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ABSTRACT

Coherent image formation is discussed and how it applies to
the design of Fourier transform lenses. Relationship between the
pupil aberrations and image aberrations was used to simplify design
considerations. Several-designs are included to demonstrate the con-
cepts. In the initial lens layout 1lst order tools of the Y-Y diagram
and Vander Lugt notation were used. The primary goal in the designs
was to reduce the object-Fourier transform distance without»losing

the Fourier transform quality.
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CHAPTER 1
INTRODUCTION

The concept of optical filtering was introduced by the works
of Abbe and Lord Rayleigh around the turn of the century. Both
noticed a curious behavior associated with the image in the experi-

mental setup pictured in Fig. 1.1.

. image
point  illumination object

source lens imaging
lens

Fig. 1.1. KOhler illumination.

It was found that larger aperture imaging lenses resulted in images
of higher resolution than smaller aperture imaging lenses even though
the cone of light emanating from the light source filled only a very
small central portion of the aperture, leaving the remaining outer
portion of the aperture apparently unused. Abbe discovered that the
influence of the aperture resulted from diffraction caused by the
object detail whose dimensions were comparable to the wavelength of

light, causing the angles of diffraction to become so large that light



actually filledrihe'da?k space of the aperture, Recogniziﬁg_this,
Abbe developed his theory of imagé formation. According to Abbe's
theor& only a certain portion of the diffraction components generated
by a highly structured object are intercepted by the finite entrance
pupil, and only‘these components contribute to the final image. .With
-these ideas in hand Abbe deéigned-a seriés of large apefture.lenses
with aberration cdrfection for axial points° The imagery'fbr these
lenses was worse than he expected. This led Abbe to the sfudy of
imaging surface eiements perpendicular'to the axis and he found sharp
imagery occurred only under specific conditions. For conjugate points,
the ratio of the sines of the two angles'must be constant for all zones
of the aperturéa This came to be known as the Abbe sine coh&ition°
With the fulfilimeﬁt of this additional requiremernt Abbe»found the lens
achieved the desired perfoi'mance° |

Abbe's theory of image formation was dealt with in terms of
Fourier methods in the work of Duffieux (1946) in France and later by
O'Neill (1956) in the United States. They dealt‘with coherent imagery
only in the ﬁaraxial approximation, and showed the Fourier transform
properties of ideal lenses. This laid the foundation for the Fourier
optics treatment of coherent imaging systems (Goodman, 1968). The
inherent ability of .a lens to produce a two-dimensional Fourier trans-
form (F.T.) was a remarkable property and was put to use in applica-r
tions such as synthetic-aperture radar. . Coherent optical systems,
in particular F. T. elements, ére limited to the paraxial approximatioﬁ

in a Fourier optics treatment. Design beyond the paraxial approximation



3
has-generally been described only with respect to how the system per-
forﬁance deteriorates as the paraxial‘appréximation breaks down
(Vatz, 1977). The F; T. properties of a lens beyond the paraﬁial
domain were presented by Blandford (1970), who recognized a need for
the correction of two sets of conjugates of the 1ens; This work was
then followed by éther puBlicafions dealing with the same idea.

The purpoSe of this thesis is to-pﬁt forth certain basic design
épproadhes for coherent optical systems, such as the F, T. lemns, if
one is‘interested in performance beyond the paraxial approximation.

The idea for this work camé from a study of thé procedure for
reducing the object-F. T. distance in a F. T. lens while maintaining
all other system parametersvincluding the F. T, quaiity, During this
time a discussion with R, V. Shack, Optical Sciences Center, University
of Arizona; on the conjugate shift ;quations was found to be very use-
ful in undeisfanding the design considerations for F, T. elements.

At this same time the work of Hopkins (1976) on a non-Gaussian type

of imagé theory was found to generélize the F. T. element design
greatly, Both of these investigations were used in formulating a
scheme by which general F. T. elements should be designéd, These topics '
are dealt with in Chapter 2 along with various examples to show the |
~validity of these concepts. Tools for 1st order design of coherent
opticéi syStems afe presented in,Chépter 3 with primary emphasis on
F. T, elements, ~Actual design examples of F. T. elements are given in
Chapters 4 and 5 with the main objective that of reducing the 6bject~

F. T. distancé while maintaining the desired image quality.



CHAPTER 2
COHERENT IMAGE FORMATION

A linear systems description of image formation requires that
the optical system be lineaf and shift invariént, In the case éf in-
coherent illumination both these conditions are satisfied if the system
is isoplanatic (free from field dependent aberr;tions) and the image
formation is considered‘in terms of intensity. For coherent illumina-
tion the linearity condition is met if one deals with  complex amplitude.
The shift invariance condition is, however, not as eaéily met.

In order to define clearly the meaning of the'phase difference
between points of a diffraction image one must specify a surface of
reference. In most previous descriptioné the reference surfaces were
the Gaussian object and image planes. Thus a Gaussiaﬁ‘theory of image
formation was being developed by'means of linear system theory. It was'
found in this case that if thé system was isdplanatic and also the
illuminating point source was imaged into the pupil of the system
(matched illumination) thét this system was indeed shift-invariant in
complex amplitude, if one observed the image on a surface confocal with
the exit puéii, See Fig. 2.1. These ideas are all covéred in a recent
~book by Gaskill (1978)°"ih this approach a F. T. rélationship between
the object plane's transmittance and the entrance pupii sphere is |
described, and in image space between the exit pupil spheré and the -

4



entrance exit .
pupil pupil image
sphere sphere plane
incident object entrance exit image
wavefront plane pupil pupil sphere
plane plane

Fig. 2.1. Gaussian ideal.

image sphere. Remember, though, that this approach to image formation
is based on the Gaussian ideal (collinear transformation). It is in
fact not truly shift-invariant in complex amplitude for extra-paraxial
regions. The chosen references surfaces were inappropriate for a proper
representation of diffraction theory of image formation.

The proper reference surfaces are confocal to the entrance and
exit pupils. This system is now truly shift-invariant in complex ampli-
tude. See Fig. 2.2. The Sine ideal (Hopkins, 1976) applies to this
kind of image formation. In the Sine ideal representation the angular
variables in the paraxial ray trace equations are the sines of finite
angles. The Sine ideal eliminates the piston (phase) error associated
with off-axis points which prevented the previous development in the

Gaussian ideal from being shift-invariant. The two developments become



incident object entrance exit. image
wavefront sphere pupil pupil sphere
sphere sphere

Fig. 2.2. Sine ideal.

equivalent if the object is at infinity and the system is telecentric
in image space. This type of system will play a major role in F. T.
lens design. If one is only interested in a 1st order approximation
to shift-invariance then the isoplantic condition reduces to the
absence of linear coma. The object and image spheres reduce to planes,
and again the two developments are equivalent. For the Sine ideal a
F. T. relationship exists between the complex amplitude of the object
sphere and entrance pupil sphere (Hopkins, 1977). One thus sees that
a F. T. of the object always exists in a coherent imaging system due
to the process of diffraction. Thus in the design of a F. T. lens the
goal is to image the entrance pupil sphere onto the exit pupil sphere
with the minimal amount of aberration. One must be careful now in the
discussion of aberrations to avoid confusion in dealing with the two

imaging theories, the Sine ideal and the Gaussian ideal.



Linear System Approach
Linear system theory may be used to obtain a relationship
between the impulse response of the image sphere and the impulse
response of the exit pupil sphere. The basic configuration is shown
in Fig. 2.3. If perfect matched illumination is present, one may
relate the object sphere and entrance pupil sphere disturbances, and
also the exit pupil sphere disturbances, by a F. T. dependence. This

gives the entrance pupil $1(Ri) and exit pupil $2(”2) disturbances as

v
$(ra) e iR2 r2 dra = *(*2(1%))
object entrance exit image
pupil pupil

Fig. 2.3. General optical system.



Let the impulse response for the object sphere imagery be
g21(ro3ry) and Go3(Ry;Ry) for the pupil sphere imagery.

=<1

'f g21(r23r1) 91(T1) dri

-

$2(T2)

[+2]

) J GZI(RZ;RI)QICRI) dR7 .

-0

1

@5 (R2)

Using the inverse F, T. relationship one finds that

1 ' iRje1]
— ?1(R1) e dR; .
I J 1(R1) 1

o]

¢l(rl)

Substituting this into the expression for ¢2(r2)

x©

. 1 , iRy o
j g21(r2;571) [ZFT J 81 (Ry) 1771 dR{] dry

, ¢2Cr2j

-Co

. 1 3 R o
$2 (r2) = JJ g21(r2371) 21(R) e 1" TL dRydry

and taking the F, T. of this expression we find

' 1 - ~iRjeT
o (R2) = Z‘E‘JJJ~§21(T25T1) o1 (Ry) &1 7!

e-levrzdedrldrz
™ .

[oe]

JfG21(R25R1) ¢ (R1)dR; = Z%E JIJ g21(rz;71) 2 (Ry) e

-0 . . -

~1(Ro°T2-R1°T1) g4 ary

which reduces to -

b 1 -1(Roer9=Rqe '
Go1(Ro3Ry) = Z;g-ff gzl(rz;rl) e (Rg-r2-Ry°11) dridry .



A similar equation can be found for goj(rs;ri)

l ’ i ° - °
gzl(rz;rl) = ET—Z— fj G21(R2;Rl) el(RZ r2 Rl rl) dedRz o

-“" 00

These equations relate the impulse responses of the image and pupils.

If one assumes that gs;(rs;r;) is shift-invariant

hay(ro-r1) = g21(xT2;57]1)

then -
po(T2) = f hy1(r2-11) ¢1(xr1)dry
®2(R2) = Hz1(R2) 92 (R2)
95 (R2) = J Go1(R23R7) €1 (R1)dR;
Thus
Go1(R23R1) = Hpp(R2)8(Ra-Ry) .
If the image is diffraction limited HQI(RZ) = CYL (DRy)
then G21(R23R1) = S8(R2-Ry) CYL(DRz) .

This result asserts that if stigmatic imagery exists for the
image sphere then the pupil imagery will have no phase errors and also
be stigmatic. Thus a relationship between the object and pupil imagery
does exist. We will first look at this relationship in térms of the
Gaussian ideal since this is more familiar. Wynne (1952) and more
recently Welford (1974) dealt with this relationship in discussihg

conjugate shift equations and pupil aberrations. The pupil aberrations
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are used in the development of the .conjugate shift equations, which are

fpfesented in Appendii A.

"SVI'PiStOH'E?TOT

In Wynne's work the'pupil spherical aberration 5& has been.

equated with S, piston error of the image. It appears that a contribu-

VI

tion to SVI from Petzval curvature has been neglected, as pointed out

by Shack (1979). Wynne gives

Sy1 = S

while Shack gives
. — - 2
- (A -» _‘:é>»,2
vi = Sp- (I_A)?RA(u) (,A 2P

represents in the Gaus-

S

First one must decide exactly what SVI

sian ideal representation, Mathematically SVI corresponds to the last
of the six terms in the 4th order wave .aberration expansion. Since
_SVI has no pupil dependence it does not appear in the ray aberration

contributions. Physically S

yp Tepresents a phase error between differ-

ent points of the field, or the OPD between the chief ray and the akial
ray of the system. In order for the SVI aberration to have proper mean-
ing one must deal with the object sphere as a reference surface, whereas -

the-other aberrations of the group deal with a plane object surface.

Thus it appears S, only has meaning in the Sine ideal viewpoint or

VI
when the object is at infinity. The following ekample will be used

to point out the problem.
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Consider a single refracting surface with the stop at the center

of curvature and the object a finite distance away (see Fig. 2.4).

image
stop
refracting
) surface
object
Fig. 2.4. Piston error case I.
Both Shack and Welford give = 0 in this case for a plane object,

but this is obviously not the case. If one deals instead with the
object sphere and image sphere, then clearly =0. In order to
point out the difference between Shack’s and Wynne's S” term one must
be consistent such that all the 4th order wave aberrations remain valid.
If the object moves to infinity the object sphere will degenerate to

a plane, thus making things consistent (see Fig. 2.5).

image

Petzval surface

surface

Fig. 2.5. Piston error case II.
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Now the stop is shifted to the refracting surface (see Fig. 2.6).
Shack’s value for is non-zero due to the contribution to piston
error by the Petzval curvature. In this case Shack gives

c _ -n2u’4 n3u it 2n4u'4
vi " — — -

To check this the system was set up on ACCOSV and run with the following

parameters:

c = .04 n=1.5 u = 3°
9etzvaltreference
surface
stop

Fig. 2.6. Piston error case III.

Il
=
wn

>

Il
o

Wynne S*

Shack Sj =0, S~ i O

A real ray was traced on axis to the image point and a real chief ray
was traced to the Petzval surface. The OPD between these two rays is

the phase error, and will be represented to 4th order by the wave aberra-

tion coefficients w200 ancl WA00* W200 as tie sag between the Petzval

surface and the image sphere.
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OPD = 112.,5mm - 112.465754mm = .034246mm

e 2 25 _ :
W200 = n4r u/2 = .03426446mm
_at oy 3 o
Syp = =z (en*-n°-n%)
Sy1
W00 = —g— = - -000020878
CWyo0 * Wage = -0342485mm

We find very good agreement between the calculated and ray trace values

of SVIG

" 'Pupil Abérrations

rNow that we know how to apply the Gaussian ideal properly to
coherent optical systems, let's return to the assertion that.if stig-
matic imagery eiists between the object sphere and image sphere then
stigmatic imagery exists between the pupil spheres, and examine it to

4th order. The connecting relations (Appendix A) are

SPHERICAL S i S‘VI -(%) EA(uD) - (%)2 Sty
COMA Sy = Sy - WAWA)

ASTIGMATISM Sy ; = 's‘III ,_ & Aun)

PETZVAL ©Sp = Ty

DISTORTION S, = 5 - A2

2

, -7 (A2 (5)
PISTON Syr = 51 -(K)H{»A»(u) *\%) Sty
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At first appearance these relations seem to contradict the assertion,
but one must remember that Seidel’s equations are based on the Gaussian
ideal, or plane to plane imagery. This is where the contradiction lies
and can be explained if the pupil sphere and image sphere can be made
planes, as in the case of a system with the object at infinity and

telecentric in image space. This system is pictured in Fig. 2.7.

object exit pupil
sphere sphere
image
sphere
entrance
pupil
sphere

Fig. 2.7 . Telecentric system.

One is to show that for this system

If s, 0 Then =0
@f = 0 _ 0
sm 0 hu = 0
SIV 0 v = 0
sv K = =z K

=0 Zt= 0

svi
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Notice that SV and §§ have non-zero values. The reason for

this is that the Sine ideal follows a sine law dependence whereas Gaus-
sian imagery follows a tangent law. If the Petzval surface is confocal

to the exit pupil then SVI =.SIT Thus SI =0 reqmres»SVI = 0 and

S, = 0 requires S. = 0. The Petzval terms both will be zero

VI I
(SIV = §iv = 0)., We see thét u' = 0 and u = 0, which makes the quantity

A(uu)_zero.and\thus‘lf SIII = 0 then SIII =0, If SII = 0 then
§§ = ﬁ&A(u?)O Knowing that the sine law is to hold, Sv = ﬁ&A(ﬁz)r
© requires SII = 0,

A triplet‘lens was designed using the above ideas. In the design
distorfion-was given the proper target value SV = %A (u?) and SVI'was
controlled by making the OPL of fhe chief ray equal to that of an axial
ray, both originating from the entrance pupil and terminating at the
Pétzval,sﬁrface°' The other Seidel coefficients were given target values
>Qf.zeioo‘ Tﬁé ?ﬁiﬁnléﬁsAdesign-&aé.obtainéd as shown in Table émiilr-h‘
Good agfeemént with theory was found upon turning the lens around and

looking at pupil imagery. The aberrations were .

WO’-&O = —2;6 )\

Wisp = .0016 A
Waps = = ,0069 A
W311 = -301' A
WZZO = - ,068 A
= 1w _1 SA3
Wioo = Wouo = s51 =35 TF T -6
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- Table 2.1, Telecentric.asymmetri(:al.'tripl_'e_t.des_-igno

EFL BFD  FFD B/# Field

600 mm  492.9 mm ' 142.3 mm 10 2.9°
Surface " Curvature Distance Index
1 .003316 - 1.788
2 .000641
"3 -,002367 : 160.6 1.517
4 ,005998
5 .001079 187.8 1.788
6 ,002761 :
A = 58756 um
W = ~,029 A
o040
W131 = 038 A
Wooo = -.14 A
W311 = 2a9 }\
Woop = -.068 A
W}_{_OO = 2,6 A

Another system showing this characterigtic is the Offner system
(1975), This is an afocal double-telecentric system‘and is pictured in
Fig, 2.8, The system is made up of two mirrors concentric about c with
one mirror having half the radius of the other., For the image all of
the Seidel aberratiops excepting thg phase érror SVI are zero and for
the pupil sphere only §i and §& are nonzero, The finite value of S

Y

is due to the Sine ideal. The SVI and 5& can both be corrected by

adding an aspheric corrector plate at the object plane.
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ray ray

object

image

pupil sphere

Fig. 2.8. Optical layout of the Offner system.

F. T. Elements
Let's take the ideas developed up to this point and apply them
to the design of F. T. lenses. A Sine ideal optical system is pictured
in Fig. 2.9. The objects F.T. exists on the entrance pupil sphere and
is imaged to the exit pupil sphere by the optical system. If there is
to be no phase error present on the exit pupil sphere (ignoring Petzval
curvature), must be zero. If the mapping from entrance to exit pupil

sphere is to be distortion free then

hi sin U’ U’
. = constant =
h 11 sin U &1 U
which gives
sin U sin U
u* u

Abbe sine condition
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incident object
wavefront sphere :
entrance exit image
pupil pupil sphere
sphere sphere
Fig. 2.9. 1st order parameters of a Sine ideal
system.
Thus we see the relationship between ~ and S».  For = 0 the finite

value of Sy is due to the fact that distortion is zero on the pupil
sphere, not the pupil plane. This can be seen in the following deriva-
tion using Fig. 2.10. If no distortion exists on the exit pupil sphere

the value present on the exit pupil plane will be

sag of exit _he JT = uf PARAXIAL '
pupil sphere 21’
D=vuvAz = — Az
= b = hhu 7K=h'u'n'
2£»2 2
optical path difference
War1 = A(muD) = - A(® U RT2 A(k)

6 -
W11 = f-i(u?2)
Sv = aci(u2)

the same value given by the equation Sjj = 3" - 3KA(u2) for =0.
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entrance exit
pupil pupil

Fig. 2.10. Pupil plane distortion.

If one is to design in terms of a Gaussian ideal, the F.T. lens
is going to have a finite value of distortion associated with it. This
value is given by = 5KA(u2) and implies zero coma (S”) in the image
plane. In designing a F.T. lens one is correcting both the image and
pupil conjugates. It was shown in a previous section that if one of
these conjugate sets has perfect correction then the other will also be
perfectly corrected. In theory then one would correct one set for all
aberrations including phase error and the design would be finished.

In actual designs however one balances aberrations against each other
and rarely can obtain perfect correction for one set of conjugates,
thus not allowing one to take advantage of the above fact. This means
both conjugates must be corrected separately. However, the design can
be simplified if the system is made symmetrical with respect to these
conjugates such that the imagery for one set is identical to the other.

This means if the image magnification is m the pupil magnification is
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I/m and the lens elements are symmetrical. The most practical F.T.
system is one in which the phase curvature associated with the F.T.
system is zero. This is the common "f-f" system where a plane object
located 1 focal length away from the lens is illuminated with colli-
mated light and the F.T. of the object exists in the rear focal plane.
This system is shown in Fig. 2.11.

In this type of system the object and pupil spheres have become
planes, so Gaussian based aberration theory, and thus normal lens design
programs, may be used in the design. If, however, one is interested in
a more general type of system, non-planar illumination, then a Sine ideal
approach must be used in the design. For coherent image formation the
Sine ideal must be used in all cases except that shown in Fig. 2.12,
which is the only Gaussian ideal system which can be shift-invariant in

complex amplitude.

point

source

object F.T. plane
plane

Fig. 2.11. "f-f" system.



point
source

object
plane

21

image
plane

stop

Fig. 2.12. Shift-invariant Gaussian ideal.



CHAPTER 3
1ST ORDER LAYOUT

" Introduction

' Two useful tools are available for the 1lst order layout of
F.T. lenses and coherent imaging systems. The first of these is thé
Y-Y diagram developed by'Deiano (1963), which is a graphic methodrof
representing the 1lst order properties of any optical system of akially
symmetric refracting or reflecting surfaces. The second is the opera-
tional notation developed by Vander Lugt (1966), which characterizesr
basic optical elements as block diagrams and is a linear systems treat-
ment of image formation. These methods complement each_other in the
synthesizing and analysis of optical systems, with the Y-Y diagram
representing the geometrical optical nature of the system and the

Vander Lugt notation of the physical optical nature.

Y-Y Diagiam
The Y-?'diagram consists of a two-dimensional cartesian plot of
the parakia} marginal ray heights (y) versus the paraxial chief fay
heights (¥) of an optical system, A simple system and its Y-Y diagram -
is shown in Fig. 3.1, This.Y-?'diagram is made up of two line segments,
the first repreéenting the quect‘space and the second the image'space,.

which intersect at the optical element location.

22
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Fig. 3.1. Single element system and its
Y-Y diagram.

Wherever one of these line segments crosses the y-axis, an
object or image is located, and where the y-axis is crossed a stop or
pupil is located. The separation of any two points along the line seg-
ments correspond to axial separation in the actual layout. Twice the
area of the triangle formed by these points and the origin is equal
to yKx, the product of the Lagrange invariant 2K and the reduced opti-
cal distance T.

The clear aperture radius requirement associated with any axial
position in the optical system is represented on the Y-Y diagram by the
quantity |y| + |y| at that point.

A list of basic terms and equations pertaining to the Y-Y
diagram appears in Appendix B. A more detailed treatment of the Y-Y

diagram is given by Shack (1973).



Vander Lugt Notation
Vander Lugt's operational notation represents the optical

system by a block diagram as shown in Fig. 3.2.

1/d,

(a)

fiXy) Ku,v;f)

(b)

Fig. 3.2. A single element.

(a) optical system
(b) block diagram
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The operations of propagation and lens modification of the wavefront
have been reduced to either multiplication by or convolution with a
quadratic-type term. The operation of the lens is shown in Fig. 3.3

and is represented by a multiplicative factor e k/2F fX2+.y2’*

Fik(x2ty2)/2F

(a)

ik (x2+y2)/2F

2 2.
f(x,y)-"->£(x,y)e'iki:zx ~ */2F

(b)

Fig. 3.3. Lens operation

(a) optical system
(b) block diagram
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Free space can be represented by a device with impulse response
. A ]
Dol K2D (x24Y2) i¢ ¢y y) is the light distribution in a given plane,

then the propagated light distribution a distance D from the plane is

g(u,v) = ~ £(x,y) el Bk-u)2 > (y-v)2] dxdy

where u,v are coordinates in the new plane and ¢ is a constant (see

Fig. 3.4).

pik (x2>y2)/2D

f(x,y). 0 g(u,v)

f(x,y) g(u,v)

(a) (b)

Fig. 3.4. Propagation operation.

(a) optical system
(b) block diagram
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To simplify notation, lower case letters represent reciprocal dis--

tance (D = é-, F = %’ and the function ¢ is defined as

_ i kE/2(x2+y?
v(x,y;£f) = e k£/2( y<)
with ¥(x,y;f) representing the complex conjugate.  Using this notation

the system represented. in Fig. 3.2 can-be'written as

g(r,s) = dzdg3 JJ IJ (%, y3d1) £ (Y)Y 0 (x=u, y-v3d ) P, v £) ¥ (u-T,v-s3d3)
Py Py

dxdydudv .

For a more detailed treatment one is referred to Vander Lugt's paper

(1966) .

Basic Examples

To show how both methods are to be applied, a single element
lensAproducingAa F.T. will Be used as an example. This first configura-
tion is pictured in Fig. 3¢S, along with the corresponding Y-Y;diagram
and' operational notation; The: layout conéisfs of‘a‘point source illumi-
nating an'object f(x,y) that ié outsidé the front focal point of the‘
‘lens. The lens‘forms an image of the illuminating point SOufée in a
plane that locates thg F.T. F(E';n') of the object, as;shown By fhe-
linear_Sysfem representation. On the Y-Y diagram the F;T. of the
object is 1oca£ed at the y—axis_interseﬁtion. Thé_marginél'ray repre-
senté the maximum spatial frequency comﬁonent present in theiobject.

‘The quadratic phase éurVatureféssdciated'with this F.T. is given by



marginal ray

image
object plane
point plane chief F.T.
1
source ray plane
len F.T.
image
ey
object
point source
f(x,y) ?(u,v;f)
I L
<f(x,y>->|d"(x7y75 dj ")
point object lens F.T.

source

F O '= If(V,V;d*IT £(x>y)e* lkm(“X +y",)dxdy

Fig. 3.5. Configuration I.
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the linear system approach and would be represented on the optical
layout as a spherical surface whose center of curvature is located
at the final image plane of the object.

Since the Y-Y diagram does not contain phase information,
comparison of the two systems will be made with respect to intensity.
As shown in the last chapter a virtual F.T. exists in the illuminating

point source plane (see Fig. 3.6] which may be expressed as

- 1 -r- d*yn
F(n) * f(y) e dy|2

image
point

source :
object

Fig. 3.6. General F.T. optical layout.
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This virtual F.T. is then imaged by the lens to form a real F.T. at

plane n'. Using the linear systems approach this real F.T. is given by

. 21 (fdy + fdy - didp) yn!
-1 == T
2

[F(an) |2 = | f £(y) e dy|2

From Gaussian optics, or from the Y-Y diagram, the magnification

between these conjugated is known to be

D3 ‘ dids . n'
T DD, da(dyrdy) M
(fd; + fd, - d1dy)

dyd,

Substituting this into the virtual F.T. expression gives

_ g 2n (£dy + £dp - dydp) yne
h? ,

Fafz = | [ £ e ay|2

Thus the agreement of the two methods. is shown.
If now the object plaﬁé is moved to the front focal‘Point.of

" the lens the.correspoﬁding system is shown in Fig. 3.7. The quadratic
phase factor has now been removed by allowing the image of the object
to move to ihfinity; In Fig. 3.8 the object has been moved inside the
focal.point of:the_iens; Note thaf'theAsign‘of the phase curvature- |
has changed, and a virfual.image of‘the.objéct-is.now present. A final
configuratioen is shown in Fig.lz.Q, in which'fhe object has beén moved
to the other side of the lems. In this case the lens images the illu-

minating source, but not the object.



marginal ray

object

point plane chief
source ray F.T plane
0!
F.T
lens.
object
point source
f(x,y) *Ku.V;f)

Ax,y)— dA,y;dp H(\\—!TY,y;dj .(( Au s h RN

F(J X)=jJf(x,y)e"1kf dxdy

Fig. 3.7. Configuration II.
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marginal ray

0t object rc:nef
poin plane M F.T. plane
source
F.T.
lens
virtual
image
object point source
f(x,y) Ku,v;f)
. AR
<4(xy)— W(x,yid) —(g)—*(x,y:dp Mxayidj)  — FGLY

F("W) =I(ti,,V;dj)JIf(x,y)e'im(-X" y7)dxdy

Fig. 3.8. Configuration III.

32



33

marginal
ray >

chief object FT
oint ra
Is)ource y Plane plane
object F.T.
len:
point source
t(x,y;f) f(x,y)
— d(f(u,v;d)} — —d"™(x,y;dj —(Z — |d"(x,y;dp

FCV,%)="f(V,V;cDIf f (x,y)e~ik" X)yt>r "dxdy

Fig. 3.9. Configuration IV.
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Reviewing these examples one can see that the bandwidth of a
given system is uniquely determined on the Y-Y diagram by establishing
the clear apertures required of all elements. This is not as apparent

in the linear system development.

The Space-bandwidth Product
To further illustrate the Y-Y diagram's usefulness let's

examine the configuration in Fig. 3.10. This is the common f-f system,
and it will be used to demonstrate how the Lagrange invariant, which
provides longitudinal scale to the Y-Y diagram, is directly related

to the space-bandwidth product of the system. The space-bandwidth
product is a measure of the complexity of a given function, and repre-
sents the number of independent data points contained in the function.

The bandwidth of this system is given by

and the object width is 2yi. These form the space-bandwidth product

nni nt n/

lens FT.

object

point

collimating
source

F.T. lens
collimating
lens

Fig. 3.10. The common "f-f" system.
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By substituting Tyy = Z%%l , a basic relationship between the Lagrange

invariant and the space-bandwidth product is found.

2

- |2 %
S.B.W. = [ ! ]

In order to obtain the highest possible efficiency in a data-

processing system it should be designed to process‘input functions of
the largest possible space-bandwidth product. The Y-Y diagram thus
aliows one to design a system with the Space-bandﬁidth product as an
initial parameter. This lst order représentation of the space-bandwidth
produtt can be replaced by an exact expression by making use of the

sine condition
n'h'! sinU' = n h sin U

Using &€ = h 'y sin U as an extended Lagrange invariant, and making use,

of v. = sin U

5 py , one finds

2 i 2 2
- sinu , — 237
S.B.W. = [vg 2] = ["'—“x 2>f1] - [T] _
This expressioh is true for systems that.are aplanatic.

Depreasingrthe Object-F.T. Distance

The Y-Y diagram provides valuable insight in the design of a
E.T. lens in the attempt to reduce the object-F.T. distance for a
given system. To show this use will be made of a normalized Y-Y
diagram. 7

The chief ray heights will be divided by the object height and

the marginal ray heights divided by the exit pupil height. This means
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vthe‘Lagrange invariant takes on the value 1/f, where f is the leiis
'chal length. By normalizing the diagram one may separate specific
propérties, such as F/#, from genéral ones, inéluding the configuratibn;
and allows a fair comparison of several systems of different parameters.
An aétual system.Cap be obtained from the normalized Y-Y diagram by
multiplying the y and y values by theif appropriate denormalization
coefficients, denoted by {}. The relationship betweén the denormaliza-

' tion coefficients is

- _ {yMy? | {a}w}
,‘{:\m = o < 5T

and when any three values are chosen, the coefficients are all deter-
mined.

If one begins with the single element F.T. lens shown in Fig.
3.11a, the object-F.T. distance is 2f; This distance can be reduced
while maintaining the 1lst order properties of the system by using two
elements as shown in Fig. 3.11b. The object-F.T. distance now has
been reduced to 1-7/16 f£. This distance can be reduced even further
be adding a negative element between the. two positive elements. A Y-Y
diagram of this form is shown in Fig. 3.1lc. The object-F.T. distance
is now_1-1/4 f. These ideas will be used later in the design of complex

F.T. lenses in which the object-F.T. distance is to be reduced.

An Actual Design

To show the usefulness of the Y—Y'diagram in the initial layout

“of a F.T. system, let's take the examplé in Fig. 3.11b of two identical



e f > oL f V-

(a) Singlet

(b) Doublet

if if

(¢) Triplet

Fig. 3.11. Decreasing the object-F.T. distance.
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elements that are to be used together to form a F.T. lens. In the
lab two lenses of focal length 304.8 nmm were available for the exer-
cise. A normalized Y-Y layout of two elements will first be developed,

as shown in Fig. 3.12.

I+y

ity

Fig. 3.12. Normalized system.

The following requirements were chosen.
S.B.W. = 105
bandwidth 30 1/mm
input format=output format
If the system is to work at wavelength .6328 pm and the space-bandwidth

roduct is 10" the Lagrange invariant has been determined:
p grang

K= AS.BwW)?

A bandwidth of 30 1/mm gives an input format of -5.270 mm The output
format being of the same size the denormalizing coefficient associated
with the axial distances must be -2 = 277.626. An element of focal
length 304.8 mm requires that y2 = .0979 on the normalized Y-Y diagram.

The resulting Y-Y diagram is shown in Fig. 3.13.



From this example one can see the value of the Y-Y diagram in the

initial layout of a F.T. lens. A change in the initial parameters

does not require a new Y-Y layout, but only a change in denormaliza-

tion coefficients.

1 r uJ
1 % -5.%7

27.179 .01898
2 .516 -5.27

274.965 .01729
3 5.27 516

27.179 0
4 5.27 0

object-F.T. distance 329.3 mm feff 277.6 nmm

Fig. 3.13. Denormalized system.

uJ >

00328

01729

00328

01898



CHAPTER 4

SIMPLE F.T. LENSES

In this chapter simple F.T. lenses are defined and their
limitations investigated. All designs will be done for f-f systems
since these have no phase curvature in the F.T. plane and are thus
of practical importance. Simple F.T. lenses are classified as those
whose object-F.T. distance is w2f. The Y-Y diagram representation of
these lenses is shown in Fig. 4.1. The F.T. lens in represented as
point #2 on the diagram while the object and the F.T. correspond to
points #1 and #3.

Two different approaches can be taken in the design of simple
F.T. lenses. The first is the use of a symmetrical system. This
method will not work if a cemented doublet is to be used. The second
approach is to design the lens such that it is optimized at the re-

quired two sets of conjugates. This can be done using a lens design

Fig. 4.1. Y-Y diagram of simple F.T. lens.
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- program that ailows optimization simultaneously at different conju-
gaﬁes (multi-configuration optimization) or by designing the lens at
magnification -1 (m=-1) and knowing the relatiénship between this
imagery and that at the desired conjugates m=0 and m=~. Such a-method
was used by Wynne (1974) in the design of F.T. lenses.

Wynne's approach was to design the lens at magnification -1,
with the stop at the element, by correcting for spherical aberration
énd coma. Thié méthod only works if all surfaces of the elements are
‘very near tﬁe-sto? in the m=-1 configuration, which restricts its use
to contact and cemented thin lenses. By using the conjugate and stop
shift formulae one can determine the final object and pupil aberrations
in terms of the m=-1 configdrafion aberrations and with the proper
choice of the m=-1 configuration aberrations a reasonable final resﬁlt
can be obtained. This method will be used to design a set of singlet

and doublet lenses.

Design Method

The starting point for this set of designs is the relationship
between the imagery of the different conjugates. Use will be made of
Shack's structural aberration coefficients (1974) in deriving the
desired relationships. The system will be designed in the configura-
tion pictuied ianig. 4.2, The m=0 imagery (Fig. 4.3) and the m=~
imagery (Fig. 4.4) are the two configurations of interest. The desire&
relationship is one that relates the m¥—1 imagery to the m=0 and m=«
imagery. This is found by making use of the conjugate shift and stop

shift formulae described.in Appendix A and listed below.



Fig. 4.2.

Basic design configuration m=-l.

Ji

Fig. 4.3. n0 imagery.

Fig. 4.4. nFp imagery.
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Conjugate shift formulae (shift from Y=0 conjugate):

= - ‘ . - (39 5 2 _ - 3 . T vk
o? =05 - (SGII + oV)Y + (SOIII + ZUIV + SGIII)Y _ (oV + SOII)Y‘ + oIY _

- s . 2 .3 3
fr= 91p 7 (@Oppp * Oy T 9ppp¥ ¢ Oy * 20y )YT o Y

* = e (5 a o YWY o+ o V2
op= Oppp - Oy F oY +op ¥

Q
*
|

Q

GI' = 0;

Opg' = Opp * 9y S

orrr' = Oppp * 2 9pgS * 945

oy’ T 91y

oy' = oy * (opy * 3 oy S + 30,8+ 087

The conjugate shift formulae can be simplified by the fact that
for the m=-1 configuration speéified (i.e., all elements at the stop),,

the pupil aberrations are

= % _ .
°1 9y %1v
oyp = 0 % - = 911
g = 0
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Using these values for the m=-1 configuration and applying the con-

jugate and stop shift formulae in succession to the m=-1 configuration-

the following dependence of the m=«= and m=0 primary aberratiens on

the m=-1 configuration are found.

M=o

-— * % "
Op = 0p - dopp v 30ppp F 204y,
— %% 1 1
9t 2% T %1 "7 %11
g L 1. 1

I1I 7 %1 T F %111 T 7 %y
— R
9tv T %1y
s L 1 L350

' 8 °1 77 %11 7§ Y111

If the two conditions OII = 0 and o
configuration, medial focus (OIV**

conjugate, and if the

the folloWing is true
x

* %
I1
*'k'
IIT
k%

Iv

* %

I

= -2

%%

*%

II
7**
o111

* %

IV

* %

°111

9111

111

1 are placed on the m=-1

**) is achieved for the m=0

input and output formats are of the same size,

for the m=« and m=0 aberrations:

K
-PIIT
* %k

v

*k



For a single element F.T. lens the requiréments mentioned-

above for the m=-1 configuration become X=0 and ¢.=1 which gives the

I

following aberrations:

1 1
Woug = g (1 + =2 ¢3h*
Wizy = 0
¢3hl+
Wooo = = =
7_ ¢3h’+

Waz0p = 2
Waoo = 03R% _ _ma@?)

311 7 2 - 2

Let's look at the following single element.

Example 1 Glass: LaSF5
| ' ny = 1.880692
h = 30 ﬁm
Woug = 2.1814 x 108 1/f waves
Wigp = 0
Wppp = - 1.8325 x 108 1/£3

Wazop = 1.8325 x 108 1/£3

6.8929 x 108 1/£3

W31

A graph of these results is shown in Fig. 4.5.
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1.5
131=0
1
X
5
040
500 600 700 800 900 1000
f nun
102.12 &5.1 72.94 63.82 56.73 51.06
1/mm

Fig. 4.5. Single element example I.

A different choice of aberration balance could be a flat tangential

field (aﬁv=—3aHI). For the single lens element it is required that
2
X=0, and a =1 +§1 which gives
Wod0 = 11 ¢ h] *3h4
Wis1 12n Jehs
w222

W220p= 4~ 43h4

1 :
3= T 4 ep P



Using example I parameters again we find (Fig. 4.6):

Woso = 2.334x108 1/f3 waves
W3t = 6.1085x10s 1/f3
W22 = -1.2217x10s 1/f3

W2op= 1.8325x10s 1/f3

W11 = 7.5038x10s 1/f3

040
220
'W'zzz
131
500 700 800 900
f mm
102.12 85.1 72.94 63.82 56.73
1/mm

Fig. 4.6. Single element flat tangential

1000

81.06

field.
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It is seen in this case that the reduction in astigmatism was accom-

plished at the expense of coma and spherical aberration.

Designs
For the design examples fo follow let's use the 1lst case as
the desired imagery and try to make4the system as short as possible.
Lef's choose f=60b mm which means spherical is ~1A. Thus for an input
format of 60 Tm this will be an £/10 system. A 60 mm outpuf fqrmat

gives a maximUm‘spatial frequency of 85.1 1/mm.

Aspheric Singlet

For this design no computer optimization was actually required
since the proper aspheric can be calculated to give the correct amount
of spherical aberration. The requirements of the system at Y=0 conju-
II=O and cI=cIII=l. The o1 =0 requirement is satisfied by

choosing the proper aspheric for the surface. These considerations

gate are o

led to the following design listed in Table 4.1

Table 4.1. Aspheric singlet design.

SURFACE | CURVATURE ‘ THICKNESS GLASS

1‘ .000948 9.3 LaSF5
2 ’ -.000948*
* conic constant -5.522768 © UNITS MM

. FRONT FOCAL DISTANCE 597.522 mm
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The wavefront rms error for this lens as a function of spatial fre-
quency is shown in Fig. 4.7. The value éf distortion was -.124%,
with the désired value being -.125% -which can.be obtained by using

the formula

= - =2
SV = - A(us)

On turning the lens around and evaluating the imagery for the other

set of conjugates it was found to be almost identical.

Cemented Doublet

If one chooses not to use aspherics in the design, then a
second element must be added so the proper taréet value for o1 can be
obtained. Thus a cemented doublet was the obvious next choice for
the design. 1In this case the lens had to be optimized using the ACCOSV
lens design program. Optiﬁizing the lens at Y=0 conjugates and target

values for SA3 of -.01875 and CMA3 of O resulted in the design listed

in Table 4.2.

Table 4.2. Cemented doublet.

SURFACE CURVATURE THICKNESS  GLASS
1 | . .001013 o BaSF51
2  -.005021 12 o LaK17
3  -.00159

FRONT FCCAL DISTANCE 594 MM




aspheric

cemented
doublet symmetrical,,
doublet
.16
.14
.12
.10

ms* wavefront

*06

.04

02t

spatial freq. (1/nun)

Fig. 4.7. Wavefront rms error vs. spatial frequency
for simple F.T. lenses.
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The wavefront rms error versus spatial frequency of this lens is shown
in Fig. 4.7. The distortion present is -,1255%. On furning the lens
around, the second set of conjugétes gave identical imagery.
A non-cemented doublet was designed using the method of these
first two designs and its imagery was found to be similar to that of

the cemented doublet.

Symmetrical Doublet

For this last design the symmétry principle was used. 1In
this design the lens will be optimiied at m=0 conjugate, with the stop
at the front focal point and symmetry maintained such that the m=«
conjugate aberrations are identical to the m=0'conjugate aberrations.
The optimized design is listed in Table 4.3. The distortion value was

-.1327%, and the wavefront rms error is shown in Fig. 4.7.

Table 4.3. Symmetrical doublet.

SURFACE CURVATURE DISTANCE GLASS
1 .000077
2 - 000981 3.95381 ~ LaKl7
3 .000981 - . |
X _ 000077 9.95381 - LaK17




CHAPTER 5
COMPLEX F.T. LENSES

Complex F.T. lenses will be deélt with_inithis chapter and
how they can be used in decreasiné the object-F.T. distance while
improving thé F.T. imagery quality over the simple F,T..lenses of the
last chapter.

A complex F.T. lens will simply be classified as any lens that
does not meet the requirements of being a simple F.T. lens. Any eiee
ment separated from the stop leaves the conjugate shift formulae in‘a
very compiex form so thét little can be gained from their use beyond .
the simple F.T. lens case. The problem stems from the fact that all
the pupil aberrations of the initial system now have finite values.
Another possible problem with this method is fhat it only takes into
account the 3rd order aBerrations, although higher orders for complex‘
F.T. lenses will be of importance in their design. Thus for the d;—
sign of this group of lenses, use will be made of the symmetry prin-
ciple. Both the object and pupilrimagery must be corrected, but only
one set of conjugates need be considered in the symmetrical design.

A break from this symmetry COndition would require lookiﬂg at both
sets of conjugates and it is not clear that this would provide much
in the way of improving the desigﬁ.

The need for the complex designs is to improve the imagery
by_increasing the number of degrees of freedom availablerforlaberratioﬁ
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control while also reducing the object-F.T. distance. To redﬁce the
system's overall length the principal planes are crossed.

Use was made of the Y;?'diagram in the pre—design of each one
of these lenses. The same system parameters as for the simple F.T.
lenses will be used, i.e., £=600 mm énd input and_output fofmafs of
60‘mm;' No.attempt will be made at a mathematiéal solution exceptLin :
reducing thé inifial Petzval curvature. A mathematical appfoach was
examined by Blandford (1970).

The design oBﬁective will be to minimize the amount oflépheri—
cal aberration, coma and astigmatism to obtain the best imagery pos-
sible. Field curvature will not be considered as important in these
designs. This is just one possible design scheme one may follow.

Other possibilities could be a flat tangential or flat medial field.

Design Scheme

The initial system to bé’optimized was arrived at‘by méking
use of the Y-Y diagram. With the'requirement thaf Petzval curvature
be zero, ‘a distribution of the power between.the thin lens elements
can be found. Indexes were chosen to heip inrthe initial reduction -
of the Petzval sum. The initial'axial diStancgs where chosen to reduée
the object-F.T. distance to approximétely 700 mm. The shape factors .
of the elements were determined by first‘making_a reasonable guess and
then evaluating the results using a Y-Y computer program developed by
Shack (1979). After a few adjustments of the shape factors of the ele-
ments a reasonable starting_pbint was found. The lens was then opti-

mized using the ACCOSV lens design pfogram (ACCOSV, 1971).
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The basic idea behind the optimization routine was to main-
tain the Ist order constraints and the symmetry while varying the sur-
face curvatures and axial distances to reduce the aberrations. A
triplet lens will be used to show the basic optimization routine ideas
(see Fig. 5.1). The symmetry of the system was maintained by using
the pickup command in ACCOSV. The first half of the lenses parameters
(curvatures, thicknesses, indexes) are used as variables while the
second half parameters are picked up from the first half. The Ist
order constraints (focal length, telecentricity, f/#) were maintained
by forcing the marginal ray to be zero at the final distance (t| in
Fig. 5.1) and requiring the chief ray height at this surface to be

equal to that of the marginal ray at the entrance pupil.

marginal -C
ray

chief
ray

Fig. 5.1. Optimization routine example.



55
Complex F.T. Lens Designs
The first design is made up of two elements and is shown in

the Y-Y diagram of Fig. 5.2. The basic system data is listed in

Table 5.1.
%=1.5
Fig. 5.2. Symmetrical doublet
Table 5.1. Basic lens data for the symmetrical doublet
SURFACE CURVATURE THICKNESS GLASS

1 .000435 10 LaK17

2 -.000893 384.83

3 *000893 10 LaK17

4 -.000435

OBJECT-F.T. DISTANCE 1100 mm

FRONT FOCAL DISTANCE 552.47 nmm



56

The- amount of distortion present in the design is -.1276%

(the target value was -.125%). In Fig. 5.3 the rms wavefront versus
spatial frequency is plotted for various focal positions. This allows
one to choose best focus for a given rms wavefrbnt tolerance and deter-
mine the maximum spatial frequency allowable to meet this requirement.

The second design is a symmetrical triplet and the Y-Y diagram
is shown in Fig. 5.4, The basie system data is listed in Table 5.2.
The distortion forrthis design was -.1209%. The rms wavefront error
versus spatial frequency plot is shown in Fig. 5.5.

The final design is a 4-element one. Its Y=%'diagram is shown
in Fig. 5.6. The basic system data is listed in Table 5.3. The value
of distortion for this lens is -.1241%. The wavefront TMS eYTor Versus
spatial frequency plot for this design is shown in Fig. 5.7.A

Other designs ﬁduld be done by adding'ﬁore elements; i.e., five;
and six-element designsg thus allowing one to reduce the object-F.T.
distance even more, Harris (1975) created an outstanding six-element
design that is diffraction-limited with the specification listed below.

wavelength -500 nm

EFL -1000 mm

object diameter -150 mm(£/6.67)

aperture stop diameter -150 mm (150 1/mm)

object-F.T. distance -814.8 mm.
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Fig. 5.3. RMS wavefront error for the symmetrical
doublet at several focus positions.
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Fig. 5.4. Symmetrical triplet.

Table 5.2. Basic lens data for the symmetrical triplet design.

SURFACE CURVATURE THICKNESS GLASS
1 .001769 18 LaK17
2 -.00103 127.51
3 -.002733 10 K50
4 .002733 127.51
5 .00103 18 LaK17
6 -.001769

OBJECT-F.T DISTANCE 1100 mnm

FRONT FOCAL DISTANCE 400 nmm
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RMS wavefront error for the symmetrical

triplet at several focus positions.
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Fig. 5.6. Symmetrical 4-element.

Table 5.3. Basic lens data for symmetrical 4-element design.

SURFACE CURVATURE THICKNESS GLASS
1 .004709 25 LaF13
2 .001866 111.302
3 .006402 8.42 K50
4 .008975 136.81
5 -.008975 8.42 K50
6 -.006402 111.302
7 -.001866 25 LaF13
8 -.004709

OBJECT-F.T. DISTANCE 850 nm

FRONT FOCAL DISTANCE 225 mm
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Fig. 5.7. RM wavefront error for the symmetrical
4-element design at several focus positions.



CHAPTER 6
CONCLUSION

A clearer understanding of coherent imaging systems.has been
gained in dealing with the design of F.T. lenses.- It was found that
Gaussian optics could be used in only one specific case, the f-f -
system, to meaningfully discuss a coherent system. A general discus-
sion has to be done in the Sine ideal representatién of image-forma—
tion, which allows the calculation of piston error.

The quanfity SVI was found to differ from that of previous works
(Wynne, 1952), and an example was given to justify its current represen-
tation. It was shown that'this new representation of SVI does not
change the conjugate shift formulae which were used in the design of
simplé F.T. lens examples.

Further work could be done on the design of F.T. elements in
looking at anamorphic lens systems, which are used in multi-channel
data-processing systems. Another area of future research could be in:

the design of holographic F.T. elements.
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APPENDIX A
CONJUGATE SHIFT AND STOP SHIFT FORMULAE

‘Tﬁis appendix lists the set of conjugate shift and stop shifﬁ
formulae for fhe third order aberrations. They are used in Chapter 3
in the design of simple F.T. lenses.

The stop shift functional dependence can be found in several

texts (e.g., Welford, 1974). They are listed below.

The conjugate shift functional dependence of the primary image
aberrations (Shack, 1979) afe more obséure. Ihe formulae are derived
by using the pupil aberration changés for a conjugate shift, because
they are given by simple expressions, as opposed to the image aberra-
tions which are much more complex. This fact can be seen by looking
at the Seidel aberration équations;
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For a stop shift
all change. The
" by interchanging

set of equations

111

S. =

o )
AAy A@)
59

-ng P

AN A

= <A> S1 +<K>SIV
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= ( S. + 2

52D
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6n1y A changes while for a conjugate shift A, y and u

equivalent pupil aberration equations are found simply

the chief and marginal ray definitions in the above

which

[#7]
I

9]
n

)]
l

give the following

A stop shift in this domain is equivalent to a conjugate shift in the

image domain,

tions are found.

Connecting the two sets the  following set of equa-
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An object shift with respect to the pupil aberrations is simply given

by the following
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Taking these formulae and substitﬁting them into the connecting rela-
tionships between the image and pupil aberrations and using the follow-

ing equations

A*(u2) = A(U2)
A*(uz) = (u2) + 2A(uﬁ) (%% + (52) <%¥_2

CEMONGE

the conjugate shift equations are arrived at:

S.+ (35..+8) L 4 (35 _+35___+25 )(i’f—)z + (35..+S.) (§_X)3
I I vy 1SS S § 8 MRS A2 St S A A

_ L
+ 5 (&)
Y .
¥ S+ (28...+S. +5. Y (XLY + (8,478 )<§Y~>2 + 3 53—)5)3
11 11 111 v o1 (}7) v (§ 1(}‘,
S v (5450 (XY + 3 §1>2
117 - °1II VoI (5 1\3

Siv T Sy

* —_— 6y
s, = SV+SI<}’,)
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fl

9]
1]

[9p]
(]

Structural Aberration,Approach
To Pupil Aberrations

Following Shack's development for the structural aberration
coefficients of the image a corresponding development can be givén for
the,pupii’abérrations. Using the cbnnecting relationships between the
two sets of aberrations the following Coefficeints give a éonéistent’ 

set of equations for image space.
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Using the'structural aberration coefficients in the conjugate shift

equations give the following

- - 2 _ 3 _ - _n
= . B S
op op * (SGII+0V) S + (SOIII+ZGIV+SGIII) S & (0V+3 OII) S +0;
* . - — - -—2 - =3
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OII GII f CZOIII+OIV+'III) S+ ( V+ZGIIJ S + OI g
. R
orgp = Opp * (Oyropp) S+ o S
*
9tv T 91y
GV = GV + OI S

S is the object shift factor which is determined by the initial system
from which one is shifting the object. For the initial system pictured

below
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the structural aberration conjugate shift formula become

= aT - + + + + - + + a.
a (3on +av)Y (3a}"il"IT Zail‘\\; Sa}"i[‘IT)YZ (a{, 3ail"il‘)Y a. Y4
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APPENDIX B.
THE Y-Y DIAGRAM -

Basic terms

marginal ray height

<
1

y - chief ray height
u - angle between axis and marginal ray
u - angle between axis and chief ray

_K - Lagrange invariant

' Reduced terms

T =t/n
w = nu
w = nu

Basic equations

B
i
€1

~<

1

€
<i

Lagrange invariant:

axial distance: T =

power: | q; =
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