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- ABSTRACT

This dissertation discusses the design and evalﬁation of ]enééé
for some coherent optical processing apﬁ]icatiohs. The first order
properties are depicted by djagfams of lenses with paréXié] ray:paths
thréugh the system. It is the purpose of this approach to cast the
prqpertiés of a cohérentlobticé] prbcessor in the terms 6f‘1mage_forming
optics. This will create a compatibility with existing optical design
optimizatiph’pfograms. ,A prbduét of such a formu]atibn is that the'
lenses can be eva]uated wfth the same program which performed the opti- .
mization. Object-pupil relationships are shown. A methodology to treat
the diffraction integrals of processors is developed tb include an un-
derstanding‘of linear and quadratic phase factors in terms of paraxial
optics. In the geometrical optics descfiption of a Fourier Transform
Lens (FTL), it is shown that the diffracting object defines the Tocation
and the extent of the lens's aperﬁure stop. |

| The design and the evaluation of several lenses are considered.
The usefulness of a doublet telescope objective as an FTL is described
with point spread function (psf) calculations. Aberrations are diag-
nosed from ray fan diagrams. A Vander Lugt matched filter correlator
constructed .of doublets is then evaluated. |

A matched filter correlator constructed from two FTL's of dif-
ferent focal lengths was designed .and eva]uated; The fabrication data
for the lenses énd pupil and;focé] plane Tocations arefStated,:-Also_

listed are the data for fabrication of a four element asymmetric FTL.



, S _ xi
~ The design-approach‘and a deScriptién‘of the defecf function for mininﬁ-
- zation of aberrations are given. |

A usefui_cohcept in coherént processing is the app]fcation of
‘multicolor ]a§ers for feasons,éf photographic emh1sion sensitivity, il-
Jumination uniformity, and input transparency spatial frequency content.
‘ Chromaticvcorfeétion in the ordinary sense is not'reﬁuﬁred. fheAimpact
of this and coding of the optimization program to make effective use of
the relaxed requiremenﬁs ére diécussed. AThe final diagfams present data
and evaluation of FTLfs suitablé for‘use at 632.8 nm and at 488 nm. The
scheme to design such lenses using the capability of ACCOS V (ACCOS pro-
graﬁs are the copyrighted property of Scientific Ca]cu]afions, Inc.,

Rochester, New York) for zoom ]ens‘optimization is demonstrated.



CHAPTER 1 ‘ , T
INTRODUCTION

The reader is assumed to be fami]iar'with scalar diffraction
theory, the Fourier transforming property of lenses, and image formation
as -presented by Cafhey (1974) or Goodman_(1968).' However, Appendix A,
Methods for Studying Optfca1 Processors, develops some methodology for
treating the diffraction calculations in a straightforward manner. Use
of geometrical optics is made 1n'the‘treatment;'but all the calculations
are closely tied to the use of the Fresnel-Kirchoff integral descrip-
tfoh'of the particu1aﬁ situation. It is felt that the consistent use of
a singie*method'in treéting FTL;S and\Various app]icétions makes for |
better ‘understanding and appreciation. The integral approach is often
abandoned at some point -in favor of a less cumbersome method. We show
that, wheﬁ'supp1eménted with sbme simple geometrical optics principles,
thé integral treétment remains QUite tractable, In both Cathey_and‘i
Goodman, the ﬁdp{T functions'of,theAFTL‘s are assumed to be
adequately described by arquadratié phase factor which is independent of
sbatial‘frequency.' PhéSe'errors in the pupil function (wavefrpnt aber-
rations) and their dependence on‘spatidi frequency (viz., field angle)
are neglected in conSidefation of more basic concerns.

In this dfséertation; we discuss tﬁe 51gnif1céhce of the psf,
characterization of the pupii function in terms of geohétrica] opticé{

and the design of lenses for use as FTL's and for use in the Vander Lugt
1



_ 2
-configuration The ]ens design cons1sts 1n attempts to reduce the wave;
_'_front aberrations to a level such that the wavefront converg1ng to any |
‘point in the transform plane be spher1ca] Ach1evement of this ideal is

subJeet.to severa}_constra1ntsm Implementation of the constraints is.
"different for the design of a lens meant only for spatia1 frequency map-
A‘p1ng and' for the design of lenses to- be used in-a Vander Lugt corre]a-
tor; Idea] Tinearity of the corre]ator requires not only that the wave-
front for each point in the corre]at1on plane be spherical upon leaving
the‘jens, but that thé chief ray for the wavefront be normal to the cor-
Arelation plane. If the‘énief ray is not normal to this p]ane, then the
- Airy pattern changes with field angle. Tnf$“1ast requirement is known
to cause difficu]ties with computation»of the transverse ray errors.

The exit pupil Ties at the image space intersection of the chief ray
with the optical axis. If the:chief ray is parallel to the axis, the
1ntersectfon is infinite]y distant.. Rays traced tnrongh the lens, on to
fhe exit pupil, and from there to theirear focal p]aneklose>precision
due to limited word length in the computer. It may be argued that the
aberrations‘are not strongly dependent on entrance pupil location for
small field angles. The solution is to then move the stop some'sma11_
~distance from the front focal plane, and proceed to evaluate the lens.
Though this technique may work dur1ng eva]uat1on without introducing
nonneg11g1b1e errors, it is unsatisfactory dur1ng the optimization pro-
cess. Even with the focal Tength constra1ned, the foca] dlstances.may

. change snfficiently to place the focal plane too near the fixed stop..

Then the defect function diverges dne to lack of length in the computer
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word. Prevent{on of this cafasfrophe by uéing judicious1y éé]ected in-
structions for ACCOS II and forOACCCS Vv fs'described in the,Appendfces.

The design approach is to minimizefa»nuhber of designer seiected.
tranéverse ray erforsr It has been‘shown (Bbrn and Wolf, i959, p. 468)
that thé Sﬁreh] ratfo (and-hence the yo1ume'undef'the optical transfer
function) is maximum when the wavefront variance (with feSpect to a
sphere cehtéred at tﬁe 1mage) is minimum. The'minimization_of the mean
squared spof size»oh.the image plane for a uniform grid of rays traced
through the entrance pgpi1,1eads to a geometrically based criterion for
thevoptimizatfon. Between these extremes is fhe construction of avde—
fecf function based on ray aberrations Which émd]ates the mfnimizatfén
of wavefront variance. Implementation of éuch a defect function is .
“shown in the Appendixes.

The design approach fs to minimize the values of transverse ray
errors. Implementation of the specifications imposed by the paraxial
behavior of the systems is demonstrated for two different lens design
programs, ACCOS IT and ACCOS V. |

Ray fan diégrams'and psf cross sections are displayed for eval-
uation of the various lenses. Figure 1.1 shows the reference apertUre‘
intercepts of rays 1ying in the tangential (meridional) plane. The
dbject'point is shown with x = 0, z = 0, and y negative. Negatjve object
heighf is conventional. The coordinate system is right-handed.

Tangential fans aré tracéd from tHkEeiobjecf points: axial, .7
full- field, and ful]’fié]d. Representatfve plots éré at the left-hand

side of-Figuré 1.2. The axial fan diagram is shown only for positive



Entrance Pupil

Object
Plane

Figure 1.1. A Tangential Ray Fan.
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y coord1nate 1n the reference aperture, because (transverse) axial aber-
rations have odd symmetry in a b11atera11y symmetr1c system ‘The drigin
“in a tangent1a] ray fan diagram represents the y-height of the central

ray of the fan (chief ray). The horizontal axis in the diagram

represents the normalized y coordinate at the reference aperture. The'

vertical axis in the y fan diagram represents the y~height of a ray at
the tmage plane with reSpect‘te the y-height of the chief ray at the
image»plane. The difterence is ca]]ed‘sy.

Figure 1.3 shows some rays forming a sagitta]-(radia]j fan. The
rays intersect_thetentrance.aperture'aTong'the r~axis. Rays of the tan-
. gential fan remain in the yz p1ane from’objeet to image if the system
has'ref]ection symmetry ebout‘the plane. However, rays of the ségittal
fan fall albmg-é Tine only to thetproximity of the first refracting or
ref]ecting surface. The~§enera1.case is that the intersections with the
first surface do not lie in a plane, due to the curvature of the sur- |
face. |
‘ For e system with bi]etera] symmetry, the sagittal fans are
shown only for rays traced through the half of the pupil with y = 0 and
x positive. The horizontal coordinate is the fractional pupi]tradigs
and the vertica1 c@ordjnate is the x intercept of the ray with the image
surface. The pupil eoordinate increases to the right in the fan plot.

' ‘There is usually e difference‘between the y-height of a sagitte1 ray
and the chief ray height at the‘image, but this is typically an.order

of magnitude smaller than-the x error, called ¢, .

6
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The éagitta] fay fan diagram‘for an axial objecf,poihf is iden;.

tical to the tangential one'if the system has rotational symmetry, sol

| .only two sagittal ray fan diagrams are‘shown; one for .7 full fié]d and

oné for full field. These are at thé right of Figuré 1.2. -

"‘ Point spread function ca]cu]ation§ are based on the Fresnel-
Kirchhoff dfffrattion fbrmulé, “From a g1ven object point, ACCOS v uSe;
a two dimensidna] arrdy of rays to sample the entrance aperture. Opti-
cal path differencesgaTong‘theselrajs are ¢a]cu1atedg The différehces
are then appfoximated with a polynomial in x and &, and the polynomial
s used as"the~transmitténce'(pure phaﬁe)ifunction in the diffradtion |
integral. Cross sectfbns of the psf for x =‘0"and”f0r‘x >0y-= cén-
étant at the image plane are calculated. The cross section in the yz
plane is shown at the left of the set of diagrams (see Figure 2.4). The
right side of the figure gives the éagitta]-sections. As in the case of
ray fan diagrams, syhmetny properties of the optical system eliminated
the need to pjot the seétionS'in their entirety. B

| An interesting development was the design of an asymmetrical
FTL. Such a design wés described in a Japanese publication (Matsui,
Minami, and Yamaguchi, 1974), but without the values of the construction
variables. Here,~é’]ens is. described and an evaluation prééented.~.The
diffracting aberture for this lens can be kept in the paraxial front fo-
cal piane, but the implementation of the optimization is different from
the case of the symmetric lens. | |

~A1sd, the FTL for useAwith'differentAléser wéve]ehgths is de-

scribed. If we do not-requirelco]Or'COrrectiOn of the Tens in the



| conventiona] sense, but only ihat the 1ens'bé Weil éorreétéd ét sevéfa1
wave]engths‘independent]y,‘with»back'focal distance and focal Tength .
!fvarying with wa?elength, then.'a useful lens can be realized. The means
'to-perform‘thfs“optimizationfuéing the Mu]tib]e Configurations Option
“of ACCOS V is given. - Ray tréce'data ahd'psf calculations Show how well
- the lens suits the‘reqﬁirements at the optimization_wave]enéths! The
. feasibility of‘designing.SUGh é Tens with only one glass type is demon-
‘stratéd. The possibility of 3u¢b a solution has been discussed in sev-

eral places, and concluded to be doubtfu] for various reasons.



' CHAPTER 2
FOURIER TRANSFORM LENSES

Lenses and Sbat1a1 Frequency Mapping -

The first order geometr1ca1 opt1cs properties of a Fourier
transform lens are shown in F1gure 2.7. A.collimated coherent Tight
| beam, parallel to the opt1ca] axis, is d1ffracted at the transparency S.
The beam is assumed to be collimated, for avdiffractibn'gréting fntro-
duces abeffations into diverging oh converging light. Also, the dif-
fracting transparency is taken to be in the front focal plane of the

lens. For justification of this choice, the reader is referred to Ap-

pendix A, where we consider the Fresnel-Kirchhoff diffraction integra1s)

for the Vander Lugt matched filter correlator. The upper and lower rim
rays and the central ray (called the chief ray) are shown. The ang1e
they make with the axis at the right of the diffracting plane is the

maximum angle of diffraction. If the maximum spatial frequency in S is

,‘Emax

wr1tt§n Emax = s1nemax/x. This result follows directly from the dif-
fraction‘grating eqhation. The rays focus at a height dmax above the
axis. Only the +1 order is shown, though the maximum spatial frequency
also determines a -1 order, which is focused an equal distance below the

- axis.

"

Consider a ]ower_spétia] frequency g gmax/z. ‘The chief ray

sin"](gx). Mutatis

for this~frequency 1eavesvS.at an angle 6, 6
| 10

and the i1luminating Wavelength'is X, then the re]ationship‘can be



Figure 2.1. Lens with Diffracting Object in Front Focal Plane.
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mutandis, we have sine ='Sinemax/2f To yield the proper metric for

Fourier space, d.= d‘ /2. The implication of thfs is that the lens is

max
to 11near1y re]ate the transverse d1sp1acement in the foca] p]ane to
spatial frequency | deg. The ch1ef ray passes through the front focal
plane and emerges parallel to the opt1ca1rax1s. In the paraxial th1n
lens approximation, it has reached a he{ght of o at the lens, so we
have d = fo. - However, £ is prbportidna1 tuvsiné, and so at nonzero spa-
 tial frequentiess the difference between fo and fSTne represents a de-
parture from the 1dea1 FTL. A photograph1c ob3ect1ve typically has a

d= ftane sca11ng in the 1mage plane, where 6 is the semifield angle.

We shall comment later on the (sine - tans) difference.

Marginal and Chief Rays for a Fourier Transform Lens

The chief ray traveling at ang]e e-crosses the'axfs at the dif-
fract1ng aperture, so the d1ffracted 1ight appears to be coming from an
1nf1n1te1y distant object, w1th the aperture stop at the diffracting
aperture. This holds for the continuum of angles from -e to +8, so the
deséription of this feafure of a FTL is thé.same as.that for an image
forming lens viewing an infinitely distant honochromatic object field,
with field of view Ze,.havfng the aperture sfop in- the front foéal plane.
In the FTL, parallel rays in object space represent 1ight diffracted by
a.pertfcu1ar spatial frequency component in the<diffracting plane, and
in the image formingrlens, narel1e1 rays represent 1fght from the same
infinitely distant field position, Thuss the same design procedures are
usable for FTL»design as are usedAfor the design of imaging‘1ensesa S0

’ long as the object-pupil and-imageftransform dualities are understood{
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However, implementation of the procedures may be quite difficult. The

1 defect funct1ons emp]oyed in the opt1m1zat1on are d1fferent of course,
;for the performance requ1rements are different.

In Figure 2.2, the marg1na] ray and the chief ray for a- ]ens are'
depicted. The marginal ray Jeaves’an axial object point infinite]y.d15h
tanﬁ,'passes thrbugh the,edgé of the aperture stop, and intersécts the |
oﬁtica]\axis again at the paraxia1 focal plane. The chief ray 1eavesra
' point.at the edge of the fie]d of view and passes through'the center of
the stop. The stop is ]ocafed at the front focal'plané offthe lens, so

the ray is parallel to the axis to the right of the lens. With the

image space), there is no explicit dependence of the psf on spatial fre- -

quency (field angle). Therefore, if the aberrations do not change with
. field angle in object space, the system is isoplanatic, whether or not
it is aberration free. a

If the chief ray is not normé] to the focal p]ane;'the wavefront
is cohvérging,at a nonzero\angle from the normal, and so even a perfect
wavefront will form an irradiance pattern with an'e11iptica1 shape for
the Airy disk. For an off éxis.object point in the yz plane, the x di-
mension of the psf will be constant, but the y dimension will change
with the cosine of the field ang]e, even when the wavefront is spherical.
Thus, the system is not isoplanatic, though this may adm1tted1y be in-

consequent1a1;'



Figure 2.2. Marginal Ray and Chief Ray of a Lens with Aperture Stop
in Front Focal Plane.
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| Cemenﬁed,Aplanattas é Fourier Transform Lens

| Before discussihg'the design of a Fourier transform iens,-let
us see how well a doublet telescope objective satisfies the reqdirements
”de11neated up to this point. A fbca] 1éngth of 235 mm, helium-neon la-
ser illumination (632.8 nm), and an input format of 18 mm radius con-
_tainihg'Fourierfcomponents ub to 30 1p/mm were selected as parameters
for thé design and eva1uatﬁpn of the 1éns for the single wavelength
prob1em treatéd'in this chapfer. To gathef all therlight diffracted by
the trénsparency at S (see Figure 2.1), the lens must have a clear aper-

ture radius 1argér than the radius of S by an amount ftanemax

, where.f

is the distance to the lens and 6 ., is the maximum angle of diffraction.

X
For a maximum spatial frequency of 30 1p/mm and a wavelength of
632.8 nm, we find that Ornax = sin;1(—%%— X 632.8 x 10"9)'=‘1.1°. As-
suming that the front focal distance is about 235 mm, we have ftanemax
= 4.5 mm.. Thds; the lens must have a 22.5 mm clear aperture'radius.
The‘tfansparency has a diameter of 36 mm and the lens has a diameter of
45 mm. The nihe millimeter difference in diameter allows.all the 1ight
diffracted by Fourier components up to 30 Tp/mm to be collected by the

lens.

b, Design of a Cémentéd Aplant

‘A cemented doublet with thé stop at the Tens can be corrected
for spherical &berration and axial color (chromatic variation of back
focal distance). If thé désigher is free to ghOose glass types, the co-

ma can be suppressed and possibly eliminated. The stop is placed at the
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1ens for use as a te1escope objective. The doublet is to be used later
as a FTL wfth clear aperture diameter‘of'45 nm,and efl of 235 mm. With =
‘the stop Tocated at the lens, the stop must have a diameter of'45 mm to
allow use of the entire lens c1earAaperture. xThis yields a focal raffos
fof F5.2. Typical angu]arvfield diameter 1isfed by one manufacturer for-
a doublet of this focal Iength and focal rafio‘was 3.5°, so the achromat
Was designed-to cover this field angle.f (when the lens is evaluated as |
a FTL, tne-stop is moved to the front focal plane and the stop diameter
is reduced to 36 mm. The Tens diameter is constant; the focal ratio in-
Acreases from F/5 2{(235/45) . to F6. 5(235/36) ) Se]ect1on of g]asses from
the Schott 11st of preferred g1asses was made after the des1gn was 1n1-
tially opt1m1zed by the 1ens opt1m1zat1on program ACCOS.V. These con-
siderations were made so that this design would‘reoresentva-cemented
achromat of high qua]ity, readily afaﬂ]ab]e'to the coherent optics ex-
perimenter. | | -

The optimization of this Tens was based on an exact ray trace.
Spherical aberration and axial color were minimized using three zonal
rays, and.the coma was mﬁnimized by comparing-the‘average of ful] field
upper and 10Wer rim rays with the ohief ray. The primary wavelength for
the design was 587;6 nm, a customary.ohoice for yisua] optics. Table

2.1 contains a description of the lens.

Eva]uat1on of a Four1er Transform Lens
| In order to eva]uate the doub]et as a Four1er transform 1ens,
the stop was moved to the front foca1 plane. Se]ect1on of the best

transform plane, nearerAthe lens than the paraxial back focus due to



Table 2.1. Cemented-Ap1anét as a Fourier'Transform Lens.

Radius (mm) -~ Thickness (mm) L Glass Tybe
1019 Air
Stop 233.1593  Air
173.6676 9.4 o SK5
-83.0344 2.35. SFI12

-405.2721 . 229.19885 |  pir

EFL at 632.8 nm = 234.9475 m
Paraxial back focal distance = 229.3353 mm
Paraxial front focal distance = 233.1593 mm

tan'] .019

Paraxial chief ray height at paraxial focus = 4.46400 mm
Real'thief ray height at best focus = 4.46175 mm

- fsine = 234.947sin1.08849° = 4.46320 mm

Airy disk radius = 0.005 mm

Program was given a field angle of‘1.08849°

17
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undercorrected field cUrvaturé and_éstigmatism, was done byvusing'a def: 
fect function deve]oped for the optimiZaffqn of a FTL’(seé Appeﬁdix A).
~ The Only pafameter allowed to vary_durihg fhis optimization was the

“distance from the lens to the transform plane. The baraxial back f0ca1 '
 distance of the doublet at 587.6 nm is 229.382 mm; at 632.8 nm, it is
229.33§ mm, and fhejse]ettéd back focal distance was 229.199 mm.

- The fay.faﬂs in.Figure»2.3 and-the cross sections of the point
spread functions in Figure 2.4 weré ca]cﬁ1ated for this plane. The ray
fans are for axial, .7 full field, and full field objects. Tangentia1'
fans are tracéd‘from the_bbttom to the top of the entfénce pupils sagit-
tal fans are traced from the center to a vaJue,of'+1,in the ﬁorma]ized
pupil. (The program récognizes object heights, viz., tangents'of an;
AgTe,) The chief ray heights at this plane for the two field angles afe

1 .019 corre-

3.12404 mm and 4.46175‘mm} The full field angle of tan~
sponds to 30 Ip/mm. The field ang]g is measured as a tangent, so the .7
full field -angle is .76199°. The distortion measured by consideratioﬁ
of the chief ray intercept’with the best focal surface shows that the
differences are inconsequential in this instance. However, an inter-'
esting and salient feature of the prob]em-is displayed gfaphicéT]y in
Figure 2.4. The veftica} line at the center of the cross sections rep-.
resents two parémeters. Its Tocation corresponds tb the intersection of
the chief ray with the selected focal surface, and ité height represents
the irradiance in the point spread~function df an aberration free system.
Note that at’thé‘foca]'poinfs.for‘the of f axis angles (ndnzero.Spatial

frequencies) that the psf's are nof‘maximized at the chief'ray'1ocation.
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Figure 2.4.

PSF's of the Cemented Aplanat as a
Fourier Transform Lens, F6.5.
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. Thus, we see that it is deceiving to measure either distortion or (éine

- tane) in terms of chief ray intercepts. The chief ray is not jdenti-
fied by a deteétor; thé‘irradiahce is the quantity measured.
In hisUStuﬁy,of hoiographic matched fi]ter'COrfelators, Fienup -
(1977) hés shown the re]evénce of wavefront variance in evaluating sys- |
tem‘performance, The processor is désigned to fOrm-the'autocorre]atioﬁ g
of fhe input to which the filter isAmatched. He shows that the ratio of
k‘the peak value of the irradiance in this autocorrelation to‘the theoret-
ical maximum is .a linear function of wavefront variance. The dependence
on the variance .is idgntical to the Strehl ratio relation (Born and~' |
"Wo]f,']959;-p. 468), but the criterion for acceptability 'is different.
Fienup assumes that an jrradiance of»bne-ha]f will allow detectibn of
the autocorrelation. At this level, the equation relating the ratio to
bthe wavefroht variance becomes inaccurate to the extent that a digital
model is‘required.~ | |
| Using a quasi-random object and a computer model of the proces— 
sor; he shows the autocorrelation of“the object for phase errors thfough
éixth order with standard deviations as large as one wavelength. From
‘these siﬁu1ations, it can be deduced that "a standard deviation of 1/8
wavelengths of phase error resufts in a greatly reduced; but still de-
tectable autocorrelation peak." Also, "a standard deviation of 1/4 wave-
lengths results in an autocorrelation peak that would be lost in the
noise." |
| Although the peak phase errdf‘corresponding to a standard devia;

tién of 2/8 depends upon the order of the aberration, the
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autocorre]at1on seems to be fa1r]y 1ndependent of the aberratlon type
fwhen the standard dev1at1on is this small. |
F1enup 'S treatment dea]s only with the rat1o as a function of =
hthe first Fourier transform1ng e1ement S effect on wavefront var1ance
The wavefront var1ance,for the secohd ]ens‘of the corre]ator is assumed .
'ttoi?anish. Frem‘hfs treatment; we deduce then that the Fourier trans-
Afermblehe must have a standard deviation no worse than /8. If the |
wavefront is worse than /8 standard‘devfation, then an imperfect second
e]ement assures unsatisfactory performance. | _
We note that a standard deviation of‘A/S corresponds tofa StrehT :
ratie of 0.383. The ]eve] of ecceptability fer an fmagfhg 1en$:is often
taken to be A/14 standard deviation, or a Strehl ratio‘df O.8.> We see
that the cemented-ep]anat given fn the table satisfies even the stronger
of these criteria. | | |
The requ1rements to yield a Four1er transform in the rear focal
‘p]ane created no need for the lens to be symmetr1c Fourier trans form
]enses are often seen with fsine = R, the 1nput format radius (B]and-
ford, 1970; von Bieren, 1971; Steel, 19745 Wynne, 1974&, b). ‘However if
'~ the maximum spatial frequehcy of interest is gmax, we'note that the

‘Fourier transform format is of radius TAg .y regardless of R.



CHAPTER 3

THE VANDER LUGT MATCHED FILTER CORRELATOR

Geometrical Qgtfcs of'the,Corre]afor'
Figuré 3.1 represénts the geometrical optics 6f-£he Vander Lugt
filter correlator. Input to fhe correlator is located in‘tﬁé plane S,.
ft is‘the front focal plane of lens L]. The Fourier,iransform plane is
cat SZ’. The clear aperture of'>S2 represents the transmission hologram
(matchéd filter) which is to be illuminated With,the Foﬁfﬁer-spectrum
of the input. _It Ties in the front focal p]ane_of:Lz. The ]éns L2‘w11i
~ Fourier transform the'amp]itude_transmiftedvthrough 32 and form a con-
vo]utibn,,a cross‘corre]atioﬁ, and an image at 53 (Goodman, 1968, p.
176). | o
~ In presenting‘this ray treatment; weicoqu assume that the ref-
erence beam ang]e'usedAfn exposing the matched filter was zero. In
‘éctua]ity a prism and a tilted plate assembly are introduced between the
hb]ogfam and L2 in order to bring the axis of the beam leaving the fil-
ter into coincidence with the optical axis. WQ‘thus reduce the clear
'__aperture4and fhe fié]d ang]e‘requirements‘oﬁlthe second lens. This is
especia]]y important in the case wheré'the filter is rotated in order to
implement an‘ofientatfbn_search for a matching signal. To see'th_is‘9
consider an input which is matched to‘thé‘fi1ter.: Ajsb, cohsider the
input- to be on axis; fﬁen the collimated beam eﬁéﬁating from Szbis'fo;:
cused at Sy and forms the autocofréTation'of the input céhvo]ved'with
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Figure 3. . Marginal Ray and Chief Ray for Coherent Imaging
in the Correlator.
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S o s
the psf pfAthe optical ;ystem..'ThiS autocorréTafibn appéafs off the
'axisAin‘S3 Now if a'priém is intrdddced to'refract the beam coming
“from Sy “into para11e11sm w1th the axis, and a tilted p]ate br1ngs it in-
4to co]]1near1ty with the ax1s, the autocorre]at1on appears on axis. The
autocorrelation lies in the same plane as the image. Therefore, we ex-
amine the performance of the system by ]ooking at the imaging psf of the
optic;. (We asSume'the brism and p]ate,Aas optiéai]y perfect<and power-
less elements in a collimated beﬁm, introduce?no aberrations.) The
psf's at 33 for off axis points in S] tell us whether the Vander Lugt
" optics truly form a shift 1nvarfant system»(Goodman, 1968, p. 194, Prob-

“lem 7).  For a’diécuséioﬁ'df the 10cations'of,the'corre]étdf'éufochéed‘A4
]ight, we refer the reader to Appendix A.
| Ray R1 emanates from the axis. It feaches LT atia height such_A

that it meets the ho]ogram at its edge, AThe ray continues to S3. 51
Ais in the front focal plane of L], so the ray is parallel to‘the axis
after refraction and thergfore crosses the axis again at the rear‘foca]
’plahe of L2. Its intersection with~thefaxis>10cates the¢jmége of S].' A
second ray begins at the edge-of the input format and is péra]leT to the
optical axis. Because 32 is the front foca] p]ane of- LZ’ the ray 1eaves
_,L2 para]]e] to the ax1s and reaches 53 at a height determ1n1ng the edge
~of the output format The lenses are arranged with the1r foc1 coinci-
dent atxsz, giving an afocal imaging system. The transverse magn1fjca-
4tion-of'such»a system is proportional to the ratio of focal lengths.

Magnification = - focal length of L,/focal length of L..
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Now we can discuss.the design field angle and f-ratio require-

ments for L, to work with Ly- The f-ratio of‘L];' Ny, was determined
From the chosen focal 1ength, f], and the desired input format d1ameter,.
D]; ] = f /D] 2 is para]]e] to the optical axis to the left of L]
and passes through the edge of the input format. Therefore, it is a .
marginal. ray for L], and the angle it makes between L] and L2 is the
numerical aperture of L]. L2 is to Four1er transform'the.amp]1tude
trahsmittanee_of 52, for 52 1ies in its front focal plane. As seen ih
Chapter 2, 52 is now considered fhe aperture stop for ng and R2 is a
chief ray for L2’ As a chief ray, its angle with the axis at 52 (which
is also L2's entrahce pupil) is the field angle for Lz. Thus, the
angular field of vjew for LZ was not-a free varjab]e once the f-ratio
~ of L] was‘determined.' | |

R] passee through the edge of Sé and 1$ a marginal ray for LZ“
The size qf the aperture stop at 52 for Lz.was determined by £ and f].
The ‘numerical aperture of L2 now depends solely on the choice of the
focal Tength of LZ’ fz. AHoWever, fz may have been chosen by the detec-
tor size, for the detector can be no smaller than D] fz/f1, as seen from
the equation for afocal transverse magnification.

Figure 3.2 shows a cone of rays constructed about the ray R, of
- Figure 3.1 to represent imaging from the edge of the input. In per-
form1ng as a FTL, L] had to form an 1mage from rays leaving an. obJect
, 1nf1n1te]yvd1stant to the left. As a part of the correlator, it must’
.collimate rays ]eeving a poinf bf,S]; Lz-forms an image of a'point

which is (appafent]y) infinite]y«d?stéht. It need not be symmetrical.






Doub]ets as the Corre]ator Lenses

Tab]e 3.1 descr1bes a pair of doub]ets arranged in the afoca]
‘iﬁeging conf1gurat1onf The common focal point is what wou]d ordinarily -
be the‘rear focei'boint of'eaeh of the lenses. The rays tfaced forll
analysis are traced from»threevpointé in the input_p]ane{ eThe fifst
point is on axis, the second is 12.6 mm below (.7 field), and full field
rays are traced from 18 mm below the axis. ‘This choice of inverted ob-
‘ject is mere]y'aVTens designers' convent1on Two tans of rays are‘
traced from eech point. The y-fan f11]s the mer1d1ona1 d1ameter of the
hologram aperture at 52’ and the x-fan covers the ]eft half of the sa-
.f“g1tta1 diameter. :' S j"" tnwf ‘
The plane of 34 is the(paraxia] (at 632.8 nm) front focal plane
of L.

1
pendix A, w1th L] descr1bed as a FTL. The lenses are arranged symmet-

32 lies as the distance selected by defect function giveﬂ'in'Ap—

’r1ca1]y~about 52’ (Revers1ng the or1entat1on of the second doub]et is
not of much interest.) 83 was se]ected by a similar ACCOS V defect
functieﬁ, but with the field of view and object location being deter-
mined‘by the input format katﬁer than by . Also, the aperture stop
for this optimization lies at 52. Because of undercorrected field cur-
vature, S, lies closer to LZ than S lies from L.

| The éystem is ddub]y te1ecentric and can leadfto previously men-
tioned difficulties 4n evejuatibn. Given ih Appendix B is a set of
ACCos v cérd’imageS»ﬁhich‘Qi1] not‘induce any difficu]ties; Some ver—
sions of ACCOS II requ1red the user to aim rays at the f1rst g]ass sur-

face, examine their 1ntersect1ons w1th 82, and reaim them A]so,

g



Table 3.1. Cemented Aplanats in Imaging Configuration.

.020 mm

'Rédius (mm) Thickness (mm) - Glass Type
233.1593 ~ Air
173.6676 9.4 SK5
-83.0344 2.35 SF12
-405. 2721 229.199 CAir
Stop 229.199 Air
405. 2721 2.35 SF12
83.0344 9.4 SK5
-173.6676 - _231.4724 _Air
Airy disk radius =



" construction of an ACCOS 11 defect function tb'Select best focus of the

doub]y telecentric system was not a task which could be fu]]y controlled
.as w1th ACCOS Y. | |

ACCOS II used a left handed coord1nate system The y-axis was
~vertical and the z-axis was the optical axis. The x-axis was positive
to the r1ght as we looked along the pos1t1ve z-axis. It became custom—v
ary to plot the sagittal ray fans. for just the right half of the pupil
for'eircu]ar]y symmetric optical systems. ACCOS V uses a right-handed
coordinate system, with X increesing to the left. The sagittal ray fane
dre still plotted witﬁ x = 0 at the Teft edge and x = 1 at'the.right
edge of the norma11zed pup11 (horizontal) ax1s

Compar1ng the ray fans in F1gure 3.3, one can see that there is
a significant amount of field curvature and astigmatism in the system.
The psf's in Figure 3.4 show, as we expect for a symmetric system, no
coma, but large amounts of even‘aberration termst (TheAAiry~disk radiué
is .020 mm.)

We have new seen a lens which behaved»reasoneb1y well as a FTL
failed to satisfy requirementeiin the'corre]ator>configuration. then |
required to form good images- for two pairs of conjugates, the lens
fai]ed for it had hot been designed for such an application. 'Now con-
s1der the design of a lens able to focus Tlight from one d1rect1on (Fou--
r1er transform the 1nput) and also ab]e to co]]1mate 11ght coming from
p01nts in 1ts front focal p]ane (first half of corre]ator s“1mag1ng
vpair) A]so, if the lens is to be used to make matched f11ters, 1t must

have a back focal d1stance 1arge enough to a]]ow a reference beam to
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Figure 3.3. Ray Fans for Aplanats in Imaging Configuration.



Figure 3.4.

.045 mm

PSF's of the Aplanats in Imaging
Configuration, F26.

32



. _ , . 33
illuminate the Fourjer spectrum of the input. (The selection of back

focal distance is a function of inﬁut diameter size, spatial frequency,
.and reference.beém ang]é}' The fe]ationships are easi]y understood and
‘best investigated with a'diagram. We will assume here that the reader
can determine the 1imits on the back focal distance and then implement

them as constraints on the optimization.)

Unequal Focal Lehgjh'LenSes
~ Though the input diameter of 36 mm is;different'from the spec-

trum dijameter of 9 mm,'the next lenses were'optimized as symmetrical
lenses. This insured that the perfprmanée in both directions would be
good. A lens input description is given in Appendix B. The input loca-
tion (stop) and-Foﬁrier plane were automatically kept symmetrically Tlo-
cated about the Tens.rlThe defect function was evaluated at a plane dif-
ferent from the paraxial plane, its 1ocat§on-determinéd by the optimiza-
tion prbcess | |

A second lens of shorter focal ]ength with field ang]e deter-
m1ned from the f-ratio of the first, was also designed. It has already
»been'shown'that the(spectra] mapping requirement; could be satisfied
much more easily than the telecentric imaging, so the evaluation pre-
sented here includes only the latter for these iwo 1ense$. Note that
the}seéOnd lens is not merely a scaled down version of the first lens.
Its field angle and numerical aperture are different from the first, so
the optimization produces a d1st1nct1y d1fferent Tens. |

The re]at1onsh1ps of field ang]es and f-rat1os were mentioned

earlier. We will use this pair as an example. For L], the input
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diameter = 36 mm and focal length = 235 mm. This gives an f—ratio of
6.5. (The numerical aperture is 3076.) The Timit on oufput diameter
‘was 13 mm. So we find the focal length of L2 to have an upper 1imit of
85 mm (13/36 x 235). We know that the input spatial freguency extends.
to 30 Tp/mm, so the spectrum has diameter 9 mm (2+30-6.328-107% mm) .
This means L, will have an f-ratio of 9.4 or faster (85/9). The field
angle for L, is .076 or about 4.4°. (Note also that tan”!(1/2 x 13/85)
= 4.4°.) .Back focal distance constraints were determined by reference
beam regquirements and e]ectromechanica] devices for tﬁe correlator. The
lens system descriptidn is given in Table 3.2. 'The evaluations are seen
in Figures 3.5 and 3.6. A comment on the diffraction integrals fdr this
configuration is given in Appendix A. |

It was mentioned at the end of the first section of this chaptér
that.oné could design the second 1ens'wfthout regard to symmetry. All
that is required ié that thé second lens be corrected with the~apértufe
stop at tﬁe hologram position in therfront focal plane. Such a config?
uration is still telecentric and afocal, with the same Fresnel-Kirchhoff

integra]s'as the fully symmetric cohfiguratioh.

Asymmetric Lenses

The design of an asymmetr1c ]ens which images well for two sets
of conjugates can be done aufomatiéa]]y by-some bptimization progranms.
There fs the restriction, however, that the foci be accessible. Even
then, it may prove impossible to impose the constraints necessahy to

make the Tens it the application. Because the Vander Lugt correlator
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Table 3.2. Unequal Focal Length Lenses in Imaging Configuration.

Radius (mm) - Thickness (mm) N Index at 632.8 nm
| 191.372 | Air
'124.3725 | 0. | 1.77866
-923.249 . 24.8036 | Air
~141.441 10. ~ 1.77866
141. 441 208036 Air
923.249 10. | 1.77866
-124.3725 191.372 Air
Stop - - - - ... - 69.3718. | ~ Air
65.2574 -5, 1.77866
-126.774 6.4078 Air
-62.3629 5. o 1.77866
62.3629 , . 6.4078 | Air
126,778 " 5. | 1.77866
-65.2574 69.3401 Ajr

EFL of first triplet at 632.8 nm = 234.3956 mm
Paraxial back focal distance = 191.4421 mm

EFL of second triplet at 632.8 nm = 82.145367 mm
Paraxial back focal distance = 69.494597 mm
Airy disk radius = .007 mm
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Figure 3.6.

.010 mm

PSF's of the Unequal
Length Lenses, F9.1.
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calls for both sets'of'COnjugafee to ihyolye infinite distances in the o
single FTL,'the:approachlto'theeeeSign ¢ou1d not be fu]]y:automatic.

v According to thjrd~ordeanberration theory for a thin lens, con- ,
fjugate shiftAhas a sigﬁificant“effect on sphefica] aberration, but no |
effect on ast1gmat1sm Therefore, it seems reasonable to begin with the
'correct1on of spherical aberrat1on as the most important consideration.
"Because the input format is so much larger than the Four1er transform
‘diameter in'thiS'case; the optimization should proceed from the input
end of the lens. Considering two identical asymmetric lenses, we see
thatvih'one direction the input diameterrand focal length determfne the
farafio, and that spatial frequency determines the f1e1d.ang1e. On the -
| other side of the hologram, f-ratio is determined by hologram size and
field angle by f-ratio of the first lens. We design the lens in one di-
rection, then check the performance in the other. This will tell us hqw
well the Tens will mate with an identical lens in the correlator.

The deeign was iniiiated from a four element photographic ob-
jective. The stop was kep? in fhe'paraxial front focal plane with a
paraxial chief ray angle se1ve on the last glass surface. The defect
function was identical to that used for the optimization of symmetric
triplets. After cohvefgence_of the optimization on a version of ACCOS,
the lens was set up in the opposite direction with appropriate field
-angle and stop-diametef alterations.: A‘successfdl ray trace indicated
that tﬁe Tens would work in the correlator configuration. |

- To evaluate the lens in the 1magﬁngvconfiguration, the inﬁut was

~ placed at the paraxial front focal plane. The hologram was placed at
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the focus chosen 1n the opt1m1zat1on as a FTL AnAidentice1’four~e1e-»
ment lens was p]aced symmetr1ca1]y about the ho]ogram p]ane The finel
'1mage plane was then chosen‘by the defect function. It is 1ns1de the
paraxiei~focus due toledme undercorrected field curvature. We cou]d
easily make the values of 154.921 and 154.7 convekge to a eommon value
by moving the input p]ane towafds the'fffst lens. Stop Tocation ﬁés a
_weak effect on performance 1n the FTL conf1gurat1on 50 the value of
140.184 as the best focal d1stance would not change apprec1ab1y dur1ng
| this-adjustment. .' '

Table 3.3 contafns a descriptfon of the lens, ahd Figures 3.7

" and 3.8 demonstrate it5<perfbfménee in theAeorrelator; Ithfs essential-

ly aberration free at all field positions.



Table 3.3. Asymmetric Lens in Imaging Configuration.

Radius (mm) " Thickness (mm) - Index at 632.8 nm
154.921 Air

197.9414 - 18.. 1.6138
-844.1525 1.17 Air
105. 604 44.6 1.6138
170.7815 10.56 Air
-362.8605 4.7 - 1.72

78.5885 44.6 Air
311.4411 18.8 1.6138
-119. 8658 140.184 Air
Stop 140.184 Air
119.8658 18.8 1.6138
-311.4411 44.6 Air
-78.5885 4.7 1.72
362.8605 - 10.56 Air
-170.7815 44.6 1.6138
-105.604 1.17 Air
844.1525 18. 1.6138
-197.9414 154.7 Air
EFL at 632.8 nm = 233.7738 mm

Paraxial froht foc
Paraxial back.foca
Airy disk radius =

al distance = 154.9208 mm
1 distance = 140.1955 mm

.020 mm-
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Figure 3.8.

y

PSF's of the Asymmetric Lenses,

F26.
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CHAPTER 4
"THE MULTIWAVELENGTH PROBLEM
In employing a lens for a FTL, the qdestion‘of the Tlens's wave-
1en§th‘ver$ati1ity sometimes<éri§es. There can be reasons to change

wavelengths for spectral sensitivity of the film or of the autocorrela-

tion detector, or for laser stabi]ity characteristics.

Paraxial Prop,ert‘_ies.

: Thére are a humber»of new facets to be considered in moving to
the design of-a‘1ens for several wavelengths. Figure‘4.1 shows a trans-
parénty and a sfng]et FTL being used at three ﬁave]engths. ‘The shortest
wave]éngth is depicfed:in'the topmost lens. The focal length increases
by 5% between the configurations. (Glasses have lower indices of re-
fraction with increasing A in thevvisible.) First the transparency is
moved to the left and the focal piane to'the'right because of the in-
creased focal 1ength. Also, eméx increases. ‘(For‘this diagram, the
wavelength ratio betweeh levels is 1.25.) ~The increase in. clear aper- k
| ture at the lens is. proportional to the product of these effects.

Figure 4.1 shows a lens with f-ratio 3.3 at the short wavelength

and with émax equal to.O.l. This is a low F number, large field angle
. FTL. ‘The values fpr the field angles Were>chosen to make the differ-
éncés in the diagrams more apparent. However, the changes ih focal
length and fieid ahg]é_are representative of what is seen inléhahging
. from-blue to red illumination. Thus, it is not unireasonable to allow
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for éhromatic vafiation of‘the'traﬁsparency-to;]ens distance‘and back
* focal distance (axial color). Typically, the change would be less than
-a few centimeters. For a multielement lens, we will require that the
element spacings remain fixed and that the input and focus Tocations be
symmetric aboutvthe lens for all wavelengths. We shé]] allow a change
in the focal length with color (lateral color) so long as the change is

within practical Timits.

Optimization

- There are three lenses and their evaluations presented in this
vchaptef. In the fifst, it is assumed fhat the design field angle is in-
depehdent of wavelength. It can be thét.emax at the longest wavelength
is used as the design fieid.angle, or that the maximum spatial frequency
of the input is lower for the longer wavelengths. In this first lens,
we also assdme that two g]aéses with different dispersion values are
needed to cope with color cqfrection.at widely sepafated wavelengths.
The starting design is Steel's (1974) well-corrected triplet. The main
result of the process is the demonstration that automatic optimization
ét»two wavelengths without achromatization can be done withia ray de-
fined défect function. (See Appendix D for card images to Tmb]ement the
ACCOS V defection function.) The lens is described in Table 4.1. Fig-
ures 4.2 fhrough 4.5 give an evaluation of the lens. |

In'thé second lens, only one glass type was allowed. The nega-
tiVe-elemént of the'first lens was given the same index and dispersion
as the pbsitive elements. Also, new curvatures for the negative element

were ca]culéted to pfe$erve the focal length and back focal distance at



Table 4.1. Multiple Wavelength Lens.
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Radius}(mm) Thickness>(mm) A Gjasé Type
1010 Air
Stop Red 430.8115 Air
Blue 421.1499
240.20176 12.5 BaK1
-932.95894 48.68299 Air
-242.03726 - 8. BK7
242.03726 48.68299 Air
932.95894 12.5 BaK1
-240.20176 Red 430.8115 Air

Blue 421.1499

Input format diameter = 40 mm

Semifield angle tan"! .04

82 1p/mm at 488 nm)
EFL at 632.8 nm = 502.286321 mm ‘
Paraxial back focal distance = 431.049247 mm

Real chief ray height at best focus = 20.07449 mm
fsine = 20.07540 mm

EFL at 488.0 nm = 492.841963 mm

Paraxial back focal distance - 421.460506 mm

Real chief ray height at best focus = 19.69553 mm
19.69793 mm '

at 488 nm = .0074 mm
at 632.8 nm = .0097 mm

fsine =
Airy disk radii:

(63 1p/mm at 632.8 nm



.010 m”m

Tangential Fans Sagittal Fans

Figure 4.2.

Ray Fans for Multiple Wavelength Lens,

Red.
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Figure 4.3.

.015 mm

PSF's of Multiple Wavelength Lens

Red.
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.010 mm

Tangential Fans Sagittal Fans

Figure 4.4.

Ray Fans for Multiple Wavelength Lens, Blue.
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Figure 4.5.

015 mm

PSF's of Multiple Wavelength Lens, Blue.
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one wavelength. The index and‘dispersion Were’variebles in the optimi—
zation, but all elements have the same values for index and diepersion
“After severa] opt1m1zat1on passes, a g]ass type with d1spers1on and in-
dex close go those of the optimized glass was selected from the Schott
g]ass,tab]e. Several more»passes were then_made with on]y.ajr th1ck~
nesses and element curvatures as variabie.» The optimization quickly'"
converged to the values given in Table 4.2. Evaluations are given in
Figures 4.6 through 4.9. | ‘

The third lens considers another facet of the problem. The de-
fect funct1on is so constructed that the design f1e1d angle is the maxi-

mum angle of d1ffract1on for red 11ght Therstop position 1sra1]owed,to

be at different 1ocat1ons for red 1ight and for blue light, as in the
first two caées, but now the design field ang]e.for blue is smaller .
than that for red in direct proportion to the ratio of wavelengths.
VThis defect function requihes an addition of two card images to the de-
fect function of Appendix D. Table 4.3 describes the lens. VEvalué-'
tions are given in Figures 4.10 through 4.13. |

We can make a comparison of the three Tenses to see how much
each consideration affects the final design and the performance. ,The-
fréctiona] field heights are 0, .7, and 1 in all three lens evaluations.
In doing this, note that the maxinum'field heights for red and blue
are the same in the evatuation of the first two lenses, but that the
n'actua1 field heights are different for the two colors in the‘evaluation
of the-thirdflens (The field height is 20 mm for red and 15.2 mm for
b1ue in the th1rd lens.) |



Table 4.2. Single Glass Lens.

Radius (mm) | Thickness'(mm) Glass Type
| 1010 Air
Stop Red 447.6057 Aijr
Blue 437.4584
1241.33766 12.5 BaF6
-904.13521 - 40.55215 Air
-262.65326 8. BaF6
262.65326. - 40.55215 Air
~904.13521 128 BaF6 -
Red 447.6051 Air

-241.33766
: ' Blue 437.4584

Input format diameter = 40 mm

Semifield angle = tan™! .04 (63 1p/mm at 632.8 nm
' - 82 1p/mm at 488 nm) .

EFL at 632.8 nm = 507.6387 mm

Paraxial back focal distance = 447.8870 mm

Real chief ray height at best focus = 20.2876 mm
fsine = 20.2893 mm | '

EFL at 488 nm = 497.6150 mm .
Paraxial back focal distance = 437.7658 mm

Real chief ray height at best focus = 19.8866 mm
fsine = 19,8887 mm ' '

Airy disk radii: at 488 nm = .0074 mm
, at 632.8 nm = .0098 mm



.010 mm
Tangential Fans Sagittal
Figure 4.6. Ray Fans for Single Glass Multiple

Wavelength Lens, Red.

Fans
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.015 mm

Figure 4.7. PSF's of Single Glass Multiple
Wavelength Lens, Red.



.010 mm
fy
Tangential Fans Sagittal
Figure 4.8. Ray Fans for Single Glass Multiple

Wavelength Lens, Blue.

Fans
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Figure 4.9.

015 mm

PSF's of Single Glass Multiple
Wavelength Lens, Blue.
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Table 4.3. Constant Spatial Frequency Lens.

: Radius (mm) Thickness (rmm) | Glass Type
1010 .  Air
Stop - " Red 447.36808 CAir
| Blue 437.52814
239. 25847 | 125 ' BaF6
-916.80907 - 35.75243 . pir
4264;81681 e ' BaF6
264.81681 . 3.75243 Air
916.89907 - 12,5 | | | BaF6
~239.25847 » Red 447.36808

“Blue 437.52814

Input format d1ameter = 40 mm
1

'Spat1a1 frequency 63 1p/mm (field angle = tan” ' .04 in red

. : and tan -1 .031 in blue)
EFL at 632.8 nm = 500.887477 mn o
Paraxial back focal distance = 447.641605 mn.
Real chief ray height at best focus -20.0]771;mm
© fsine ='20.01949 mn - :
EFL at 488 nm = 491.080889 mm-
. Paraxial back focal distance = 437.775036 hm'
: Real ch1ef ray he1ght at best focus = 15.21514 mm
+ fsine = 15. 216198 mm -

C Adry d1sk radii: at 488,nm = .0074 mm .
SO " at 632.8 nm = .0098mn
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Tangential Fans

Figure 4.10.

Sagittal

Ray Fans for Constant Spatial
Frequency Lens, Red.

Fans
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Figure 4.11.

.015 mm

PSF's of Constant Spatial
Frequency Lens, Red.
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.010 mm

Tangential Fans

Figure 4.12.

Sagittal

Ray Fans for Constant Spatial
Frequency Lens, Blue.

Fans
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.015 mm

Figure 4.13. PSF's of Constant Spatial
Frequency Lens, Blue.
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Conclusions

Wynne (1974a) and Steel (1974) have both discussed the use of a
FTL at several wavelengths. B]andfbrd'S’(]970) comment was that a lens
designed for one wavelength would not have well-corrected monochromatic
aberrations at another wavéiength if there were a Tlarge longitudinal
chromatic aberration. Wynne designed several sing!eﬁs which demon-
" strated that the aberration correction did not change quiék]y with
wavelength. Steel designed a triplet with higher numerical aperture and
larger fie]d angle than Wynne;s Tenses. Stee1‘commentéd that "it does
not appear-to be possible to correct a simple reversible triplet for all
other aberrationé when each component is a single Tens made of a common
glass; Blandford's theory confirms this" (1974, p. 36). Although it may
not be p0351b1e to correct the Seidel abefrations with one-g]ass; we see
that balancing of aberrations can be accomp]ished in suéh a way that the
design is éSsentia]]y aberration free at a'piane inside the paraxial
focus. Figures'4.7, 4.9,'4.11; and 4.13 show that the wavefront is
nearly spherical, even when only ohé,g1ass type is used. The only note-
worthy difference in the aberration correction for red and for blue is
shown in the upper left-hand portion of Figuré 4.10. In the red iTlu-
mination, the necessity for a larger clear aperture at the lens leads to
| the 1ntroduction of a small amount of coma,»especié]]y at the maximum
angle of diffraction in the red. o

StructuraT]y, the three 1ensesvdfffér mo§t1y in thévphysical ex-
tent of the_gTass elements. They are all hOmina11y of 500 mm focal

lTength. The différence between the red focal Tength and the blue focal
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length fié about one centimeter for all three lenses. The back focal

. distances changed by only 4% amongst the‘three lenses. It is the air
‘'spacing between elements that experienced the greatest change, d1ffer1ng .

by 25% between Tab]e 4.1 and Table 4.3.



APPENDIX A
‘' METHODS FOR STUDYING OPTICAL PROCESSORS

There are numérous configurations for the matched filter corre-
lator. We will consider the Fresnel-Kirchhoff diffraction integral ap-
proach to_describe the salient features of three configuratibns. In-
doing so, a methodology for examination of the general situation is de-
vé}oped. Cases may be treatedAon the basis of diffraction integra]s
alone, but it is shown thatnthe quadratic phése facfors'may bé'haﬂdled
‘more easily with the introduction of some ideas from geometrical optics.

| Figure A.1 shows the five planes of interest for the deriva-
tions. For both thé filter maker and for the corre]ator;-the diffract-
ing transparency lies at 1. A 1§ns is placed at 2. The matched~fi1ter
is at 3. See Goodman (1968, p. 171) fdr-detaiTs on filter fabrication.
In'the.cofrelator, a second lens is at 4. The detector is at 5. The
distance D1 will be chosen equal to either f, the foca1A1ength of the
lens, or zero, for these two values represent tﬁe extremes of the range
of interest. We will assume‘the beam i]]uminating the transparency is
collimated, for othérwise diffraction at 1 causes the wavefronts leaving
-1 to be aberrated, | '

The distance between planes 2 and 3 equals the lenses' focal
Tength, f, because we are consfdering co]]ihated i1lumination at 1. For -
a spherical wavefront, the Fourier spectrum would 1ie at the plane of
the'image of the sdurce of the T]]umination; The distance between

{
64



Reference Beam

(a) Filter Maker.

Holographic
Input Spatial
Filter

(b) Matched Filter Correlator.

Figure A.l1. Matched Filter Correlator System.
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planes 3 and 4 will a]ways be equal to f for these examp]es Further

study for the a]]owab]e range of this dlstance wou]d be 1nterest1ng

.The techniques developed here.prOVTde the tools to make the task reason-
able. We do not éttaek the problem: here because we saw noiimmediate

gain in éonfiguring a correlator in such.a fashion. Ohé pbvious short-
coming of ]éiting the distance abproach zero 15~thaf requisite S§ace for
a prisﬁ'and piate assembly (described later in this appendix) would be |

eliminated.

Lateral Shift of Correlator Input

The Symboi u denotes electric field amplitude. A single vari-
able, x, is used; though the problem is two diﬁensiona]. It is cumber-
some to use two variables and provides no additional insight. To demon-~
strate the shift invariant feature of the correlator, the inpuf trans-
mittance-is written u](x] - xo),.viz., the matching signal is in the
- same p]ane,asiwas‘the traﬁsparency used to prepare the maiched fi]tér,
but it is shifted transversely. |

The first case Wi]] be with D1 = D2 = f. - Then with the electric

field at 1 being -u](xT "Xo)° we have at plane 2
. ) _
2(x2) fu] - exp(1w( Xo = x]) /Af)dx] . (A.1)

The amplitude transmittance of the lens at 2 is exp(-iﬂxg/xf). See Good-
" man (1968; p. 77); The field just to the right of a plane is indicated

with a + sign. Thus,

vu;j= exp(;inxg/if)ué(xz) K ' | o - (A.2)
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Propagating this field to 3, the plane of the matched filter, we have

u3(x3) = ffu](x] - xo)exp(in(xé - x])Z/Xf)

K exp(-iwxgjxf)exp(iw(xg - xz)z/xf)d-x]dx2 . (A.3)
Collecting the terms in Xo, We have
fexp(iw(xgl— 2x.]x2 - xg - 2x2x3 + x%)/xf)dxz R (A.4)

which is the Fourier transform of exp(inxg/xf) with the'frequencyispace
variable (x1 + x3)/kf. This is easily treated'with the symbolism de-
scribed by Cathey (1974, p. 372). The fransforméq“function is
exp(—iw(x] + xs)z/xf) to within a mu]tip]icati?e constant. This study
is not concerned with irfadiance levels, so suéh constants will not be

carried. Substituting this expression back into Eq. (A.3), we get

i

u3(x3) fu1(x1 - xé)exp(in(x$ + xg)/xf)

o exp(-in(x% + 2x1x3‘+ xg)/xf)dx]

D1(x3/kf)exp(-12wxox3/xf) , - . (A.5)

where the tilde indicates the Fourier transform of the function. Thus,
theyémp1itude ét plane 3 due toAthe diffraction at 1 equals the Fourier -
transform of the amplitude transmittahce at 1. The linear phase term is
introduced by moving the input to an off axis boint in 1. This deriva- .
tion describés the'Fourier-frénsforming;propertyAof a lens, échieved
when we)assume that the quadratic'phase factor provides a comﬁ]ete de-

scription of the transmittance of the lens. The final expression for Us
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gives the ahp1itude‘at'the lens's rear focal plane for the light passing -
through the‘tranSparéncy. If a éoherent‘col]imated beam 1slfntroduced
‘:at a reasonably small angle, o, say'1ess than 2b°, a hologram of the
Foqrier transfofm cén be formed at 3. »Larger referenée beam angles re?
qufre greater spatial reso]ﬁtibn of the film, and make the hologram's
\ output more sensitive tp thé'recoﬁstructiqn beam angle. Thé’need.for an
appreciab]e back fbca].distance:in order to accommodate'a reference beam
is shown in Figure A;](a). If photographic film kecorﬁs this interfer-

ence pattern,
1

u(xg) + exp(12wax3)]?‘ ,

whére o = sine/x and is processed to yield an amplitude transmittance
proportional to the irradiance in the pattern, the amplitude transmit- .

‘ tance of the hologram produced is given by (we assume that Xy = 0 in the
filter maker, for the operator is free to choose the value for x  at |

that point)
tlxg) = 1+ Uy (xg/Af) U (xg/af) + i, (x3/2F)-
. exp(—iZnax3) + ﬁf(x3/xf)exp(i2n&x3) . (A.6)

Such a hologram is called a matched filter. Again, constants related to
relative irradiances have been neglected for convenience. '

Let fhe input to the corre]atﬁr contain the signal from-which
the holographic filter was made. (In the correlator, the‘transmittancé
at 1 sh6u1d rigorously be written u(x])A= u](x1'- xé);+‘u}(x]), where

u'(x]).describes the transmittance of all the other (nonmatching)
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s1gna]s also residing on the 1nput transparency we sha]]'ignoke these
signals in our ca]cu]at1ons. Such signals can give rise to detectab]e
" irradiance levels at 5, and are called "false alarms." In our treat-
Ment; we wi]]}mere]y show how tné ferms from the matching signa1sA1nter-
‘act. Locationscof output at 5 from false alarms can be calculated by
the same methods. One merely assumes tnat some part of a u'(x]) intro-
duced on a transparency is Tike u](x]) and ca]cu]ates the position for
- that signal. Unfortunately, the abbreviated treatment given here might
- be somewhat confusing. However, a treatment containing terms for sever-
al signa]s on. one transparency, with one being the matching signal,

" Jeads to a plethora of integra]é to consider.m Hopefu]1y}'the presenta-.
tion given hene optimizea'the relationship between c]anity and complete-
ness.) In the filter maken, a co]]ihated beam,ii]uminates 1, and a co-
herent COliimated beam i1Tuminates 3. In ﬁhe correlator, a collimated .
beam illuminates 1, but only the Fourier transform amb]itude falls on

the matched filter at.3. Then the amplitude to thé right of the filter A
is u3(x3)»t(x3). Propagation of this ampiitude to the plane of the ]énsA‘a

at 4 yields
A u4(x4) = fus(x3)t(x3)exb(in(x4 - x3)2/xf)dx3‘ . (A.7) -

Mu]tip]ying this by the transmittance of the lens gives
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UZ(X4),; ué(x4)exp(sinx§(if)

fexp(iwxgjif)exp(aiZﬁX334)ru exp{- 1énx x3/1f)

+ ETﬁiﬁ?exp(-ianox3/}f)l+ ﬁiﬁ]exp(512ﬂuX3)4 .

°'exp(—ianox3/Af)ﬁ]ﬁ§exp(iZﬂd§3)exp(-12n20x3/xf)]
o | (A.8)

EQL (A.8) has but one quadrat1c<phase factor. In accordance
with Eq. (A.2), propagation a distance f beyond 4 will result in a Fou-
rier transform multiplied by linear phase terms. (We.témporarily‘return

to using’t(x3)_rather’than all the terms inside the square brackets.)
u (x5)‘=rffﬂ](x3/Af)exp(-ianoxs/Af)t(x3)exp(in(xg - 2x3%,)/2f)
. exp(1w(x - x4) /Af)dx3 i - | (A.9)
Collecting only the terms in x4;
fex (iw(x2 -~ 2XX4 )/ F)ex (—iﬁxz/kf)ex (in(=2x,xp + x2)/Af)dx
P 4 " X%y XPL=1uX g/ ATIEXP 45 T %y X
= fexp‘iwxi/xf)exp(-TZw(x3 * Xg)xg/af)dx, - (A.10)
which is the Fourier transform of exp(inxile)vwith‘transform variable

(x5
ug(xg), we thain

+ xs)/Af. Subétituting-this,iasf expression into the equation for

u5(x5) 5’[61(x3/1f)exp( -12nx x3/1f) (. S)exp(-ian3x5/xf)dxé .

(A.17)
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which is the Fourier transform of'E](xB/Af)4exp(-12nxox3/xf)=t(x3) with-
transform variab1e'x5/xf. Thus, the four terms of Eq. (A.6) result in

‘theée four terms at 5:

| gé(xs) = u](-x5)§6(x5 + Xo) - Image
* u](-xs)*u1(;35)*u§(-x5)*6(k5 +‘xo)‘ gg;sz$ution
+ u](-xs)*u](—x5)§6(x5 toxgt arf) Sé]f-Convg]utTon
+ Q](-xgﬁkuﬁ;x5)*5(x5A+ X - arf) Autocorre]étion.
'(A.?Z)

The term of greatest interest is the last, the autocorrelation.

It Jies at Xg = =X, * erf. Similarly, the ﬁ1 term-in t(x3) results in a

0
metrically about the image point Xg = =Xge From the ]inear‘appearance

self-convolution at Xg = -x, - oAf. Thus, the two are positioned sym-

of x, in this last equation for u5(x5), we see that the correlator is
indeed shift invariant. Note thaf we have assumed here that the impulse
response of the system does not change with the location in plane 5.
This is what the psf diagrams in Chapters 2, 3, and 4 confirm or dis-
prove for the ]enSes considered in those chapters.

Thé choice of a.is a free variable, within the limits of the
abi]ity of the film to record the ffinge spacing. The terms at the out-
put p]ané can be separated. by chooéihg a broper1y. Goodman (1968, p.
176) presented sohe'inequa1ities to describe the criterié for separating

the terms. His treatment. dealt only with axial signals, however. For
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the case of an off-axis input to the cérre1atar, af] thé outpr terms are
shifted 1h direct prdpoftﬁon io.the'input's»shfft.:‘An example will help
‘clarify the_rélationshﬁpé.[’Let us consider'a COrrélator with the}fokmat.
and focal ]ehgths described in Chaptef 3. The 1ense§ will be of equé]
focal lengths. The sy;tem'ié i]}uminated with he]ium'neon laser ]1ght_
and a reference beam angle of.20° was used to form the'spatiallfi]ter.

We now have

6.328:10°% m

A=
é ="20° s
o = sine/x = 540.5/mm  , -

arf = 80.38 mm

For a format radius of 18 mm, there will be an image of the input trans-
paréncy with radius of 18 mm centered on the origin. Let us suppose the
matching signal is introduced at x6'= 15 mm and has a radius of 3 mm.
The output plane contains the terms represented in Figure A.2 (among the
~ others mentioned above). Within the 1mage'of the input is the image of
the matching signél, of course. The other terms represented are the
autocorrelation of the matching signa] at
Xg = -15 mm + 80.38 mm = 75.38 mn
and the self-convolution of the‘matching signal at

Xg = =15 m - 80.38 mm = -95.38 mm



Autocorrelation of Matching Signal

Image of Input Format

Image of Matching Signal

Self-convolution of Matching Signal

Figure A.2. Output Plane of Correlator.
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With muitip]é inputs to the‘cokrelator‘on alsing1e transparency, there

are also a number of cross correlation terms. Severa1'inéqua]ities can

bé Written, but the most pertinent is fhat for the re]atidnship betweeh

the aqtocorrélatﬁon of the matching signé] and theAinput'forhat image, for
the triple convo]utién is felatively weak. Let Rf<be the radius of the .
for‘-mat'and‘RS the rad%us of theAmatching'signa1. The‘lihiting caée is
déscribed by using a maximum value for Xy for then.the'édge of\the auto-
correlation falls closest to the edge of the format image. Fof separation,

it is necesséry that

-Xg *arf > Re + 2R ' . t - (A13)

However, xolcannot exceed Re .- RS if the'signa1 lies entirely within the

input format. 'Therefore,ﬂ

- (Rf‘- R.) + arf > Rf + 2RS R

S
or

orf > 2R; + Rs ‘ , - (R14)

A prism designed to deviate the beam exiting the filter for an
on axis 1hput to the corre]ator'by an angle é toward the axis will move
thé autocorreTation“tb the optical axis at the detector. The beam will
still strike the last Tens above thé axis by an amount determined by the
prism's distance ffom'the matched filter p]ane.A The incoming beam wi]]a
be centered on the lens if a tilted p1afe to displace the beam is added
~to the as$Emb1y'at a point behind the deviating prism and before the

lens. An off axis match input results in a beam leaving the matched
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’fiTter at a smé]i‘ahg1e from the éehtra] ray for tHe on akis match. - For
the éxamp]é above, - the beah for the.autocorrelétionf1eaves the ho]dgram
- -at tan;](TE/ZBS) aﬁay from the beam forﬁan on axis matched signal. ThisA.'
angle is 3.7°. The full angle for the configuration without the prism
would bé 20° + 3.7° = 23.7°. If the input were at x = -15 mm, the an-
gle Wou]d be 20° - 3.7° = 16.3°. By installing a prism, the center of
the angular spread is shifteq toAzerb; greatly reducihg the field angle
'requirements,On:theflést Téns; The inequality for separation in 5 isr
not altered. If no'orientation search is required, the Tens 1tsé1f_
cqﬁ]d be shifted and ti1ted,,of course. If the filter is rotated foann
orientation search, then the prism and plate assembly must also be ro-
tatéd. The assemb]y~must~be carefully a]ignéd-with the reference beam
in the filter maker, for otherwise the autocorrelation describes an arc
on the detector rather than a small disk. |

With the autocorrelation shifted to have a mean location at the
intersection of the optical axis with plane 5, the geometrical optics
for the system bécomeﬁ ideﬁtica] to that for an afocal doUb]y telecen-
tric imaging system without the ho]bgram and the prism and plate aésem-
bly. Thus,‘we evaluate the aberration correction of the Vander Lugt |

correlator as described in Chapter 3 and Appendix C.

Longitudinal Shift of Correlator Input

We have just comp]eted'calculations for.a transverse shift of
the signa]iin‘the input plane. The next feature of interest is longitu-
dinal movement of the input from the front focal plane of the first

lens. As an extréme, we will make the calculations for a correlator



4 . . 76
with plane 1 moved into coincidence with plane 2. (Moving the input

‘away from 2 creates a requirement for a lens with larger aperture.) It
‘is assumed that the matched filter was made just as in the previous
case, with thé transparency in the.iens's frént‘foca]‘p1ane. The elec-
tric fields at the planes of the system are‘giveh by fhe_integrals in

Egs. (A.15) through (A.21), with Xq =.O'fqr convenience.

) = uyGexp(-ingaf) . ©(A15)

Au3(x3) = fu;(xz)exp(iw(x3 - x4)2/Af)dx2

..31(x3fkf)léxp(iﬁx§7Af) . o (A.16)

The difference between the amplitude at 3 in this case and the amplitude
~at 3 for the previous case is just the guadratic phase factor, indﬁ-
cating a diverging sphericai wave component with a1 focal length radius
of curvature. The transmitted field is ug =‘u3(x3)~£(x3) where’t(x3)
has not changed. Propagating this‘amp]itude a distance f to plane 4

yields
ug(xy) = fuj(xgdexp(in(x, - x5)%/Af)dxy (A.17)

and multiplying by fhe tfahémittance of the Tens at 4,



‘u4(x4) = ué(x@)éxp{-iwxijxf)'.: 1

=.[u§(x3)e*p(in((k4 - xé)2 - xz/xf)dxé o
= fﬁ](x3/Af)eXpCwa§/Af)‘;'
Cemlin(-axgy + QAN . (A18)

| There is now an additional quadratic phase factor of
exp(inxg/xf) re5u1ting from the longitudinal translation of‘the'input by
a diétance‘f, APropagation a distance f beyond plane 4 will no Tonger be

_suffiéient to obtain an aUtocorre]atioh. Note that the first and the

fourth»téfms of t(xé)s the terms which resulted in an jmage and in an
autocorrelation at the ouﬁput in‘the first case, still have identical
quadratic phase faéiors;_ This»means that both will focus in the samé
plane. Therefore, we can find the plane of the autocorrelation by em-
p]oyiﬁg geometrical 6ptics~£o find the image plane. Wé proceed with the
argument. For an afocal system;_the longitudinal magnification equals
fhe square of the'transyerse méghification. The transverse magnificéf
tion is the negative of the f0ca1 Tehgth rgtio: m, = -fz/f], In a cor-
relator with both 1ens¢s,of the same focal length, the longitudinal mag-
nification s unitj; The correlator with input adjacént‘to the first
f]ens has had the diffracting object shifted by é distance f. This means
that the 1mage of-thﬁs»p1ane adjacent to the first lens will lie two fo-
cai lengths: beyond the second 1éhs;A Thefefore, to find‘thebamp1itudejat

5, we propagate uz'a'distance 2f.
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AUS(*S) - ffﬁ](xg/xf)exp(iqxg/kf)>  .
. “exp(i:qr(‘-2x3x4 +‘x§))Xf>t(x3) 
. ex-p(i&‘r(x5 - x4)2/2:>\f)dx3dx‘4 | )
Co]]ectiﬁg the terms in TR
fexp(in(-2x3x4 --x4xs + xz/zﬁ/xf)3x4
- exﬁ(-in(xg_/z +‘2x5x3.+ 2x2)/7f)
:Sybstituting thi§_into theyprgceding.in?%gra] for Ug s

Cuglxg) = jD](x3/Af)t(x3}exp(—izjx3x5A%f)dg3 %
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(A.19)

(A.20)

(A.21)

Now we must consider the individual terms in t(x3) to simp11fy the ex-

pression for ué. The first term gives rise to an image
The second. term is the cOnvb]utidn:
. The third terh gives the se]f—conyo]ution:7

u](-x5)*u](-x5)*5(k5‘+ orf)
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And finally, we obtain the autocorrelation:

| e](-XQ%?U{-xS)*G(Xs - axf)

We observe that the‘resu]ts are identical to those reached.in
the first configuration. It was necessary to move the COrre1ator's out-
put plane, as determined by the input's diép]acement'from the first
1ens's front fbca] plane. A comparison between the autocorrelation lo-
cations is giveh by ngure A.3. OQther than this, the results are iden-
tical to the approx1mat1on of th1s treatment - Two sources of higher or-
1der errors have been introduced, however ‘The holographic matched f11-
ter was not 111um1nated in the fash1on in wh1ch it was constructed
Therefore, we are confronted with ho]ograph1c aberrations. Second]y, -
the‘]enses‘are used‘at objectAand.image cohjugates,different from thcse
cf;the first case. ‘There will be écme change in the ]ens aberrations
’resu]ting from thisrconjugate ehift if the'same‘1ens design is used for
- both app]ications.‘ Aiso, Vignetting may be encountered in this second
case. ASee Figure A.3(b). In working wtth‘a correlator used for finger-
print_identiftcation, the author found ncimeasurab]e.changes in the cor-
‘re]etor's~pertormance due tc~these sources. _

"wtth‘the fcca1 lengths identical, the tota} Tength is the same
as in the first conftguration; However, the geometrical optics for the
filter maker FTL is different from that for the correlator FTL. It is
~more economical to make ai] 1enses-tdehtica],'as‘they could be for the

first configuration.A



Spatial
Filter

Figure A.3.

Geometrical Optics of Autocorrelation
for Two Correlator Configurations
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Filters with a,Qﬂadfatﬁc Phase Term
Terliminate some 6f the aberrationsAin the previous system, the
filter could haVe been made with the1trahsparency in the plane of the
. lens. The transmittancé’funCtion fbr the filter will assume a different

form. The amplitude in the rear focal plane of the lens becomes
;.u3(x3)=Q](x3/xf)exp(iwx§/xf) - (A.22)

With the introduction of a coherent plane wave, the recorded irradiance

is
4,]ﬁ](x3/xf)exp(iwx§/xf) + eXp(iZWax3)J2‘,
=] +»0]ﬁ§ + D]exp(iwxg/xf)exp(éiZnaxa)
+ ﬁfexp(-iwxg)exp(iZﬁax3). . - (A23)

With proper processing df the film, this 1rradianceAexpression becomes
the new_expression’for the fi]fer’s amp]itude transmittance t(x3), ne-
~ glecting muitip]icatiVe cohstants.. (The constants are of interest whéh
.ca1cu1ating:irradiance ]evé]s for selection of the output p]ane‘detec-
tor.) |

‘For this ]aéf case,“assume'x0 = 0 for convenience. With the
matching signal introduced on axis in the corre]ator; the field

transmitted by the spatial:filter is”
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U3(xg) = u3(xg)tlxg)

ﬁ]exp(iﬁxg/xf)‘+ G]G]ﬂﬁexp(inxg/xf)
+ ﬁlﬁjexp(i2nx§/xf)exp(—iZnax3/Af)
+ fujexp(i2noxg/Af) . - 1 (A.24)

In thié case, thé first and the second terms in the product will focus
in theAsame p?éne, but the‘]ast two terms wj11‘focus.in"tw6 additioné]
planes, due to thé existence of three'different quadratic phase factors.
Thezfirst two terms of t(x3)‘having ho-quadrétié phase factors of them-
'Selves W111 focus at the iﬁagg_;f the wave 1ea§1ﬁé the ho]oéram.. The
phase faétor exp(iwxg/xf) appearing in ug degcribes a diverging wave-
~front with center of curvature a distance f to the left of the hologram,
<‘or a distance 2f to the left»of'the'éetond lens. ‘Therefore, it will
convergé to a pointka distance 2f to the right of the secqnd lens, ac-
cording to the laws of geometrfca] optics. See Figure A.4(b). |
| The product of u3(x3)°t(x3).giVes the third term of'the transQ
‘mitted field a quadratic pha$e>factor-exp(12nxg/xf). This describes a
wavefront with center of curvature f/2 to thé left of the hologram, or a
distance 3f/2 to the left of the second lens. The 1ight can be consid-
ered to be coming from a virtual objett 3f/2 to the left of the §econd
Tens. Such light focuses a distance 3f to the right_qf'the Tens. See
Figure A.4(c). | ' o

~ The fourth term of t(x35 Eas'a quadratic phase’Factor opposite

in sign to that of'u3(x3) and the product forms a transmitted component



Spatial
Filter
(a)
Figure A.4.

The Three Focal

Autocorrelation

Self-convolution

Planes for a Spatial Filter

with Quadratic Phase.
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with no,quadratic phase, viz., a co]}imated wave. This component will

foéus‘a distance f to thé right of the second lens. See Figure A.4(a).'
The first two terms focus af héights determined by their convo-.
,']utioﬁs with the distribution d(xs). ]The third term focusesAat height
25 = -qAf.. And finally, the autocorrelation lies at Xg = arf. The‘fig-
“ure describes the three foci. The inequé]ities for separation of the
terms become more complicated, but are again sfraightforward. A larger
_va]ué for o is now required for separatfonuat theiaufocokrelation.pJané
because the 1ight formihg thé»ée]f-cbnvo1ution is sf111 two focal
lengths distant from its own focus. »
o The third system'doeé indeed prov1de a more compact system thad
_the f1rst However, the two lenses of the correlator cannot be identi-
cal if all aberrations are corrected, for they work at ‘different conju-
 gates, whereas, the first sysfem of filter maker and correlator can be
~made of three identica]llénsés. The second system provides us with no
| advahtages ahd, as in the third system, requires that the lenses work at
different conjugate arrangements, necessitating the désign and fabrica-

tion of more than one lens type for aberration free pekformance.

Conclusions _

In the past several pages, the diffraction fheory and the geo-
métrica] optics of several examples have been given. There are other
configuratiéns'of interest (some academic;,some practical) such as'a
spherical reference wave, transparency behind the lens, second lens ad—
Jjacent to the spatial filter, etc. Though these are not treated Here,

the methods for examining their feasibility and the properties of the
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feasible configurations have been presented with examples. Two concepts

of particular usefulness were Céthey's (1974, p. 372) formulation for
-Fourier transforming quadratic phasé factors ana the use of geometfica]
~optics for determining distances.” It is far easier to calculate dis-
_ tances to Focf from know]edge of the centers of curvature of wavefronts |
than from examinationlof thé jengthy quadratic phase terms, incorporat-
ing D1 and D2 as Variab]es'in4fhe diffraction integré]s. It is shown fn
these three examb]e; that a combination of scalar wave thebry'and géo-
metrical optics methods‘al]ows for ready determination 6f system proper- -
ties. Fresnel-Kirchhoff integrals are not so cumbéréomé‘if they are
‘supplemented by good Fourier transform formulas and a knowledge of par-
axial optics. ' | 3
| The unequal focal Tength system'given in Table 3.2 was not.
treated in this appendix, but the only keyrdiffereﬁce is that the Fou-
rier transform variable for the ca]dulations changes from %i/xf] to
%i/Afz‘when passing to the éecond.1ens. This merely scales the terms at
the output by the Tateral magnification of the afocal system: m, =‘-f2
/f]. This type of arrangement produces a more compact correlator, at
the expense of raising the humerfCa1 aperture 6f the secqnd Tens when
the focal ienéth is decreased.

There are several advantages to using the spacing‘$e1ection‘
fy - f] - fz - fz in the correlator. At Teast two of the. lenses, the
filter maker lens and the éorre]ator FTL, can be made identical and
aberration free simu]téneous]y‘ The information carrying light stays

reasonab]y't1o§e to the axis (when a -prism énd plate aésémb1y~are
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introduced), so that an unusually large aperture is not required of the

seéond lens. The 1igh£<forming the autocorrelation is collimated
‘leaving the matched filter, so the’prism and p]ate‘do not introduce any
” aberrations'(bther than a small aﬁount df anamorphic distortion for |
beamé not falling upon the prism at the angle of minimum deviation).
Aberrations introduced by the prism canhot»be corrected by a rotational-
ly symmetric optical system, so they should be avoided. The spatial
filter made with the f - f spacing COntainé no quadratic phase factor,
making it a lesser source of the holographic aberrations introduéed when
 the matching input is introduced to_the-correTator-dff axis. Also, the
fq - f]'1 fz,? f, spacing isAthe‘on1y'arrangement for which the psf of
the fi]tér maker and for the correlator can be ideally isoplanatic. The
other configurations may result in all chief rays being nearly orthogo-

nal to plane 5, but it is obvious that only the doubly telecéntric aber-

ration fréeAsystem is mathematically isop]énatic.



APPENDIX B
CARD IMAGES FOR DESIGN OF A FOURIER TRANSFORM LENS

Prob1em$‘were'experienced in the optimization of telecentric
systems. Sbme programs trace real rays from the last glass surface to
the exit pupil and then to the focal sufface. When the distance to the

exit pupil ié»very large, as in the design of a Fourier transform lens,

the calculations give erroneous results due to the lack of word Tength

in the computer. For instance, it was necessary to write the input deck -

" in the form given in Appendix C in order to optimize the 235 mm efl.
triplet Fourier transform lens -used in the unequal focal lengths corre-
-Tator described in Table 3.2. Not all programé will have this difficul-
ty. |

In the 1ist of card images given below, "TH" refers to the axial
‘thickness following the surfacé, the "GLASS"‘enthy is'the index of re-
fraction fo]]oWing the surface, ahd "RD" gives the radius of curvature
of the surface. A "GLASS" or "AIR" card signals the end of information
for a partiéu]ar surface. A]]‘card images are in uppercase letters.

ACCOS II Input Deck for the Design
of a Fourier Transform Lens

Card Images | - Legend
LENS Start of input deck.
FT LENS Title card.
_ PARAXBUCH —.019E10 18 Paraxial chief ray height at object

and entrance pupil radius.
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- Card Images

RD

PIKUPTH
AIR

TH- 1E10
AIR
AIR
TH 191.
VARY TH
AIR
RD 124,
TH 10.
VARY CV )
GLASS  1.77866
RD - -923.
TH 25
YARY CV
VARY TH
AIR
-141.4
TH 10.
VARY CV
PIKUPGLASS3
PIKUPCYN 5

4

88
Legend

Thickness to next surface.
End of .data for surface 0, the object.

End of data for surface 1, the entrance
pupil.

Thickness to first glass surface.

End'of data for surféce 2.

End of data for surface 3.

‘End of data for surfacé 4,

Refractive index following surface 5

is to be same as that fo]10w1ng sur-

face 3.

Curvature of this surface is to be

, negat1ve of the curvature of surface 5

End of data for surface 6.
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Card Images v Legend

PIKUPCYM 4

PIKUPTH - 3

PIKUPGLASS3 | End of data for surface 7.
PIKUPCYM 3

PIKUPTH 2 ,

AIR - End of déta for surface 8.

AIR : - . End of surface 9.

The fPIKUPTH 2" instruction makes the back focal distance the
same as the stopito first element thigkhess. Thus, symmetry is enforced
‘even while the back focal distance is variable. (In the usual thin lens
'describtibn oflthe Fourier transform propert;és, the focal ]enéth.of the
lens, its front focal distance and its back fbcal distance are identi-

- cal. However, the requirement that the transparéncy beAin the front fo-
cal plane means pretise]y that; it does not meanrthat thé transparency
be one>foca]‘1ength from the lens, but that it be one focal Teﬁgth from
the first principal plane of the lens.)

The rays represented in Figure B.1 were used to define a defect

function to be minimized by the program. For ACCOS II, the card images

are these:
Card Images Légend
ACCOS | |

RAY 1 0 0 .7

_ Axial rays..
RAY 20 0 .95 .



Figure B.I.

Entrance Pupil Intersections of Rays Traced
to Define the Defect Function.
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x Card Images . =~
~RAY 3 -

~ RAY

RAY
RAY

~ RAY
 RAY
RAY

" RAY

RAY

_RAY
RAY

. RAY

4 .

R T- T - NI s S T

10
1
12

13
14

7
7
7

e
7
7

1

7

"o o o o o -

79% f{e1dV?§ief ré&} 70%‘ffe1d fays.>
Sagfffaj‘féf |
:,EuiT’f1e1d;éhi;f fﬁy jFui]‘fie1§:fays.

Ségittal-ray'

The terms in: the defect fﬁnctions are the squared différencés

between'the intercept of each nonchief ray énd‘the_intercépt of the

chief ray<fbr the‘respeciivejfie1d positions. Thus, there are twe]&e.

defect terms defined for thisvset df rays. »In card image form they are:

'Z;CardJImages S
1

SAT
. SA2
DY1

Y2
)
. fQ DY4

YK

YK
YK
iYk£ 
"
.QK;‘

NOor B W N

B N A R - R

IR I
'fi11w ¥f:

1
ST

oq
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~Card_Images' |
DXT XK 8

DYS YK 9 1111
DY6 YK 101111
DY7 YK 121111
DYS YK 131111
DX2 XK 14
PWR POWER

The paiks of "1's" are weights assigned to4the values of- the
ray heights. For éxampie, DY4 is fhé difference between the y cbordi-
nate of ray numbef 7 and the y coordinate of ray number 5 at the image
surface. _

The program is inst?ucted to optimize the lens according with .

these instructions:

: Cérd-lméges o | Legend
MINZ SA1
MINZ SA2
MINZ DY1
© MINZ DY2
MINZ DY3
MINZ DY3
MINZ DY4'
MINZ DY5
MINZ DY6
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Card Images ~ Legend
MINZDYZ
MINZ DYS
MINZ DX]
MINZ DX2
used when the best focus of a designed
lens is being sought, especially when

~ the best focal plane of an afocal system
is being determined.

MINZ PWR .004267 100 This request for focal length is not

Thus, the quadratic form to be minimized is.

(sA1)? + (SAZ)ZV; N§](DYN)2_+ (0x1)2 + (0x2)2 + ((POMER - .004267)-100)2.
Note that no distortion terms appear~in the defect fuaétion.

The lens is considered perfect with respect to this defect function if

(]5 ft has power .004267, (2) the rays from ohe'object'point_meet.at a

point in image space, and (3) the image ppiﬁts for the sevefa] object'

points 1ie in a plane orthogonal to the optical axis.



APPENDIX C

CARD IMAGES FOR EVALUATION OF LENSES

Evaluation of a Fourier'Transform:Lgns
This section contains an annotated description of the card
images used in an ACCOS V run for the calculation of ray fans and psf's

" for a FTL. A1l the card images are in uppercase letters..

Card Images = Legend
LENS

LI, CEMENTED APLANAT

. SAY, 18 x - Input aperture height above the optical
, axis is 18 mm. ’

WY, .6328 .6328 .6328

SCY, -.019E10 | The paraxial field height is 1.9 x
L 108 .
TH, 1E10 . The distance to the next surface is
10"V mm.
AIR End of data for object surface.
AIR ' Dummy surface representing entrance pu-

pil. Chief rays pass through the axis
at this surface, but no search for the
exit pupil is implemented.
AIR |
RD, 173.6676
TH, 9.4
SCHOTT SK5
RD, <83.0344" .
C 94



Card Images
TH, 2.35
SCHOTT SF12
RD, -405.2721
TH, 229.19885
AIR

E0S

LEPRT

MACRO FTEVAL

FOB

RAY
PRXYD ALL
YFAN OPD,0 1 1 11

- FOB,.7

RAY
PRXYD ALL

YFAN OPD,-1 1 1 21
XFAN OPD,0 1 1 11

FOB,1 .

RAY

'PRXYD ALL

95

Legend

- End of lens description subfile.

- The lens description is printed, along

with pertinent first order properties.

A user written internal subroutine, or

MACRO, called FTEVAL s constructed. It
ends with the card image EOM... Such a

‘subroutine can be introduced bod11y at

execution time by using the MACRO 5
title as a card 1mage

Fans of rays are traced from an axial
point, from a .7 full field point, and
from a full field point.



Card Images o Legend
YFAN OPD;a1 1121
XFAN OPD,0 1 T 11

FOB
DEP . Enter the diffraction subroutines of
: ACCOS V for the calculation. of wave-
front variances and point spread func-
tijons. '
VAR

M, IRRADIANCE SCALED TO UNITY AT ORIGIN
M, FOR AN ABERRATION FREE WAVEFRONT

The messages following. the commas are printed
each time the subroutine is called.

C, BEFORE EXECUTING THE MACRO, EDIT THE "NEXT INSTRUCTION
- C, AND ITS'FOB,}7 and FOB,1 COUNTERPARTS
C, SO THAT THE PSF IS PROPERLY SAMPLED
Internal comments used as a reminder that instruc-
tions for psf calculations need to be modified in
consideration of the lens's numerical aperture.
PTSP S,0 .015 .0015 ‘Calculate the values of the axial psf
_ along a sagittal section from the opti-
cal axis to .015 mm from the axis in
.0015 mm dincrements.
EOS
F0B,.7
DEP
YAR

PTSP S,0 .015 .0015
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Card Images

PTSP T,-.015 .015 .0015

EOS
FOB,T

DEP

VAR

PTSP S,0 .015 .0015
PTSP T,-.015 .015 .0015
E0S -
EOM

FTEVAL

97
Legend

Calculate values of the psf along a tan-

~gential section from .015 mm below the

.7 field chief ray intercept with the
focal surface to .015 mm above it 1n
.0015 mm increments. :

The subroutine is now stored internal to
ACCOS V and may be called into use sim-
ply by using its name as a command.

ACCOS V executes the instructions con-
tained in the subroutine on the lens
currently in the active lens storage
area



Evaluation of the Afoca]tDoubiy
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Telecentric Imaging Configuration

Card Images
LENS

Legend

LI, CEMENTED APLANATS IN THE IMAGING CONFIGURATION

Wy, .6328 .6328 .6328
SAY, 4.5

scY, -18

- TH, 233.1595

RD, 173.6676
TH, 9.4
SCHOTT SK5
RD, -83.0344
TH, 2.35
SCHOTT SF12
RD, -405.2721
TH, 229.199
AIR -
TH, 229.199
REFS

ParaXia1 marginal ray height on first
surface. '

Edge of the input format.

The paraxial chief ray will not pass
through the center of the holographic
filter. To insure that the real chief
ray does, the reference surface instruc-
tion is added here. To insure that the
real marginal ray passes through the
edge of the hologram, the clear aper-
ture specification is given: 235-sing =
4.5. In the case of some older programs,
the specification of the surface as the
aperture was necessary to get the parax-
ial chief ray through this point. . Then:



Card Images

- CLAP, 4.5
AIR

RD, 405.2721
TH, 2.35
SCHOTT SF12
RD, 83.0344
TH, 9.4
SCHOTT SK5

RD, -173.6676

" TH, 231.472433
AIR

EOS

FTEVAL
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"Legehd

there arose the d1ff1cu1ty of gett1ng
the marginal ray through the edge of .
the hologram. Even more try1ng was
spec1fy1ng off axis ray fans in the
imaging configuration. The difficulty
was not insurmountable, for I once
worked out a method to design and ana-

. Tyze lenses on such programs. However,

the capabilities of ACCOS V enable the -
designer to perform this task in a fair-
Ty stra1ghtforward manner.

The use of a-REFS instruction.imp?ements
a ray search scheme to send the chief
ray through the optical axis at the ref-
erence surface, but without causing a
search for the infinitely distant en-
trance and exit pupils.

The instructions in MACRO FTEVAL are now
executed



APPENDIX D

CARD IMAGES FOR OPTIMIZATION OF A FOURIER TRANSFORM LENS
: e AT TUWO WAVELENGTHS L

Lens Descr1pt1on

For the opt1m1zat1on of the Four1er transform 1ens at two wave-

]engths, the mu1t1p1e conf1gurat1on opt1on of ACCOS V was used

Card Images =;f - | ~ Legend
LENs . S

‘ LI MULTIPLE WAVELENGTH FOURIER TRANSFORM LENS
SAY, 20 | |
SCY, -.04E10 'fAi 43_-» S
WV, .6328 .488 ;5876 - B
CTH, W0 e
AIR |
AR 3 SE SﬁkfaEeRi co1nc{des with surface 2 and
ce is the reference surface and entrance
» pup11
TH, 431
AIR
RD, 240
TH, 12.5
SCHOTT BAKT
" RD, -908
s R
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' Card Imagés | - .-nggﬂi
AIR
RD, -240
TH, 8
SCHOTT BK7
PIKUP CV, 5 -1
PIKUP TH, 4
AR |
PIKUP CV, 4 -1
PIKUP TH, 3.
PIKUP GLASS, 3
PIKUP CY, 3 -1-
PIKUP TH, 2
AR |
EOS
CONFIGS
CFG, 2 -
TH, 2 421.15
EOS

Defect Function

For optimization of thej]énS, a set of commands stored internal-
1y to ACCOS V was created. 7
: The exp]anat1on of th1s defect funct1on can be understood w1th

B the a1d of an ACCOS V User s Manua] (Sc1ent1f1c Ca]cu]at1ons,,1nc 5 j 
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1976). The only comment here will be a short exp]anation of the '

'.imp1ementation of ﬁhe-defects in the second colbr;

Ray 2 is an axial zonaj ray tréced at the second waveTength.
Defects involving rays tfaced in the control wavelength, wavelength 1,
~such as DY3 are defined by the éing]e-symbol DY, which the program reads
, as‘thé difference between the y‘intercept-of ray 3 and fhe y intercept
of the chief ray from the same field point. However, in order to define
the similar defect at the second wavelength, it is necessary to explic-
it]y define a chief ray at wavelength 2, viz., RAY 8. Then the counter- .
part of DY3, DY7 is defined as the difference between'the y value of ray
8 and the y value of ray 9 (see lines 49 through 51).

This means of defining the defects is not explicitly covered in
the ACCOS V Manual at the time of this writing, but Was deduced from the
;esponse of the program to other attempts to imp]éménf the'mu1tiwave--
length defect function. The following is a listing of the card images

~ for the multiwavelength defect function called FTTWOL.

N

Card Images:

MACRO FTTWOL
RAYSET
FOB

'_-.
O W0 00 N OYUT B LN -~
-n
O
o
“«
~

——t
o
2
=<

e ed nd ad
RN
=<
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Card Images, Continued:

RAY
RAY

FOB,

EQS

12,-.85 0 2
13,0 .7 2

]

14,.85
15,.55
16,-.55
17,-.85
18,0 .7

DEFINITIONS
Y8 Y,8
Y9 Y,9

Y10
Y11
Y12
Y18
Y20
Y21
Y22
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Such a Tens is now easily evaluated by (1) successively updating 1

- the lens in storage to make each wavelength the control wavelength, -

(2) calling for the proper "CONFIGS" -data for the lens, and then (3) ex-

" “ecuting FTEVAL (see Appendix C).
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