127.+O.5))/17.
Y==(YJ-( 127. +O.5))/I7
Th(RAD.LT.1.) GO TO 60
WF(RX.D.GT.1.) GO TO 100

60 P11I = A1*Y + A2*X + 3(1+.Y*22**2
*+ A:-*2-'.*X*Y + A4*(Y**2-X**))
* + A6*(-2.*Y'+3.*AY**3+3.*Y*X**2))

* 12.*X**2*Y**2-+6.*X**4)
ARG2-2.*LPI*PI~I - 2.*PI*Y*SIN(X-\LPHAk)* i0**[/ - Nf
A(I,J)=CMFILX(COS(ARG2).SI-N\(-ARG2))
GO TO 120

100 A(I,J)=(0.0.0.0)
120 CONTINUTE
200 C ONT I NUE
220 CONTIN-UE
C
C OUTPUT APERTIURE MATRIX
C

DO 230 1=90.127
DO 225 J=90.127

\VRITE(23. 10) I..(.I
t0 FOR.\IAT(2X.I:.Ni.v\ IIi
225 C ON TINUE-
230 CONTINUE"
C
C
C PLJ? V)I ,NI I F V I



240 IA1l=N
LA2=N
Nl=N
N2=N
N3= 1
IJOB=l
CALL FFT3D (A,LA,1A2,N1 ,N2,N3,IJOB,IW-K,RWKl-,CWKI,)

C
C OUTPUT NEW MA-TRIX A
C

DO 2412 J=1,N
I=127
NVRITE(24,40) I,J,A(I,J)

40 FORMALT(2XI3,3X,I3,2(3X,1PE11.4))
242 CONTINUE
C
C

IF(CENTER.EQ.i) GO TO 767
IF(CENTER.EQ.0) THEN

C SHIFT ZERO FREQUENCY TO ARRAY CENTER
C
C

DO 260 I=1,256
DO 255 J=1,128

B(I,J)=A(I,Jt128)
B(I,J+128)=A(I,J)

255 CONTINUE
260 CONTINUE

DO 270 J=1,256
DO 265 I=1,128

A(I,J)=B(I+128,J)
* A(I+128,J)=B(I,J)

265 CONTINUE
270 CONTINUE
C
C

* C REDUCE SIZE OF ARRAY
C
C

DO 250 I=1,96
DO 245 J=1,96

B(I,J)=A(I±80,J+80)
245 CONTINUE
250 CON T INUE
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C
C
C WRITE CENTERED A.%MA-TRDa

I DO 274 1=1,96
DO 272 J=1,96
WRITE(25,10) I,J,B(I,J)

272 CONTINUE
274 CONTINUEU C
C
C CALCULATE THE MODULUS ANT) INTENSITY OF ARRAY
C

DO 400 I1=1,96
DO 380 J=1,96

M(I,J')==CABS(B(I,J))
IiNT(I,J)=M(I,J)* *2

380 CONTINUE
400 CONTINUE
C
C
C FIND THE POINT OF AXMMINTENSITY
C

,MAX=0.O
DO 343 I=1,96

DO 342 J=1,96
JF(INT(I,J).GT.MvA-X) THEN

JM, AX= I

NMA-X=INT(I,J)
ENDIF

342 CONTINUE
343 CONTINUE
C
C
C OUTPUT OF INTENSITY

IM,,AX=LMAkX+80
JMAXX= JM ,AX+80
WRITE (26,1 341) I X.NL\.V

134 FORMN/AT(2X,13,3X,13,3X.\,1PE1 1.4)
DO 4041 I=1,06

DO 402 J=1,96
WRITE(26,41 I,LJ,INT(I,J)

41 FORMALT(2X.13,3X,13,3X-\,1PE1 1.4)
402 CONTINUE
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I
404 CONTINUE
C
C

ENDIF
GO TO 999

C
C
C TO GRAPH MAXIM UM INTENSITY AT CENTER OF PLOT
C
C SHIFT ZERO FREQUENCY TO ARRAY CENTER
C
767 DO 654 1=1,256

DO 653 J=1,128
B(I,J)=A(I,J+128)
B(I,J+128)=A(I,J)

653 CONTINUE
654 CONTINUE

DO 652 J=1,256
DO 651 1=1,128

A(I,J)=B(I+128,J)
A(I+128,J)=B(I,J)

651 CONTINUE
652 CONTINUE
C
C
C CALCULATE THE MODULUS AND INTENSITY OF THE ARRAY
C
C

DO 721 I=1,256
DO 720 J=1,256

M(I,J)=CABS(A(I,J))
INT(I,J)=M(IJ)**2

720 CONTINLE
721 CONTINUE
C
C
C FIND THE POINT OF M.AXI.MNI"M INTENSITY
C

C LAX=0.0
DO 12l 1=1,256

DO 123 J=1.256
IF(INT(I,J).GT.IXX) THEN

IMLAX=I
JMAX=J
M.AX=INT(I,J)

ENDIF
123 CONTiN'UE
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124 CONTINUE
C
C
C SELECT BOX TO GRAPH
C

lOFFSET=A,'IAX-48-I
JOFFSET=JNvLA.X-48-1

C
IF(IOFFSET.LT.1) THEN

IOFFSET==0
E ND IF
IF(IOFFSET+96.GT.256) THEN

IOFFSET=256-96- 1
E NDIF

C
IF(JOFFSET.LT.1) THEN

JOFFSET=0
ENDIF
IF(JOFFSET±96.GT.256) THEN

JOFFSET=256-96-1
E.ND IF

CM%,AX=O.O
DO 542 I=1,96

DO 541 J=1,96
MI(I,J)=INT(IOFFSET +I,JOFFSET+J)
IF(M(I,J).GT.CMIA-X) THEN

MAXXI=I
LAXJ=J

CMvAX=M(I,J)
EINDIF

541 CONTINUEW 542 CONTINUE
C
C
C OUTPUT OF INTENSITY
C

WRITE(26,34) ILA-X,JM\-A-X,M\A-Xa3-1 FOR,\AT(2X,13,3X,I3,3X,1PE1 1.4)
DO 702 1=1,96

DO 701 J=1,96
WNRITE(26,73) I,J,M(I,J)

73 FORMNAT(2X,13,3X,13,3X, IPEI 1.4)
701 CONTINUE

702 CONTINUE
000 STrOP

EIND
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APPENDIX D

I
This appendix contains a representative code for multi-aperture systems.

The program given is NMLTI. This program computes the multi-aperture

impulse response for the Walton thin lens at various angles a for various numbers

of apertures at various placements in the field. Each lens or aperture is assumed

to be exactly like any other aperture in the system. The aperture knowns are the

same as in the program ALPHA. After the program has calculated the appropri-

ate distances and therefore phase lags for one aperture, it then translates this

aperture to various determined positions in the exit plane of the optical system.

After the multi-aperture system is set up in the object plane, the field is then

Fresnel propagated to the image plane where the intensity plots are computed,

and given in the text. The parameters, as well as other dimensions determined by

the computer, are in units of pixels. The optic axis is centered on the position

(128.5,128.5) in the object plane, and in the image plane the system rounds the

optic axis to be at the position (129,129).
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IC
C

C PROGRAM: \NULLTI.F
CI C
C TIEUS PROGRAM CALCULATES THE INTENSITY OF THE TWO
C DIMENSIONAL IMAGE OF A PLANE WAVE THROUGH A
C MULTI APERTURE SYSTEM USING THE WALTON THIN
C LENS AT SO.ME ANGLE -ALPHA

* C
C

INTEGER IA1,LAZ2N1,N2,.N3,IJOB,PAI(-(2000),N
INTEGER IARG,JARG,F 1,F2,APE, CENTER
REAL R\(2000),INT(256,256),X,Y ,MN(258 ,2356),R1 ,R2 ,H,-ALPHAL
REAL IN\DEX,PI,R-AD,BETA,ETA,XSIM,XSIP,D,ARG1 ,A-RG2.F,ROT
REAL LAM\BDAkSTOP ,MA\,LX,ARG3
COMIPLEX CWKI-(256),Ak(256,256),B(256,256)

C
OPEN(UNIT=23,STATUS='N\EW',FILE='APER.DAT')
OPEN(UNi\IT=24.STATUS-'NTEW'FILE='DBGFFT.DATL)
OPEN(UN\IT=25,STATUS='NEV',FILE='MULTI.DAT')
OPEN(UNIT=26,STATUS= 'NEW' ,FILE= 'MUILTL.DAT')
OPE-N\(UN\IT=27,STANTUS= ',NEW' FILE =NILLS 1 .DAT')

C
C READ PAR.AMETERS
C

N=2563
P1=3.1415927
WVRITE(5,20)
READ(5,30) I
READ(5,30) R2
READ(5.30) H
READ(.5,30) ASTOP
READ(5,30) RADIUS
READ(.5,30) APER
READ(5,30) ROT
READ(5,30) ALPI-IA
READ(5,30) INDEX
READ(5,31) CENTER

29 FORMAT(2X,-TY PE IN VALUES FOR R1,R2,H,ASTOP.RADTS.A-PER.ROII
IN DEX,ANI) CENTER, RETURN AFTER EACH ENTRY, REMEMBER PERIODS!')

30 FORMAL-T(F15.4)
31 FORM\AT(I3)
C
C RI=RA.DIUS OF CURVATURE OF LEFT I-LAN1 SURFACE
C R2=RADIUS OF CURVATURE OF RIGHT HAND) SU-,RFAC'E
C H=HEIGHT OF LENS FROM OPTIC AMS AT CENTER OF LENS
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C ASTOP=RADIUS OF THE APERTURE STOP OF THE SYSTEM
C R.ADIUS=OUTER RADIUS OF SYNTHESIZED APERTURE
C (E-XPRESSED AS MULTIPLE OF SUB-APERTURE RADIUS)
C APER=NUMBER OF SUB-APERTURES IN THE ARRAYIC ROT=ROTATION OF ARRAY (DEGREES)
C ALPHA=A.NGLE WITH RESPECT TO OPTIC A:IS OF INCIDENT
C PLANE WAVE
C I.NDEX=IN-DEX OF REFRACTION OF THE LENS MDIUM
C LAMBDA=WVAVELENGTH OF INTEREST
C F=FOCAL LENGTH OF THE THIN LENS

*C
.ALPHA=ALPK-k*PI/ 180.
DEL]X=ASTOP/17.
LAMfBDA= .6328
ROT=ROT*PI/i80.
F=i ./((I.NDEX- 1.)*( 1/Ri-i /R2))
SDIAMf=2. *17.
APE=.APER- 1.
ORAD=RADIUS* 17.
WVRITE(5,30) ALPHA

C
C CREATE APERTURE
C
C
C FIRST APERTURE
C

LARG=128-17.±(ORAD-17.)*COS(ROT)
JARG=128-17. (ORAD-17.)*SIN(ROT)

C
DO 107 I1=,N

DO 105 J=I,N
A(I,J)=CN.PLX(0,0)

105 CONTINUE
107, CONTINUE
C

DO 220 I=I,SDIAM'v

DO 200 J=1,SDLkM

RA-D=DELX*SQRT((X1\,I(1 7.+1.5))**9+(YJ.(17.+1.5))* *2.)

X=(XI-( 17.+1.5))*DELX
Y(YJ-A.1.SO))GOTOL6
IF(RAD.LT.ASTOP) GO TO 100

60 BETA=1I./(COS(ALPA,)* *2.)
ETA=X* *2.+Y* *2-.fH* *0*
XSIM\=(SQRT(R2* *24.1* *2-))-*TN(JPTA,)
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XSIP=(SQRT(Rl**2.-H**2.))+Y*TAN(ALPHA)
D==COS(AkLPHA)*((SQRT(XSIMv**2-.-ETA*BETA))+

* (SQRT(XSlP**2-.-ETA*BETA))-XSlM-XSIP)
ARG1=PI*(X**92.+Y**2.)/FIARG2=2.*PI*(IN'DEX%1.)*D+±J-RG1.*PI*X*SIN(API~k)
ARG3=ARG2* 10* *4/LAMBDA
IF(I.EQ.127) THEN

WVRITE(27,98) J,BETA,ETA,XSI,XSIP,D,ARG1,-ARG2
98 FORNvIAT(2X,I3,7d(3X,IPE 11.4))

E NDIF

A(I+IARG,J+JARG)=CM,,PLX(COS(ARG3),SIN(ARG3))
GO TO 120

100 A(I+IARG,J+JARG)=(.0,O.0)
120 CONTINUE
200 CONTINUE
220 CONTINTUE
C
C
C CREATE REMAINING SUB.-APERTURES
C

DO 227 I=1,APE
U=(ORAkD-17.)*COS(I*9.*PI/APER+ROT)
V=(ORAD-17.)*SIN(I*9.*PI/APER+ROT)
XP=1274.-17.+U
YP=127.-17.+V
DO 225 J=1,SDIAM

DO 223 K=1,SDIA-M
A(XNP+J,YP+K)=A()XP+J,YP+K)+A(J+ARG,K+JARG)

223 CONTINUE
225 CONTINUE
227 CONTINUE
C
C
C OUTPUT APERTURE MAL-TRIX
C

DO 230 I=110,127
DO 229 J=110,127I WrRITE(23,40) I,J,A(I,J)

440 FORM ,AT(2X,I3,3X,I3,2(3X,1PE11.4))
229 CONTINUE
230 CONTINUE
C
C
C PERFORIM FAST FOUTRIER TRANSFORM USING NMSL
C
C

95



240 LA1=N
1A2=N
N1=N
N2=N
N3=1
IJOB=1
CALL FFT3D (A,1AI,IA2,N1,N2,N3,IJOB,IWK,RWK,CWVK)

C
C OUTPUT NEW IATRLX A
C

DO 242 J=1,N
I=127
WRITE(24,40) I,J,A(I,J)

40 FORMAT(2X,I3,3X,I3,2(3X, 1PE 11.4))
242 CONTINUE
C
C

IF(CENTER.EQ.1) GO TO 767
IF(CENTER.EQ.0) THEN

C
C
C SHIFT ZERO FREQUENCY TO ARRAY CENTER
C
C

DO 260 1=1,256
DO 255 J=1,128

B(I,J)=A(I,J+128)
B(I,J+128)=A(I,J)

255 CONTINUE
260 CONTINUE

DO 270 J=1,256
DO 265 i=1,128

A(I,J)=B(I+128,J)
A(I+128,J)=B(I,J)

265 CONTINUE
270 CONTINUE
C
C
C REDUCE SIZE OF ARRAY
C
C

DO 250 1=1,06
DO 245 J=1,06

B(I,J)=A(I+80,J+80)
245 CONTINUE
250 CONTINUE
C
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C
C WRITE CENTERED A MATRLD
C

DO 274 I=1,96
DO 272 J=1,96
WRITE(25,40) I,J,B(I,J)

272 CONTINUE
274 CONTINUE
C
C
C CALCULATE THE MODULUS AND INTENSITY OF ARRAY
C
C

DO 400 1=1,96
DO 380 J=1,96

M(I,J)=CABS(B(I,J))
INT(I,J)=M(I,J)**2

380 CONTINUE
400 CONTINUE
C
C
C FIND THE POINT OF lVL-XIMUNI INTENSITY
C

MAX=0.0
DO 343 1=1,96

DO 342 J=1,96
IF(INT(I,J).GT.MAX) THEN

IMAX=I
JMA.X=J
MAX=INT(I,J)

ENDIF
342 CONTINUE
343 CONTINUE
C
C
C OUTPUT OF INTENSITY
C

IMAX=I?'L-X +80
MAX=JNLX+80

WRITE(26,134) I.MALX,JMALAX,MAX
134 FORNL-AT(2X,13,3X,13,3X,1PE11.4)

DO 404 I=1,96
DO 402 J=1,96

WRITE(26,41) I,J,INT(I,J)
41 FORMALT(2X,13,3X,13,3X, 1PE !1.4)
402 CONTINUE
404 CONTINUE
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C
END IF
GO TO 090

C
C *********************************

C
C TO GR.APH.%MAXIMvUMI INTENSITY AT CENTER OF PLOT
C
C SHIFT ZERO FREQUENCY TO ARRAY CENTER
C
C
767 DO 654 I=1,256

DO 653 J=1,128
B(I,J)=A(I,J+ 128)
B(I,J+128)=A(I,J)

653 CONTINUE
654 CONTINUE

DO 651 I=1,128
A(I,J)=B(I+128,J)
A(I+128,J)=B(I,J)

651 CONTINUE
652 CONTINUE
C
C
C CALCULATE THE TMODULUS ANT) INTENSITY OF THE ARRAY
C
C

DO 721 1=1,256
DO 720 J=1,256

M,(I,J)=CABS(A(I,J))
INT(I,J)=M\,(I,J)* *2

720 CONTINUE,
721 CONTINUE
C
C
C FIND THE POINT OF M\AMIMUMl INTENSITY

\M-X=0.0
4 DO 124 I=1,256

DO 123 J=1,256
IF(INT(I,J).GT.MAL-X) THEN

IMAX=I
JLAkX=J
MvAX=INT(I,J)

END IF
123 CONTINUE
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124 CONTINUE
C
CgC SELECT BOX TO GRAPH

IOFFSET=M-AX-48-1
JOFFSET=MAX-48-1

C
IF(IOFFSET.LT.i) THEN

IOFFSET=0
EIND IF
JF(IOFFSET+96.GT.256) THEN

IOFFSET=256-96-1
EINDIF

C
JF(JOFFSET.LT.1) THEN

JOFFSET=O
ENDIF
IF(JOFFSET+96.GT.256) THEN

JOFFSET=256-96-1
ENDIF

DO 542 I=1,96
DO 541 J=1,96

NM(I,J)=INT (JOFF SET +I,JOFFSET+J)
541 CONTINUE
542 CONTINUE
C
C
C OUTPUT OF INTENSITY
C

WVRITE(26,73) IMAL-X,JMAX,MVAX
7 3 FORMNAT(2X,13,3X,13,3X,1PEi 1.4,)

DO 702 I=1,96
DO 701 J=1,96

WkRITE(26,73) I,J,M(I,J)
701 CONTINUE
702 CONTINUE
999 STOP
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