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STATEMENT OF ORIGINALITY

The author claims originality for the following aspects of the
present work:

(1) The introduction and calculation of the amplitude filter T(x,M).

(2) The calculation of the diffraction patterns, encircled energy curves,

~ and modulation transfer functions associated with the amplitude
filters T(x,5) and T(x,M) for all the cases studied in chap. 3;
the diffraction patterns and encircled energy curves associated
with amplitude fj]ter T(x,5), for the cases ¢(x) = 0, mx2, 2mx?2,
mx*, 2mx* where calculated independently and earlier by Lansraux,
using a different method.

(3) The introduction and calculation of flux selectors Ta-Ad4-H,
1b-A4-H, 2-A5... series, la-B4-H, and those corresponding to all
the other types of zone division; calculation of flux selectors
2-A2-H.

(4) The calculation of the diffraction patterns formed by the above

flux selectors.

(5) The investigation by means of ray tracing of certain properties ‘

of axicons.
(6) The use of photo-etching to make flux selectors.

(7) The production of high-quality flux selectors having a relatively

large number of rings.

(8) The approach used in the analysis of the distortion introduced in
the image of a plane object by a thin, aberration-free lens.

(9) Certain aspects of the method used for the determination of the
thickness of a thin film bounded by air on one side and by an opaque

metallic layer on the other.



ABSTRACT

In preiious work, Lansraux has studied amplitude filters and the
diffraction patterns formed by them: he has restricted his study to aberra-
tioﬁlfree optical systems, correctly focussed, having rotational symmetry,
and in the case of a point source located on the optical aiis. In par-
ticular, he has determined ’ '® the pupil transmission T(x,Wm) ( = ampli-
tude filter) such that the encircled energy factor for a diven normalized
radius Wm in the diffraction pattern is an absolute maximum; he has done
these calculations for values of Wm from O to 10 in steps of .5. The
quasi-impossibility of making satisfactory amplitude filters has led
Lansraux to introduce flux selectors to replace the former in optical
systems: The flux selector consists essentially of a series of alterna- .‘
tely light transmitting and opaque concentric annuli (or rings), whose
radii are calculated such that the flux selector forms as much as possible
the same diffraction pattern as the amplitude filter.

The purpose of our work was to extend the studies done by iansraux
on amplitude filters and flux selectors, and to make improved flux selectors.

We have determined the amplitude filter T(x,M) such that in the range
W= 0 to 10, its encircled energy curve is the best approximation, in the
]eaét square sense, to the envelope curve for the absolute maxima of the
encircled energy factors determined by Lansraux. The pupils T(x,5) and
T(x,M) were selected as the most interesting ones for further study.

We have calculated the diffraction patterns formed by these two amplitude
filters, their corresponding encircled energy factors and their moduiation

transfer functions. We have considered the following cases:1)aberration-

free optical systems, with and without defect of focus 2) optical systems



having spherical aberration, with and without defect of focus. For com-
parison purposés, we have done the same calculations for the case of a
uniformly transmitting pupil.

Using the T(x,5) amplitude filter, we have made a thorough study of

10 annuli flux selectors in order to select the best type for practical

realization. This study has shown that the best flux selector for most

;
g

purpose is of an equizonal type. We have calculated the 50 zone flux
selectors of this type corresponding to the amplitude filters T(x,5) and
T(x,M), and then proceeded to the practical realization of these.
In order to do this, we have used a photo-etching process. The latter
is described in detail in our work; it essentially involves three steps:
the production of a mask (negative); contact printing of this mask onto a
lens coated with layers of copper and photo-sensitive ému1sion; and finally,
developping and etching of the photo resist image.
The masks were produced by photographic reduction of large scale
models of the flux selectors. They are accurate to within 1 or 2 microns ‘ ‘
on the radii of all the rings. The positive reproduction of these masks _“.l‘
on the copper-coated lens by means of photoetching are also accurate to
within 1 or 2 microns. |
A preliminary qualitative experimental study of the effects of these
flux selectors in bptica] systems was made and the results are in good

agreemant with the theoretical calculations.
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PART A - THEORETICAL WORK

Introduction:

Ever since the introduction of lenses and mirrors, scientists have
tried to improve the quality of images formed by optical systems. One
of the biggest difficulties in such endeavours lies in finding a good
criterion of image quality. As a result, there are today many criteria
being used, some of these being more suitable for a given problem than
others. A short review of the most usual criteria will now be given.

(a) Resolution criterion: j

The latter essentially equates the imaging quality of an

optical system with its ability to resolve fine details in the object
under study. The two best known resolution criteria, that due to
Rayleigh! and that due to Sparrow® , essentially imply the same thing, i.e.,
that the best optical system is that in which the diffraction pattern cor-
responding to an ideal point or line has the narrowest central maximum.
Much work has been done in order to find hyper-resolving optical systems.

It has been found that by modifying the light distribution in the exit

pupil of an optical system, improved resolution is possible, but at the

cost of a decrease in the amplitude at the center of the diffraction
pattern, and an increase in the amplitude of the secondary maxima.
(Wilkins 1950%). Furthermore, if only non phase changing pupils are to %
be used, the best that can be done theoretically is an increase in resolu-
tion by a factor of 1.6 (Gal'Pern* and Wilkins®). As a result, such
resolution improving techniques are used in practice to obtain gains in
resolution of no more than 25% (or less).
| (b) Amplitude filtering (Apodisation)
In apodisation, a special case of amplitude filtering, one
modifies the light distribution in the exit pupil of an optical system in

order to minimize,in the diffraction pattern,the amplitude of the rings
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relative to the central spot. As a result, the diameter of the central
spot is almost invariably increased relative to that in the Airy pattern.
The two principal criteria of apodisation which have been used are the
maximum encircled energy factor and the minimum spreading factor. The
latter is defined as L(W)= ratio of the energy outside a radius W to the
intensity on axis in the observation plane. The problem is then to find
a pupil function which will minimize L(W). This problem has been studied
by P. Jacquinot and Mme B. Roizen-Dossier and Fousse et al® . The encir-
cled energy factor, or_something close to it, has been considered by
several authors. In the form considered by Lansraux, it is defined as
follows: E (W) = rativ of energy inside a circle of radius W in the
diffraction pattern to the total energy. Lansraux’ has studied the follow-
ing problem: For a given value of W, what is the pupil transmission
T(x,W) such that E(W) is an absolute maximum? He has solved this problem
for various values of W and has shown some very interesting properties of
these so-called amplitude filters. He has also introduced the concept of
flux selectors, which are grating-like pupils calculated to have the same
effect as the amplitude filters, and has calculated a few simple cases.
It was the purpose of the work described in this thesis to comple Lansraux's
work along the following lines:
1) To calculate new amplitude filters based on a more general criterion.
2) To investigate fully the effects of the above amplitude filters in
optical systems.
3) To invgstigate the different types of flux selectors possible and to

determine the best type.

4) To produce flux salectors and observe their effects in optical systems.
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(c) Modulation Transfer Functions (MTF)

In certain problems, the quality of an optical system is
assessed from its MTF. In the case of an object incoherently illuminated,
the MTF is &efined as the Fourier transform of the intensity distribution
in tpe diffraction pattern corresponding to a point source on the optical
axis in the object plane. If 0 represents the illumination in the object,
and 0' the illumination in the image, then it can be shown that

MIF=FL0'] /s F[L O]
where F[ ] denotes Fourier transformation. The MTF, Ff 0], and
FL 0' ] will be functions, in general, of two parameters referred to as
spatial frequencies. F[ 0 ] is called the spatial frequency spectrum of
the object, and F[ 0' ] the spatial frequency spectrum of the image.

Thus, the MTF represents how the optical system transmits the object
spatial frequencies. Using the MTF as a quality criterion, then, one

would define the perfect optical system as one for which the MTF is unity '
(or a constant) for all spatial frequencies. However, MTF studies have

shown, for example, that:
1) Although the spatial frequency spectrum of an object can be infinite,
that of the image is always limited, and the limit frequency, which
can be associated with the resolving power of the optical system,
depends only on the contour of the pupil and not on its light distribution.
2) Apodising pupils generally increase the MTF for low frequencies, while
decreasing it for high frequencies.
3) Reso]ution-imbroving pupils have the opposite effect to the above.
. It is difficult to state what type of MTFis best in practice, because
this depends very mucHJon the type of object under study.
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CHAPTER I

PUPIL TRANSMISSION T(x,Wm) MAXIMIZING THE ENCIRCLED

ENERGY FACTOR FOR A GIVEN VALUE OF Wm.

A summary of the theoretical study done by Lansraux on the problem
of amplitude filters will now be given. This theoretical study has been
the basis of our work.

Let us consider a monochromatic point source P on the optical axis z

of a lens (Fig A1-1). Let Q be the conjugate point of P.

Fig. Al1-1

Let @ be the wavefront emerging from the exit pupil, and intersecting the
axis at point 0. @ is spherical only when the optical system is aberration-
free and when amplitude filtering does not introduce a non-uniform phase.

In the generé] case, theseconditions are not met, but @ is nonetheless almost

spherical; let S be a spherical surface through O with which @ almost coin-

cides and which has its center of curvature at a point F. S is called a

sphere of reference. Consider a plane of observation £ normal to axis z
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at pt F. Introduce cartesian coord. systems (x,y) and (u,v) normal to z

at 0 and F resp. Then, it can be shown® that the complex amplitude at

a point (u,v) of £ is given by:

i¢ (X,y)-i2un (ux+vy) / AOF
A1-1  g{u,v) = M T(x,y)e e dxdy
- 3

where M= normalization constant,A = wavelength of 1ight (in vacuum),

n= refractive index |

T (x,y) represents the pupil transmission or amplitude filtering

o(x,y) = ¥ (x,y) + 'f(x,y) + a (x2+y?) in which p(x,y) represents the
lens aberration, t(x,y) " the phase associated with amplitude
filtering, o(x2+y?) " the defect of focus [o= mn (1/0F-170Q) /2]

We now make the following co-ordinate transformation:X =x vn/X0F .

Y=y /n/X0F , U=u/n/x-0F , V=v/n/A-0F , so that A1-1 becomes

s ie (X,Y) =i 2m(UX+VY)
A1-2 g'(u,v) = M’ T'(X,Y)e e dxdy
SI

We shall Timit our studies to systems having rotational symmetry about
the optical axis; i.e., if we change to polar co-ordinates and put

X=rcosp , Y= rsine, Usp cos¢ , V=p sin ¢, then Al-2 becomes:
io"(r) 27 -i27rp cos (8-4)
g"(p)= M' r T"(r)e e dodr
o o

where R is the radius of the edge of the exit pupil. Now,

m -i2wrp cos (0-¢)
e dé = 2ndo(2nrp). Therefore,
o

-ill

' jﬁ ¢"(r)
g" (p)= 2" r T" (r) e Jo(2nrp) dr
0
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Making again a co-ordinate transformation, we put x=r/R W=27Rp ;

from now on, only these parameters will be used since they are valid

16" (x)
for all pupils. We have then g'''(W) = WRZ M’ f‘ T''' (x)e Jo(Wx)dx?2
)

Putting g"i (W) = A(W), re-defining the constant M, and dropping the

primes for convenience on T''' and ¢''' , we have

~

! i¢(x)
A1-3 A(M) = M‘L: T(x) e Jo(Wx) dx2 for an optical system having

rotational symmetry If T(x)

1, and if ¢$(x) = 0, then A1-3 becomes
N 1 - )
A(W) = M Jo(Wx) dx® = 2MJy (W)/W , and if we put M=1 for unit
o

amplitude at the center of the diffraction pattern, we have the well-
known Airy pattern: A(W)= 2 J, (W)/W Al1-4 . See Fig. A5-1

The problem of determining the type of function T(x) such that
the diffraction pattern is improved according to some criterion has been
dealt with by many authors. P. Jacquinot and B. Roizen-Dossier® have gfven
arniexcellent review of the work done on this subject and the reader is
referred to.fhat paper for a comparison of the various approaches to the
problem as well as their relative merits. Lansraux has chosen as criterion i
of image quality the encircled energy factor: the latter is defined as the
ratio of the amount of energy inside a circle of fradius” W(centered on
optical axis) to the total amount of energy in the diffraction pattern. E

Analytically this can be written:

W o)
A1-5 E(W) =‘/P I(W) d(wz)/<]f1(w)d(w2)
o o

Where I(W)< A(MW) |2

For certain values of Wm selected a-priori, Lansraux has determined the
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functions T(x,Wm) which make E(Wm) an absolute maximum, in the case

qf an aberration free optical system correctly focussed. The method

of calcu]atipn is outlined below.

Lansraux has shown that any pupil transmission making E(W) an ab-

solute extremum must be real’ . Hence, t(x) is zero. Also, Lansraux

has shown that any pupil T(x) can be expressed as_a Taylor expansion in

1-x2 of the form ® p-1
T(x)=t¢ pkp(1-x2)
=1

Lansraux has also shown that finite expansions (n terms) may be used.

Expressing T(x) in the form n _
A AEERORS: pRO(1-x2)P T EM)
p=

becomes. by substitution of Al1-6 and Al1-3 into Al1-5

n
MO

n n n
5 KN k"9 W)/ = oz kP K" a%(w)
p= q:] p q p =1 q='| P q9 P

W
where ag =L L (H)Lg (W) d(W?) and L is defined by Lk(w)=2kk! 3, (W) / wk

P

The coefficients k
: p

N are determined by requiring that all the aEn'(lW)/ak; q
be zero for an extremum. The above conditions yield an homogeneous system
of Tinear - equations; the determinant A of this system must be zero in
order that a non-trivial solution exist. This determinant is an nth degree
polynomial in En(w) and involves only the numbers.ag; whence, the values

of En(w) satisfying the equation A=0 can be determined; the largest of these
roots is chosen as the appropiate one. Then, going back to the system of
equation, the coefficients kg can be determined; Lansraux performed the
aBove calculations for different values of Wm, and, in each case, for

several orders n. After having studied the results, he has reached the



following conclusions:

(1) The function T(x,Wm) corresponding to W=5 gives the best diffrac-

tion pattern for general purposes.

(2) For that particular function, the expansion of order 10 is the one
_which can be calculated most accurately (with the computer (I.B.M:
1620) used in performing the calculations). Note:}Although theo-
retically the higher the order, the more accurate the results, it

is found that in practice, because of cumulative errors introduced
in making the calculations with a computer, the accuracy deteriorates
with increasing n beyond a certain order ne (10 here).
Consequently, the function T(x,5) calculated for n=nc=10 was selected
for our work. The coefficients k;o are known to about 12 significant
figures. Fig. A1-2 shows the variation of T(x,5) with x. The diffraction
pattern formed by T(x,5) is given in Figures A3-1 and A5-2. (The calcula-

tion of this diffraction pattern will be considered below.)



T(x,5) &

Fig. A1-2 Curve of normalized amplitude T(x,5)

10 R
T(x,5) = Z pkp(1 - x2)P™" | where
1

ky = 0.06824715 ko = 0.14641643
k3 = 0.11796662 kg = 0.05032501
kg = 0.01334284 kg = 0.00241714
ky = 0.00031704 kg = 0.00003288
kg = 0.00000198 ko= 0.00000029
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CHAPTER II
PUPIL TRANSMISSION T(x,M) OPTIMIZING THE

ENCIRCLED ENERGY FACTOR FOR A GIVEN RANGE OF W.

In the preceding chapter, we have considered the following
problem: what is the pupil transmission T(x,Wm) which, for a given
value of Wm, yields the absolute maximum encirc1ed energy factor Em(Wm).
We denote by E(W,Wm) the encircled energy curQe associated with T(x,Wm);
hence, E(Wm,Wm) = Em(Wm). The envelope M(W) to the curves E(W,Wﬁ) is
the locus of the extrema E(Wm,Wm); it represents, in the context of
encircled energy factors, the 1imit of performance of optical systems’.
In this chapter, we shall study the following problem: consider a
finite interval AW in the image plane. What is the pupil transmission
T(x,M) whose encircled energycurve E(W) is "closest", in the interval AW,
to the envelope curve M(W)? We must first define what we mean by one

curve being the "closest" one to another curve: consider the sum

A2-1 S= ;‘ [M(Wi) -E(Wi)]z = z';n D
i=o0 i=0

where the sum is evaluated for m equidistant points in the interval AN.
Then, for a given m and &, the curve, represented by the function E(W),
for which S is a minimum is the closest (or best approximation) to M(W)
in the interval AW. We have chosen to minimize the sum of i at discrete
points inside AW rather than minimize the integral of D over AW because
M(W) is known only at certain discrete values of W, and because this con-
siderable simplifies the mathematics. For the same reasons, we have
chosen the interval AW to be the closed interval 0 to 10 (the values of

M(W) being unknown beyond that): The values of Wi chosen were the values
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0 to 10 in steps of 1. The choice of 2 is not so easy to make.
Suppose T(x), hence E(W), is defined in terms of n variables kg, as
in the preceding chapter; i.e.,
. ) ]
T(x) = = pk" (1-x2)P”
p=1 P

Then, the requirement for minimizing S is

9SS
—_— =0 j=1,n
.§kN '
Jd _
or
m 2-1 3E(Wi)
A2-2 = -~ 2 [M(Wi) - E(Wi)] _ =0
i=o , ok"
Jd
If we choose 2 = 1, then this reduces to
m 9E(Wi)
z — =0 J=1,n
i=0 kN
Jd

This can be expressed as a set of homogeneous linear equations involving
the n parameters kg and the sum £ E(Wi), and can be solved directly for
these unknowns, as in the preceding chapter. We see, however, that the
solution is independent of the values M(Wi): This is not satisfactory
from the theoretical point of view, and beééuse of this, we have decided
not to consider the case & = 1. |

The case & = 2 is the classical least square approximation case.
Although the cases for £ > 3 are also acceptable mathematically (since
M(Wi)— E(Wi) > 0), they were not considered because they are much more
canplicated to solve, and also, they give too much weight to the terms in

A2-1 corresponding to small values of W.
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We wish, therefore, to find a set of parameters { kg } such that

m
A2-3  S({K3} ) = I D) - E( ky }.ui)]?
1=

(wi

0 to 10 in steps of 1)

is a minimum. We shall determine the solution for n = 5. Henceforth,

we shall drop the "n" superscript on k? in order to avoid confusion.

J
Requirement A2-2 for a minimum gives:
3S m 3 E
A2-4 —= ¢ [M(Wi) - E({ k.} , Wi)] — =0
ak, i=1 J 3k,
J J
J=1,n

From the preceding chapter, we have

n
T % k. k. a% (wi

)
A2-5 E( {k.} , Wi) =

J n n
z I k. k. a9 (=)
p:] q:] P q P

from which:

n
3 - '] q =)
o 2 q§1 ke [ ag (Wi) E({kj} , Wi) 3 ()]
A2-6 . =
‘ ok . n n
J T k. k&% (%)

p=1 ¢g=1 P 4 p |
Substituting both of these expressions in A2-4 gives a very complicated
set of simultaneous non-linear equations. Rathér than attempt an ana-
lytical solution, we have preferred to use numerical methods on an IBM
computer.
One method of sclution considered was the following: S, as given

by A2-3, is a function of 5 independent variables kj;at the minimum point,

~
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aS
A2-7 — =0 for all j .
akj

Let us denote by { FE}} the values of kj corresponding to the
minimum. A2-7 implies that if we allow S to vary about the minimum

position with respect to only one parameter kj, we shall obtain a

minimun for the value kj = E}, this being the case for all the parameters

in the group. Suppose now that we have a series of parameters { okjﬁ}
not equal to the '{EB}, and that we allow S to vary with respect to,
say, the first of these, ok]. If the '{okj} are sufficiently close to

the {FS} » We can expect S to obtain its minimum value for a value

ff of ]k.l which is closer to E} than °k] was. We have
1 .0 o o
S ( k] . k2 ..... ) < §( k] . k2 s ceeee )
so that the series of parameters ]kl R Ok2 s ceese

is closer to the { E& } than the { ij } series; then,
we replace °k-l by 1k] » and repeat the variation process with respect

to ok2 » until we find a 1k2 such that S is a minimum, replace 0k2

by 1k2 , and continue the process for the other 3 parameters, after - ]

which the procedure is re-initiated with ]k] . If this iterative

procedufe converges, one should reach a point wheré no further change
is produced in the parameters with successive iterations. In order to )
accelerate convergence, the'{okj} were chosen as follows: Consider the
sum S for the two points W=0 and 1. The function T(x) which minimizes
this sum must be S]ose to the function T(x, .5) which yields the

absolute maximum value of E( .5) for W= .5. This function T(x, .5)
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has been calculated by Lansraux’ . Its parameters should therefore be

a good initial choice for the solution of the above problem for W=0 and 1.

Once this problem has been solved, using the method outlined above, its
solution serves as a good approximate solution to the problem of mini-
mizipg S for W =0, 1 and 2. This procedure is repeated, increasing W
by 1 each time, until the desired solution for the interval W =0 to 10
is obtained. |

This method was tried out, and ihe convergence was found to be very
slow; for example, in the case W = 0 to 10, after 400 iterations (when
S reached the value 2.9429x]0-3), convergence was not yet achieved since
S changed by 10”7 from one iteration to the next (whereas it would have

to change by less than 10']6 for temmination of the iterations, where

10716 represents about the ultimate precision of the computer).

Another method was sought which would converge faster than the
above method. Fletcher and Powell® have described a rapid descent
method for minimization of a function of several variables for which

the gradient can be computed for any value of the variables. This method
is incorporated in a subroutine available in the IBM program library.

The user must provide a subroutine which calculates the function value

and the gradient vector for any value of the variables: The subroutine
aS

which we have prepared determines S and — (equations A2-3 and A2-4).
aKj
oE(W) ,
E (W) and — are calculated from equations A2-5 and A2-6.
ok.
Jd

q q . A
The a (=), a (W) and M(W) have been calculated by Lansraux
p P
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(unpublished work) to a high degree of precision (¥ 22 significant
digits). When the IBM subroutine is used, it is necessary to provide

an estimate of the minimum function value, as well as an initial choice
for the parameters kj. We have not used the results of the preceding
method as input data to this second method in order to have a completely
independent solution. However, we have proceedéd as we did for the first
method, starting with a minimization of S for W = 0 and 1, and increasing
W by 1 at each step until the required minimization of S for W = 0 to 10
was achieved. The calculations using this second method converge rapidly,
and less than 400 iterations were required in each case. The precision in
the minimum values of S is about + 10716 For the solution we are in-
terested in, ie, the case W = 0 to 10, the value of S found was 2.94288...x10™3
The precision in the parameters E& of the function T(x) { = T{x,M) is about

* 10-]0 in absolute value. Consequently, since

I

. 5 1
A2-8 T(xM) = I p Eb (1-x2)P

p=1
the maximum error in T(x,M) due to errors in the parameters Eb is b
oT -
ATmax ¢ { z|—]| |aK |}
9 P77 x=0
p
5 _ _ ;
ATmxg £ plak | < 5z] ak |
p=1 P p

je  ATmax < 2.5x10°9

Hence, we quote #* 108 as a very safe error limit on the function

T{x,M) calculated.
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When we compare the solutions produced by the two methods, we find
that they agree with each other: the results of the first method would
probably be equal to those of the second if the number of iterations was
greatly incféased: for example, the solutions minimizing S over the W
interva]s (0,1) , (0,2), etc..., and (0,10) by the first method agree
to about 5 significant digits (in the value of S) in all cases with those
produced by the second method, and the funcfions T(x) corresponding to
each case are the same, within 1% max error, for both methdds.

Thus, we can conclude that the two methods give the §;me solution,
but the second method converges much faster. Since these two completely
independent methods appear to converge, in‘all cases considered, to the
same solution, we conclude that there is only one solution for a given

set of points W.
CONCLUSIONS

In this chapter, we have solved the problem of finding a pupil

function T(x,M) whose encircled energy curve minimizes the sum

M) - E(W)I2

N
n
RE]
-t

i
for the values W =0 to 10 in steps of 1, and where M(Wi) is the absolute
maximum encircled energy factor for w=wi. (See fig. A2-1 for the results
of the calculations: the parameters E&, and the graph representing
T(x,M).)
We have supposed T(x,M) to be a real function of the type defined

by equa. A2-8. This raises two questions:

41) could there exist a complex function T(x) which would be a better

solution than the real T(x,M) ?
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2) in the case of 3 real T(x,M), the n=5 solution is an approximation
to the 1imit solution when n> « ; is this approximation good ?

The answer to question 1) is not as easy to determine as it was
in the case of maximizing E(W) for a given W: in that case, it has
been shown that” 1in order to have an absolute maximum E(W),T(x) must
be real; for a small interval of W, we cou]d use the same argument as
in the above to show that the solution must be a real T(x,M); however,
for an extended interval of W, as we have used, this is not obvious,
although it seems very probable. In our work, we are not concerned with
complex pupils, since these are more difficult to realize in practice,
so that this problem is not important to us at the present.

In order to ansWer question 2), one would have to solve the problem
for higher values of n. We shall do this at a later déte. However, for
the present, we can make the fb]]owing observations: The function T(x,M)
which we ha?e determined is very similar to the function T(x,3.5) which
optimizes the encircled energy factor for W = 3.57, and which Lansraux “.iﬂ
has determined for various values of n. He has shown that the solution
T(x,3.5) (and the other T(x,Wn) as well) for n = 5 are very close to the

Timit solutions when n> » . Since the problem we have considered is

similar to the one considered by Lansraux, and since the solution to our
problem is indeed very close to one of the pupils calculated by him,
we expect that our solution for n = 5 is a good approximation to the

Timit solution as >



Fig. A2-1

.2 4 .6 .8

Curve of normalized amplitude T(x,M)

5
T(x,M) = ¢ pkp(l - x2)p-1 ,where
1

k1 = 0.24562193 k2

0.22997469
k3

0.17294407 kg = -0.0531986

kg = -0.00232175

1.0

b3

m"
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CHAPTER III

CALCULATION OF THE DIFFRACTION PATTERNS, ENCIRCLED

ENERGY FACTORS, AND MODULATION TRANSFER FUNCTIONS

ASSOCTATED WITH AMPLITUDE FILTERS T{x,5) AND T(x ,M).
INTRODUCTION:

\In this chapter, we shall compare the diffraction patterns and
encircled energy factors corresponding to the different amplitude filters
discussed in the preceding chapters with those corresponding to a uni-
formly transmitting pupil. We shall consider the following cases:

1) aberration-free optical systems, correctly focussed;
2) aberration-free optica] systems, with defect of focus;
3) optical systems with spherical aberration of the 3rd order and
defect of focus.
In view of the importance modulation transfer functions have taken
in certain methods of image assessments, we shall also give the transfer
functions corresponding to the above cases.

A- METHOD OF CALCULATION:

A1l the calculations in this chapter have made use of Gauss's
method of numerical integration. Since this method is well known, it
willnot be described here. For information, one can refer to Berezin
and Zhidkov's book on camnputing methods?!?

Suppose the integral to be evaluated is

b
f f(x) dx
a

First, the transformation of variables from x to x' given by

b-a at+b
A3-1 XxX=0)x" + —
2

-

1
il
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is done to change the range of integration from (a,b) to (-1, 1);
the integral above becomes

1
(R;i)f £1(x') dx'
-1

Applying Gauss's method, this integral is approximated as follows:-

S
A3-2 fi(x') dx' =
-1 i=1

where the weights Ci and the abscissae Y; (which are the roots of

nm~Ma3

1
C, ' (y;) -
Legendre's polynomial of degree n) are known and can be obtained from
tables. Gauss's method was used because of its great accuracy (for a
given n) compared to other common integration methods. It can be shown'

for example, that exact results will be obtained for an arbitrary poly-

nomial integrand of any degree up to 2n-1.

B- CALCULATION OF DIFFRACTION PATTERNS:

From chapter 1, the amplitude in the diffraction pattern formed

by a pupil T(x) is
| 1 i¢(x)
A3-3 A(W) = M[ T(x)e Jo(Wx) dx2

where T(x) is real, and where all phase terms (defect of focus, aberra-

tions) are included in ¢(x). M is a normalization constant: in order to
conpare the diffraction patterns corresponding to different functions
T(x), we normalize A(W) so that A(o) = 1 when ¢(x) = 0; the constant M

is then

1
A3-4 M =1/ %/- X T(x) dx
0

Re-writing A3-3 in a form suitable for the application of Gauss's method,

we have



+1
A3-5 A(Y)= %__]; (u+1)T(“”)cos ¢(—ZJ)Jo[w(L”]du

1
dﬂf (1) T s ino (44130t 10

]
nN=

n . .

-+%;i z Ci (yi+1)T(Xi;l)sin¢(¥i§l)Jo[w(Xi§l)] sand

A3-6 M =1 /—;-
=1

The values of Ci and y; are obtained from tables. An IBM 360 computer

SECAURECD

n~Ms

was used to perform the calculations. A value of n = 24 was selected in
order to have an accuracy of about i]O'7 in calculations. The functions
cos and sin are calculated by means of built-in subroutines in the
computer. The functions T(x) thch we have considered are easy to cal-
culate since they are obtained (see chapters 1 and 2) in a polynomial
form. The function Jo was calculated by means of a subroutine which

we have developped and the method of this calculation will be described

later in chapter 5. To determine the accuracy of the calculations, the
latter were repeated in several cases for n = 16. It was found that
these values differed from those of the n = 24 case by less than 10'7.

As a result, we can quote this value as a reasonable measure of accuracy. i

" C<"CALCULATION OF ENCIRCLED ENERGY FACTORS:

The encircled energwaactor is defined as
l |A(W) ] 2dw?
A3-7 E(W) = —=2 -

[ |A(W) | 2du2
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The denominator can be evaluated by making use of Plancherel's

theorem .
f [A(W) ]2 dw? = 4_[ | T(x) |2 dx2
0 o

This relationship is a mathematical expression of the principle of

conservation of energy. For evaluation by Gauss' method, we re-write

the above as

¢; (yyn) 12 (2D

[°°|A(w)|2 W2 = 2

LI v =]
-

i
REMARK:

The factor 4 in the above relationship results from the
type of normalization of the functions T(x) and A(W): here,in order
to simplify the calculations, the normalization constant M in A3-3 is
put equal to 1. With this choice of M, the factor 4 in the conservation
of energy relationship above is valid for any pupil T(x); in particular
it is valid for T(x)=1. This can easily be verified as follows:

Fram A3-3, we have A(W) = ZJ](W) / W so that the 1.h.s. of the relation-

ship gives!?

[ A |2 a2 = 4 [0t 2] = 4 ‘E
(o]

On the other hand, the r.h.s. gives

1
4[‘ T2 (x) dx2 = 4f dx? = 4 , which
o

agrees with the 1.h.s.

The numerator in A3-7 can be written

W
1 i¢(u) 1 -i¢(v)
2[ W[L T(u)e Jo(Wu)du?] [L T(v)e - Jo(Wv)dv2] du
0
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W 1 1 .
f f ilo(u)-¢(v)]
=8 ‘IP uvT(u)T(v)e Jo(Wu)Jo(Wv)WdudvdW A3-8
o 0 “o

This integral can be decomposed into a real part and an imaginary part;

the latter one is equal to zero by reason of symmetry. Consequently,

the integra] reduces to:

W1 |

sf[f uvT(u)T(v)cos[jq)(u)-¢(v)]leo(Wu)Jo(Wv)du dv di
[+] 0
1 1

’ W
= 8 [ f uv T(u)T(v)cos[¢p(u)-¢(v)] fWJO(Wu)JO(WV)dW
0 .

o °
The inner integral involving W is a well-known Lommel integral whose

value is

W
v2

u?-

[ u Jo(Wv) 3, (Hu) - vdo(Wu)dy (v)]

Therefore, the numerator can be re-written for evaluation by Gauss's

method:-
A3-9

m

W RX

n | . i+ (yi+1 (¥i41)
& ii] C; Cj (yi+])(yj+]) T (Xlz—) T XJE—) cos [¢"%“

EANN [(y,.ﬂ)Jo[wu—'z‘r;—”JJ][W(y—"’éDJ-(yj” DaoLul 30, pulish )J]/

2
()2 - (y5+1)
The calculations were done on an IBM 360. n and m were chosen to be

24 and 16 resp. (They were chose different to avoid the possibility of

getting a zero denominator in A3-9.)~'The accuracy was checked as before




-22-

and the max. error found to be about 1077 at w = 25.

D- CALCULATION OF MODULATION TRANSFER FUNCTIONS-

If one is dealing with pupils having rotational symmetry about the
optical axis, then the modulation transfer function (MTF), which we

shall denote by G, will be a function of only one parameter, which

we shall call s (for spatial frequency). Furthermore, it can be

shown that!? *
ip(r) igp(r')
A3-10 G(s) = A T(r)e T(r")e rdrde

where r'2 = r2+ s2 - 2sr cosH

The diagram below explains the symbols.

o
X
‘ . io(r) .
G(s) is tg? cgnvo]ution of the pupil T(r)e with its complex conjugate
iP(r') | *
['T(r')e J » Shifted a distance s along the x-axis. Since T(r) is

real, A3-10 can be re-written as

,[]f T(r)T(r')e1[¢(r)- ()] rdrde'i[]; T(r)T(r')cos[¢(r)-¢(r')Irdrde g
A
+i‘[]; T(r)T(r')sin[o(r) - ¢(r*)] rdrde

For reasons of symmetry, the imaginary part of the above integral vanishes,

and the real part can be re-written as an integral over the first quadrant A'
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of the common area of the two pupils T(r) and T(r'). Thus, we have

Aé-]'l G(s) = 4[];. T(r)T(r")cos[o(r) - ¢(r")] rdrds

The limits of integration are (O, cos'] 2—;5,) for 6 (inner integral)
and (s/2 , 1) for r . Since inverse cosines are not easily calculated
by a camputer, the inner integral is modified by the transformation of

variables cos 8 = u : A3-11 then becomes

1 1 -
A3-12 G(s) = 4[ rT(r) [f T(r') cos [¢(r) - o(r')] du] dr
‘ s/2 s/2r A‘T""ﬁ“

u

with r'?2 = 2+ 52 - 25ry.
This integral is to be evaluated by Gauss's method, and hence must be

further transformed in order to have the proper limits:

A3-13

.] _
G(s) = (2-s)2
8 ﬁ (x+1)T(r) [f] T(r') cos [o(r) - ¢(r*)] dy]dx

Y

where r = (2-s)x + 2+s
T
u= (2r-s)y + 2r+s
A ar
r'2= rZ+sZ - 2sruy

Hence, the integral can be directly calculated by Gauss' method.
Note that s can take values from O to 2 inclusively. Beyond s = 2,
G(s)= 0. The calculations were done on the IBM 360. The accuracy was

checked as before, and the max. error found to be about +.001.
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E - RESULTS

The cases studied were the following:
1) aberration-free optical systems, correctly focussed: ¢(x)=0
2) aberration-free optical systems, with defect of focus:
¢(x) =7w/2 x2 , wx? , 3n/2 x2 , 21x2

3) optical systems with spherical aberration and defect of focus: o(x)=

.n.x‘i

mx"* - 1/2 x2 (diffraction patterns only)
mx* - wx?

wx* - 3n/2 x2 ( " " ")
mXx"* - 27x2

2mx "

2nx" - 7x2 ( " " " .)
2nx* - 2rx2

27x* - 3mx2 ( " " ")

2nx"* - 4nx?

The resuits of the calculations described above are given in the
fo]low;ng pages. The curves were drawn by an IBM plotter. For the
diffraction patterns and the encircled energy factors, tables of numerical
values, accurate to 5 decimal places, are also given.

* REMARKS |

a) When ¢(x) # 0, the amplitudes in the diffraction patterns formed by
the three pupils T(x)= 1, T(x, 5) and T(x,M) will be complex: in the asso-
ciated tables of numerical values, we have given the real parts (AR),

the imaginary parts (AI), and the moduli A (= /ARZF AIZ) of these complex

amplitudes. The curves show the variation of A with W.
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b) In all cases, the curves corresponding to the uniformly trans-
mitting pupil (T(x)=1.0) are drawn in black ink, those corresponding
to the T(x,5) amplitude filter are drawn in red ink, and those corres-
ponding to the T(x,M) amplitude filter are drawn in green ink.

c) The MTF curves were plotted with 21 points (at an interval of

.1 infs). The encircled energy factors, and most of the diffraction
patterns were plotted with 51 pcints at intervals of .5 in W. The
Plotter uses parabolic interpolation to draw the curves. Because of
this, a small error was introduced in the curves corresponJing to the
diffraction patterns, where the latter has cusps or angular minima.

It was necessary to increase the number of points used in certain cases
in order to eliminate or reduce this error. The diffraction patterns

corresponding to the following cases were drawn with 251 points (at

an interval of W of .1):

1) ¢(x)=0

2) ¢(x)= mx* - mx2

3) ¢(x)= 2ax*- 4mx2
d) Precision of the curves:-

The precision in the tracing of the curves was estimated to be
about +.005 on the average, with a maximum error of +.01 (usually en-
countered at some of the minima in the curves corresponding to the

diffraction patterns).
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Fig. A3-1 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x) = 0
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g. | iffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=,5mx*
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Fig. A3-3 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case &(x)= mx?
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Fig. A3-4 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=1.5mx?
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Fig. A3-5 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)= 2mx?
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Fig. A3-7 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case o (x)=mx"*=5mx?
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Fig, A3-8 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case o(x)=mx"*- mx?2
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Fig. A3-9 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=mx"*-1,5mx>
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Fig. A3-10 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=mx*-2mx?
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Fig.. A3-11 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)= 2mx*
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Fig. A3-13 Diffraction patterns formed by the pupils ixvu._,_ix,m?ixvzv. for the case ¢(x)=2mx"-2mx?
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Fig. A3-14 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=2mx"*-3mx>
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Fig. A3-15 Diffraction patterns formed by the pupils T(x)=1,T(x,5),T(x,M) for the case ¢(x)=2mx"-4mx>



Table A3-1a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = 0

(AR= real part of amplitude,Al= imaginary umwﬁ_oﬁ amplitude,A= modulus of amplitude)

W AR Al A W AR Al A
0.0 1.00000 0.0 1.00000 0.5 0.96907 0.0 0.96907
1.0 0.88010 0.0 0.8R010 1.5 0.74392 0.0 C.74392
2.0 0.57672 0.0 0.57672 2.5 N.397617 D.0 C.397h8
3.0 0.22604 0.0 0.22604 3.5 0.07850 0.0 0.07850
4.0 -0.03302 0.0 0.03302 4.5 -0.102¢6¢ 0.0 C.10269
5.0 -0.12103 0.0 0.13103 5.5 -0.12415 0.0 0.12415
6.0 -0.,09223 0.0 0.09223 6.5 -0.046734 0.0 0.04734
7.0 -0.00134 0.0 0.00134 T.5 0.03607 0.0 0.03607
8.0 0.05866 0.0 0.05866 8.5 " 0.06426 0.0 0.06426
Q.0 0.05451 0.0 0.05451 Qa5 0.02395 0.0 0033295
10.0 0,00869 0.0 N.00869 10.5 -0.01502 0.0 0.01507
11.0 -0.03214 0.0 0.03214 11.5 -0.03972 0.0 C.03972
12.0 -0.03724 0.0 0.03724 12.5 -0.02648 2.0 C.02648
13.0 -0.01082 0.0 0.01082 13.5 0.00564 0.0 0.005464
14.0 0.017905 0.0 0.01905 1465 0.02668 0.0 0.02668
15.0 0.02735 0.0 0.02735" 15.5 0t.02158 2.0 0.C2158
l16.0 0.01130 0.0 0.01130 16.5 -C.00070 0.0 C.C0070
17.0 -0.01149 0.0 0.01140° 1745 -0.01868 0.0 0.01868
18.0 -0.02089 0.0 0.02089 18.5 -0.01801 0.0 0.01201
19,0 -0.01113 0.0 0.01113 19.5 -0.00214 0.0 0.00214
20,0 0.00668 0.0 0.00668 205 0.01329 0.0 0.01329
21.0 0.01630 0.0 0.01630 21.5 0.01524 0.0 0.01524
22.0 0.01065 0.0 0.01065 22.5 0.00384 0.0 0.00384%
23.0 -0.00344 0.0 0.00344 2345 =0.00944 0.0 C.00%44
24 .0 -0.012784 0.0 0.01284 2445 -0.01298 0.0 0.012¢98
25.0 -0,01003 0.0 0.01003
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Table A3-1b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 0
(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

W AR Al A b AR At A
0.0 1.00000 0.0 1.00000 0e5 0.98056 0.0 0.,92056
1.9 0.92406 0.0 0.92406 1.5 0.83569 0.0 0.82569
2.0 0.72339 0.0 0.72339 2.5 0.59685 0.0 0.59685
3.0 0.46630 0.0 0.46630 3.5 0.34140 0.0 034140
4.0 0.23014 0.0 0.23014 45 0.13813 0.0 0.13813
5.0 0.06825 0.0 0.06825 5.5 0.02062 0.0 0.02062
6.0 -0.00695 0.0 0.00695 6e5 -0.01837 0.0 0.01837
7.0 -0.01840 0.0 0.01840 75 -0.01195 0.0 0.N1195
8.0 -0.00329 0.0 0.00329 €5 0.00437 0.0 0.00437
°.0 0.00612 0.0 0.00912 9.5 0.01033 0.0 0.01033
10.0 0.008644 0.0 0.00844 10.5 0.00454 0.0 0.00454%
11.0 0.00003 0.0 0.,00003 11.5 -0.00382 0.0 0.00382
12.0 -0.00613 0.0 0.00613 12.5 - =0.00654 0.9 0.00€54
13.0 ~-0.00520 0.0 0.00520 A 13.5 -0.N0026°9 0.0 0.,002569
14,0 0.00022 0.0 0.00022 14.5 0.00275 0.0 0.00275
15.0 0.00432 0.0 0.00432 ° 15.5 0.00464 0.0 D.00464
le.0 0.00376 0.0 0.00376 16.5 0.00203 0«0 0.00203
17.0 -0.00005 0.0 0.00005 17.5 -0.00193 0.0 0.00193
18.0 -0.00317 0.0 0.00317 18.5 ~0.00352 0.0 0.00352
19.0 -0.00297 0.0 0.00297 . 19.5 -0.00173 0.0 0.00173
20,0 ° -0.00016 0.0 0.00016 20.5 0.00133. 0.0 0.00133
21.0 0.00238 0.0 0.00238 21.5 0.00278 0.0 0.00278
22.0 0.002456 0.0 0.00246 2245 0.00157 0.0 0.00157
23.0 0.00035 0.0 0.00035 23.5 -0.00088 0.0 0.00088
2440 -0.00181 0.0 0.00181 24.5 -0.00224 0.0 0.00224
25.0 -0.00210 0.0 0.00210
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Table A3-1c Diffraction pattern formed by the pupil T(x,M) for the case ¢(x) = 0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

W AR Al A W AR Al A
0.0 1.00000 0.0 1.00000 0.5 0.97580 0.0 0.27580
1.0 090579 0.0 0.90579 1.5 0.79735 0.0 0.79735
2.0 0.66166 0.0 0.66166 2.5 0.51211 N.0 0.51211
3.0 0.36261 0.0 0.36261 3.5 N.22572 .0 N.22572
4.0 0.11125 0.0 0.11125 4.5 0.02523 0.0 0.02523
5.0 -0.03046 0.0 0.03046 5.5 -0.05780 0.0 0.05780
6.0 -0.06190 0.0 0.06190 6.5 -0.04977 0.0 0.04977
7.0 -0.02905 0.0 0.02905 7e5 -0.00676 0.0 0.00676
8.0 0.01166 0.0 0.01166 8.5 0.02294 0.0 0.02294
9.0 0.02606 0.0 0.02606 2.5 0.02200 0.0 0.02200
10.0 0.01311 0.0 0.01311 10.5 0.00238 0.0 0.00238
11.0 -0.00730 0.0 0.00730 11.5 -0.01378 0.0 0.01378
12.0 -0.01597 0.0 0.01597 12.5 -0.01394 0.0 0.C1394
13.0 ~-0.00873 0.0 0.00873 12.5 -0.001928 0.0 0.00198
14.0 0.00451 0.0 0.00451 14.5 0.00920 0.0 0.00920
150 0.01117 0.0 0.01117 1%.5 0.01022 0.0 0.01023
16.0 0.00689 0.0 C.00689 165 Cc.00219 0.0 0.00219%
17.0 -0.00263 0.0 0.00263 17.5 -0.00639 0.0 0.00639
18.0 -0.00830 0.0 0.00830 12.5 -0.00804 0.0 0.00804
19.0 -0.00586 0.0 0.0058¢ 19.5 ~(.00244 0.0 0.00244
20.0 0.00132 0.0 0.00132 2045 0.00449 0.0 0.00449
21.0 0.00635 0.0 0.00635 21.5 0.00655 0.0 0.00655
22. 0.00515 0.0 0.00515 22.5 0.00261 0.0 0.00261
23.0 -0.00040 0.0 0.00040 23.5 -0.003212 0.0 0.00312
24.0 -0.00492 0.0 0.00492 2445 -0.00543 0.0 0.00543
25.0 -0.00460 0.0 0.00460
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A3-2a Diffraction pattern formed by the pupil T(x)=1 for the case #(x) = .5mx2

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus ow maudmdcamv

AR

0.63662
0.58064
0.43346
0.24740
0.08187
-0.02226
-0.05647
IOQOAvHOC
-0.00879
0.01394
0.01733
0.00721
-0.00430
-0.00859
-0,00499
0.00132
0. 00477
0.00353
-0.00019
-0.,00283
-0.00257
-0.00028
0.00175
0.00192
0.00047
-0.00109

Al

0.63662
0.53980
0.29889
0.03243
-0.14228
~0.17362
~-0.09450
0.01182
0.07071
0.05911
0.00705
-0.03580
-0.03952
-0.01077
OoONO\#H
0.02851
0.01150
-0.012006
-0.0?154
-0.,01133
0.00694
0.0MO@@
0.01083
-0.00355
-0.01307

-=0.01017

090032
0.79280
0.52652
0.24cC5]1
0.16415
0.17505
0.11009
0.04276
N0.07125
0.06C73
D.01R71
0.03652
0.03975
0.01277
0.02101
0.02255
0.01245
0.01256
0.02154
0.01168
0.00740
0.01¢68
0.01097
0.00404
0.013208
0.01022
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17.5
18.5
19.5
20.5
21.5
2245
2345
2445

AR

0.62228
0.51568
0.34141
0.15883
0.02080
=0.0473%
~0.052099
~0.02507
0.00482
0.01797
0.01322
0.00092
=0.00758
-0.00753
-0.00177
0.003562
0.00467
0.00174
-0.00183
=-0.00307
-0.00154
0.00090
0.0020¢9
0.00132
-0.00040

Al

0.61158
0.43084
0.16059
-0.07167
-0.17562
~-0.14317
-0.03920
0.05N008
0.07281
0.03498
-0.01821
lOoOAvNOIN
-0.02756
0.00653
0.02810
0.02229
-0.00096
-0.,01937
-0.01848
-0.00209
0.,01366
0.01555
0.00387
-0.00964%
-0.01319

0.87250
N,67197
0.37729
0.17425
0.1768h
2.15080
0.06591
0.05601
0.07297
0.03932
0.02251
D.04298
0.02858
0.00896
0.02816
0.02258
0.00476
0.01945
0.01857
D.00371
0.01375
0.01557
0.00440
0.00973
0.01219
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Table A3-2b Diffraction pattern formed by the pupil T(X,5) for the case ¢(x) = .5mx?

W

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.82184
0.77198
0.63081
0.45383
0.26903
0.12035
0.02652
=0.01477
-0.02017
-0.01010
0.00016
0.00416
0.00276
-0.00018
-G6,00167
-0.00115
0.00015
0.,00089
0.00063
-0. 00009
-0.00054
-0.00041
0.00005
0.00036
0.00029
-0.00001

'

Al

0.432R0
0.38304
0.25484
0.10026
~-0.02447
-0.08561
-0.08374
-0.04606
-0.00637
0.01381
0.01247
0.00124
-0.00676
-0.00610
-0.00012
0.,00451
0.00408
0.,00008
-0.00325
~0.00211
-0.00023
0.00242

0.00254 .

0.00038
~-0.00183
-0.00215

0.92884
0.86178
0.68591
046477
0.27014
0.14769
0.08784
0.04837
N.02115
0.01711
0.01247
0.00634
0.00730
0.00€10
0.00167
0.00465
0.00408
0.00089
0.00331
0.00311
0.00059
0.00246
0.00254
N0.00052
0.00186
0.00215
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15.5
16.5
17.5
1845
19.5
20.5
21e5
22.5
2345
2445

AR

0.80914%
0.71311
0.54842
0.35892
N.18848
0.06628
0.00014
-0.02064
-0.,01592
-0.00438
0.00301
0.00391
0.00124%
-0,00120
-N.00161
-0.00050
0.00065
0.00087
0.00028
-0.00039
-0.00054
-0.,00019
0.00024
0.00037
0.00015

Al

0.42000
032595
0.17708
0.03129
-0.06376
-0.09127
-0.06716
-0.02468
0.00673
0.01529
0.00717
-0.,00373
-0.00746
-0.00335
0.00272
0.00494
0.00227
~0.001°2
-0.00365
-0.00185
0.00132
0.00285
0.00163
-0.00087
~0.00223

0.91165
0.78407
0.57630
0.36029
0.19897
0.11280
0.06716
0.03217
0.01728
0.01590
0.00777
0.00541
0.00757
0.00356
0.00316
0.00497
0.00236
0.00210
0.00366
0.00189
0.00143
0.00285 .
0.00165
0.00095
0.00229
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Table A3-2c Diffraction pattern formed by the pupil .:x,_é for the case ¢(x) = .5mx?

DODNCIN P WN=D
¢ ¢ 4 o s

—

1.
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
2040
21.0
220
23.0
2440
25.0

P

TRy .

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.74938
0.69534
0.55078
Ne360069
0.17845
D.04495
-0.02427
-0.03%904%
-0.023860
-0.00321
0.00810
0.00795
0.00204
-0.00282
-0.00350
-0.00111
0.00138
0.001%4
G.,00072
-3.,00077
-0.00124
-0.00054%
0.00045
0.00085
0,00044
~-0.00026

Al

0.52105
0.45253
0.276881
0.07734
-0.07155
-0.1255%¢
~0.09569
-0.02970
0.02200
0.03477
0.01630
-0.0NR20
-0.01801
~0.009E9
0.00459
0.01184
0.00737
-0.00262
-0.00858
~-0.00610
0.00131
0.006489

0.00529 .

-0.00038
-0.00500
-0.00468

0.91272
0.82963
0.61733
0.326889
0.19225
0.13336
0.09872
0.04905
0.03241
0.03492
0.018620
0.01142
0.01€812
0.01028
0.00577
0.01189
0.00750
0.00327
0.00861
0.006&15
0.00180
0.00651
0.00531
0.00093
0.00502
0.00469
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15.5
1645
17.5
18.5
19.5
20.5
21.5
22.5
23.5
2445

AR

0.73558
0.63202
0.45802
0.26553
0.10397
0.00241
-0.03710
-0.03348
-0.01295
0.00401
0.009021
0.00524
-0.00083
-0.00369
-0.00250
0.00030
0.00194
0.00148
-0.00009
-0.00117
-0.00100
-0.00002
0.00076
0.00073
0.00008

Al

0.50338
0.37461
0.17603
-0.00755
-0.11092
-0.11861
-0.06370
0.00029
0.03344
0.02801
0.00317
-0.01560
-0.01568
-0.00247
0.00969
0.01087
0.00243
-0.00658
-0.00834
-0.00257
0.00457
0.00671
0.00269
-0,00316
-0.,00552

0.89133
0.73470
0.492068
0.26563
0.15203
0.11864
0.07372
0.03348
0.03586
0.02826
0.00974
0.01645
0.01571
0.00444
0.01000
0.01088
0.00311
0.00674
0.00834
0.00282
0.00468
0.006T71
0.00280
0.00324
0.00552
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Table A3-3a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = mx?

W

L]
< O
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S
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CODD0CODDODO

[Ty
W= O DN N D
L]

—

-4
-
O

p gt

p—
S
(&

HWI«OO
16.0
17.0
18.0
19.90
20.0
21.0
22.0
2340
24.0
25.0

(AR= real part of amplitude,Al= imaginary part of msvd*ﬂcam.>u.soncgcm.oﬁ amp1litude)

AR

0.0
004757
0.15674
0.25013
0.25981
N.17263
0.036381
-0.,07319
-0.10646
-0.,006512
0.00468
0.0498¢4
0.04634
0.00936
-0.,02556
-0.03237
-0.,011388
0.01413
0.02367
0.01194
-0.00783
-0.01792
-0.01136
0.00394%
0.0N01382
0.01060

Al

063662
0.55995
036232
0.12419
-0.06638
-0.15507
-0.14128
-0.06828
0.00707
0.04558
0.04071
0.01220
-0.01333
-0.02031
-0.01039
0.00389
0.01086
0.00752
-0.00073
-0.00626
~0.00546
-0.00047
0.00377
0.00404
0.00094
~-0.00232

063662
0.56196
0.39477
0.27927
0.26815
0.23206
0414599
0.10009
N.10669
0.07649
0.04098
0.05131
0.04822
0.02236
0.02759
0.03260
N.01610
0.01601
0.02368
0.01348
0.00954
0.01793
0.01197
0.00564
0.013286
0.01085
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AR

0.01247

0.09882
0.21054
0.26785
0.22650
N.10616
-0.02568
-0.10061
-0.09291
-0.,03012
0.03280
0.05404
0.02993
-0.01052
-0.03310
-0.02445
0.00207
0.02176
0.01995
0.00185
-0.01489
-0.01653
-0.00391
0.01031
0.01385

Al

0.61691
0.47194
0.24245
0.01840
-0.12478
-0.15901
-0.10853
-0.02775
0,03212
0.04775
0.02766
-0.00232
-0.01941
-0.01680
-0.00292
0.00872
0.01029
0.00350
-0.00420
~0.00663
-0.00319
0.00203
0400446
0.00274
-0.00088

0.61704
0.48218
0.32111
0.26848
0.25860
0.19119
0.11152
0.10437
0.09830
0.05646
0.04291
0.05409
0.03567
0.01982
0.03323
0.02596
0.01049
0.02204
0.02038
0.00688
0.01523
0.01665
0.00593
0.01067
0.01387
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Table A3-3b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = mx?

L] e o o
COTOCODODDOOOO

—t
DOV RN~ O
*

P—t
—

12.0
13,0
14.0
15.0
16.0
17.0
13.0
1¢9.0
2060
21.0
22 .0
23.0
24,0
25.0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.45203
0.45141
0.44171
0.40576
0.33164
0.22478
0.10886
N0.01433
-0.03761
-0.04540
-N0.02549
-3.00088
0.01207
0.01026
0.00117
-0.00556
-0.00539
-0.00056
0.00358
0.00365
0.,00046
-0.00256
-0.002890
-0.00051
0.00190
0.00229

Al

0.59070
0.53513
0.38800
0.19922
0.02731
-0.08440
-0.12222
-0.10160
-0.05404
-0.00992
0.01385
0.01653
0.00774
-0.00146
-0.00500
-0.00315
0.00036
0.00219
N0.00156
-0.00017
-0.00122
-0.00093
0.00008
0.00077
0.00064
-0.00002

0.74381
0.70010
0.58792
0.45203
0.33276
0.24011
0.16367
0.10261
0.06584
0.04647
0.02901
0.01656
0.01433
0.01037
0.00514
0.00639
0.00540
0.00226
0.00390
3.,00365
0.00130
0.00273
0.00280
0.00092
0.00200
0.00229

LI R . o
(SRR, BV RS IAE G, G IR IO R

e
S 0D PP WN-=O
.

—
(=

.
Ul

12.5
13.5
1445
15.5
16.5
17.5
18.5
19.5
20.5
21.5
22.5
23.5
2445

AR

0.45201
0.44871
0.42807
0.37362
D.28117
0.16602
0.05720
-0.01756
-0.04631
-0.03745

-0.01247

0.00756
0.01270
0.00597
-0.00295
-0.00633
-0,00323
0.00190
0.00417
0.00227
-0.00129
-0.00309
-0.00185
0.00085
0.00241

Al

D.57648
0.47039
0.29506
0.10786
-0.11215
-0.11742
-0.07208
-0.03010
0.00490
0.01737
0.01281
0.00265
.IOOOON..OW
=0.00455
-0.00135
0.00160
0.00213
0.00071
-0.00085
-0.00123
-0.00045
0.00051
0.00080
0.00033

0.73256
0.65008
0.51991
0.33688
0.28368
0.20035
0.13061
0.08100
0.05523
0.03777
0.02138
0.01488
0.01298
0.00721
0.00542
0.00647
0.00360
0.00285
C.00423
0.00242
0.00178
0.00312
0.00192
0.00117

0.00243



Table A3-3c
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Diffraction pattern formed by the pupil T(X,M) for the case ¢(x) = mx2

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.26549
d.238318
0.31645
0.32805
0.28619
0,189372
0.06924
-0.02831
-0.,07139
-0.05919
-0.01838
D.G1697
0.02677
0.01346
-0.00576
-0.01461
-0.00907
0.00273
0.00965
1. 00A93
-0.,00127
-0.00699
-0.00575
0.,00032
0.00527
0.00496

Al

0.62968
0.56326
0.3894¢
0.,17242
-N.01488
-0.12232
-0.14018
-0.09538
-0.03137
0.01551
0.03052
N0.02043
0.00245
-0.,00889
-0.00903
~0.00248
0.00348
0.00460
0.00167
-0.00174
-0.00275
-0.00121
0.00097
0.00183
0.00095
-0.00055

0.68274
0.63044
0.50182
0.,37060
De 28657
0.22540
0.15635
0.09950
0.07798
0.06119
0.03563
0.0265%6
0.02¢688
0.01613
0.01072
0.01482
0.00971
0.00535%
0.00979
0.00714%
0.00303
0.00709
D.,00583
0.00185
0.00535
0.,00499
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13.5
14.5
15.5
16.5
17.5
18.5
1€.5
20.5
21.5
22.5
23.5
2445

AR

0.27095
0.29993
0.32745
031477
0.24329
0.12932
0.01503
-0.05751
-0.07099
-0.04012
0.00174
0.02542
0.02210
0.00337
-0.01208
-0.01334
-0.00319
0.00732
0.00941
0.00302
-0.00487
-0.00725
-0.00297
0.00329
0.00584

Al

0.61265
0.48638
0.28158
0.07108
~-0,08020
~0.14144
-0.12299
-0.056310
-0.00429
0.02699
0.02762
0.,01132
-0.00460
-0.01023
-0.00612
0.00096
0.00470
0.00344
-0.00021
-0.00262
-0,00221
-0.00005%
ND.00163
0.00156
0.00018

0.66989
057143
0.43187
0.322069
Q.25616
0.19165
0.12390
0.085314
0.07112
0.04835
0.02767
0.02783
0.02257
0.01077
0.01354
0.01337
0.00568
0.00809
0.00941
0.00400
0.00534
0.0N725
0.00339
0.00364
0.00584



iable A3-4a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = 1.5mx?
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N~ 00NV~ T
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16.0
17.0
15.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

™A T

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

-0.21221
-0.15085
0.00054
0.16287
0.25558
0.24038
0.137G7
N0.01013
-0.C7910
-0.0932%8

=0.,0593¢6

-0.00190
0.03555
0.03743
0.01431

-0.01070

-0.02015

-0.01216
N0.00247
0,01117
0.00899
0.00035

-0,00649

-0.00660

-0.00137
0.00388

Al

N.21221
0.22181
0.23316
0.20929
0.12769
0.00513
-0.10730
=0.15665
-0.12428
-0.03875
0.04378
0.07706
0.05283
0.00062
-0.03790
-0.03926
-0.01112
0.01907
0.02787
0.01272
-0.00985
-0.02035
-0.01227
0.00478
0.01527
0.01136

0.30011
0.26825%
0.23316
0.26519
0.28571
0.24044
0.17478
0.15698
0.,14732
0.10564
0.07375
0.07708
0.06368
0.03744
0.04051
D0.04069
0.02302
0.02262
0.02798
0.01693
0.01334
0.02036
0.01388
0.00815
0.01533
0.01201
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14.5
15.5
165
17.5
18.5
19.5
20.5
21.5
2245
2345
2445

AR

-0.19632
-0.08210
0.08593
0.22168
0.26151
0.19677
0.,07279
|OUO#NWH
-0.09765
-0.08393
-0.03018
0.02098
0.04079
0.02762
0.00064
-0.01788
-0.01785
-0.00479
0.00812
0.01134
0.00496
-0.00375
-0.00744
-0.,00435
0.00160

Al

Ne21492
0.22949
0.22778
0.17569
0.06885
-0.05610
-0,14215
|OQH$OON
-0.08488
0.00645
0.06813
0.070656
0,02750
-0.02252
=~0.04345
-0.02736
0.00555
0.02687
0.02255
0.,00098
-0.01744
-0.01834
-0.00386
0.01164
0.01507

0.,29108
0.24373
0.24345
0.28286
0.27042
0.20461
0.15970Q
0.15578
0.12938
0.08418
0.07452
0.07399
0.04920
0.03563
0.04345
0.03268
0.01849
0.02729
0.02397
0.01138
0.01813
0.01872
0.,008338
0.01243
0.01516



Table A3-4b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 1.5mx2

0.0
1.9
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
165.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24,0
25.0

TEDATANS A WA NI PO AL LS
7 K CITTNTITI N p ety

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

0.18065
0.20455
0.20157
0.31590
0.33047
0.28701
0.19516
0.08616
-0.00407
-0.05242
~=0.05715
-0.03431
-0.00610
0.,01132
0.01361
0.00633
-0.00176
-0.00503
-0.00323
0.00035
0.00255
0.00177
-0.00009
-0.00134
-0.00112
-0.0

Al

0.48975
0.46335
0+38676
0.26954
0.13103
-0.00059
-0.09583
-0.13561
-0.12033
-0.06994
-0.01407
0.02257
0.03082
0.01803
-0.00001
-0.01019
-0.00890
-0.00133
0.00471
0.00499
0.00095
~-0.00292
-0.00340
-0.00079
0.00205
0.00260

0.52201
0.50650
046691
0.41526
0.35549
0.28701
0.,21742
0.16C67
0.12039
0.08741
0.05885
0.04107
0.03141
0.02129
0.01361
0.01200
0.00907
0.00520
0.00571
0.00500
0.00254
0.00342
0.00340
0.00155
0.00233
0.00260

W

DW= D
[ ] L] [ L) L

=
S Do~
s o [}
(2006 RRE RRG RS RS R IRU BRIV RO IR )

H
[
[}

12.5
12.5
1445
1565
16.5
17.5
Hm.m
1945
2045
21.5
22.5
2345
2445

AR

0.18687
0.23086
0.29162
D.32991
0.31604
0.24552
0.14044
0.03680
-0.03411
-0.05954
=-0.0477T7
-0.01962
0.00452
0.01417
0.01061
0.00191
-0.00414
-0.00460
-0.00141
0.00168
0.00234
0.00087
-0.00088
|O ooo.—.h.,u.
-0.00060

AT

0.48312
043094
0.33227
0.20133
0.06241
~0.05433
~-0.12314
-0.13399
-0.09773
-0.,04087
0.00766
0.03011
0.02613
0.00867

~0.00650

-0.01080
-0.00539
0.007228
0.00560
0.00325
-0.00128
-0.00365
-0.00233
0.00080
0.00268

0.51800
0.48888
0.44210
0.38650
0.32215
0.25146
0.18678
0.13895
C.10351
0.,07221
0.04338
0.03594
0.02652
0.01661
0.01247
0.01097
0.00679
0.00513
0.00577
0.00366
0.00267
0.00375
0.00249
0.00162
0.00275



Table A3-4C Diffraction pattern formed by the pupil T(x,M) for the case ¢{(x) = 1.5mx?

i

D2~ H N~ D
4 o @& & o & ¢ 8
D OO DODOCOO

10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
1.0
22.0
?3.0
24 .0
25.0

TrR N s Ty o

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

-0.00393
D.03634
0.13495
0.23781
N,26908
0.26103
0.16676
0.04991

-0.04135

-0.07888

-0.06517

-0.02552
0.01028
0.02461
0.,01736
0.00245

-0.00841

-0.00913

-0.00285
0.00345
0.00504
0.002153

-0.00170

-0.00313

-0.00162
0.00090

Al

0.40303
0.38711
0.33587
0624492
0.12147
-0.00876
-0.10863
-0.14825
-0.12281
-0.05647
D.01114
0.04746
0.04360
0.01501
-0.01276
-0.02200
-0.01221
0.00387
0.01239
0.00870
-0.001%4
-0.00813
-0.00670
0.00022
0.00581
0.00552

0.40305
De.388F1
0.36197
0.34138
0.31357
0.26118
0.19905
0.15643
0.12658
0.09701
0.06611
0.05388
0.04479
0.02883
0.02195
N.02214
0.01483
0.00991
0.01272
0.00G3¢6
0.00521
0.00840
0.00691
0.00314
0.00603
0.00559

L] e o @ L]

-
[} [ ]

e

W=D 0O N—O
.

—

.

.
RO RE IR NG IRV, IR TR I BRSNS

—
o

15.5
16.5
17.5
18.5
19.5
2045
215
2245
23.5
2445

AR

0.00651
0.08129
0.18970
0.27255
0.28510
0.21992
0.10794
-0.00137
-0.,06739
-0.07719
-0.04659
-0.00562
0.02050
0.02325
0.01030
-0.00413
-0.01000
-0.00644
0.00070
0.00493
0.00396
0.00008
-0.00282
-0.00266
-0.00032

Al

0.39912
0.36630
0.29532
0.18608
0.05496
-0.06478
-0.13700
-0.14275
-0.09238
-0.02036
0.03442
0.05004
0.03081
-0.00044

.—0.02015

-0.01887
-0.00396
0.00965
0.01190
0.00385
~-0.00563
-0.00844
-0.00352
0.00359
0.00647

0.39917
ND.37521
0.35100
0433002
0.29034
0.22926
0.17441
0.14276
0.11435
0.07983
0.05792
0.05035
0.03701
0.02326
0.02263
0.01L932
0.01076
0.01160
N.01192
0.00626
0.00688
0.00844
ND.00451
0.00446
0.00648
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Table A3-5a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = 2mx?

N

s o

L]
QOO0 OCOCODOQOO

CLCONIOIPDWNE-O
.

—t
.

ot et
N -
[ ]

—
W

14,0
15.0
16.0
17.0
18.0
19.0
20.0
NH.O
22.0
23.0
24.0
25.0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

AR

-0.0
0.00076
0.01070
0.04356
0.10010

0.1574T.

0.17933
0.14128
0.05225
-0.04624
-0.10476
-0.09778
-0.02965
0.02670
0.05974
0.04595
0,00479
-0.02963
-0.03450
-0.01259
0.01425
0.02455
0.01338
-0.00657
-0.01776
~-0.01249

Al

6.0
0.03736
0.12293
0.19479
0.19661
0.11466
-0.01335
-0.12249
-0.16093
-0.11965
-0.03367
0.04358
06.07372
0.05306
0.00794
-0.,02750
-D.03402
-0.01585
0.00776
7.01899
0.01325
-0.01065
-0.00986
-0.00155
0.00613

0.0

0.,03737
De12339
0.19960
0.22062
0.19479
0.17983
0.18699
0.16920
0.12828
0.11004
0.10705
0.08371
0.05940
0.06026
0.05355
0.03436
0.033260
0.03536
..02278
J. 01946
0.02456
0.01710
0.01185
0.01783
0.01392

OSSO DVNDPPUVIH VNN O
- [ ] [ .
CRGEY RCETES TRV, RGRERE; R

v

AR

0.00005
0.00365
0.02370
0.068976
0.13090
0.17497
0.16814
0.10111
0.00088
-0.08297
-0.10950
-0.07279
-0.00449
0.04207
0.05813
0.02668
-0.01522
-0.03620
-0.02577
0.00182

0.02226.

N0.02116
0.00332
-0.01409
-0.01706

Al

0.00979
0.07758
0e16475
0.20659
0.16481
0.05253
-0.07429
-0.15229
-0.14890
-0.07893
0.00914
0.06564
0.06859
0.03130
-0.01274
-0.03464
~-0.02699
-0.0033¢
0.01558
0.01793
0.00644
-0.00688
-0.01159
-0.00617
0.00287

0.00979
0.07767
0.156645
0.21805
0.21047
0.18268
\0.18382
0.18280
0.14890
0.11451
0.10988
0.09802
0.06873
0.05820
0.05951
0.04372
0.03098
0.03636
0.03011
0.01802
0.02318
0.02225
0.01206
0.01538
0.01729
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“Table >w-chcMﬁw1mna*m= pattern formed by the pupil T(x,5) for the case ¢(x) = 2nx?

L )
OCODODOOOCOCOC OO

DOVT NV PUNO
.

el
[y

—
N
.

13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
22.0
24.0
25.0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.10137
0.,11717
0.15939
0.21332
0.,25775
0.27131
0.24107
0.16972
0.07666
-0.00930
-0.06272
-0.07331
-0.04967
-0.01308
0.01487
0.02310
0.01439
0.00015
-0.00861
-0.00797
-0.00157
0.00400
0.00469
0.00128
-0.,00239
-0.00320

Al

0434829
0434504
0.32853
0.28414
0.20266
0.09159
-0,02375
|OQ~MOWN
-0.14612
-0.12708
-0.07268
-0.01269
0.02756
0.03808
0.02541
0.00505
-0.00909
-0.01155
-0.00559
0.00163
0.00481
0.00324
-0.00023
-0.00235

~0.00192

~-0.00004

0.26274
0.36439
0.36515
0.35530
0.32788
0.28635
0.24224
0.20270
0.16500
0.12742
0.09600
0.07440
0.05¢81
0.04026
0.02944
0.02365
0.01703
0.01155
N.01027
0.00814
0.00506
0.00515
0.00469
0.00268
0.00206

0.00320

e & & o &

L]
5 IS I, S, B, NS, JRE) S IS ) IS I BRI E

[on i I i o B e
DUWN=ODHO0XNDPTIDIWN-O

.
(%)

15.5
1645
17.5
18.5
10,5
20.5
21.5
22.5
23.5
2445

AR

0.10540
0.13569
0.18612
0.23815
0.26950
0.26192
0.20967
0.12419
0.03096
-0.04117
-0.07325
-0.06461
-0.03150
0.00300
0.02157
0.02025
0.00716
-0.00536
-0.00938
-0.00508
0.00168
0.00501
0.00329
-0.00077
-0.00324

Al

0.34760
0.33931

0.31068

0.24803
0.14958
0.03240
-0.,07268
'OQHWWOO
—0e14263
-0.10251
-0.04153
0.01095
0.03646
0.03376
0.01517
-0.00338
-0.01174
-0.00919
-0.00171
0.00388
0.00449
0.00151
-0.00160
-0.00243
-0.00104

0.36322
0.36544
0.36217
0.34385
0.30822
0.26391
0.22191
0.18392
0.14595
0.11047
0.08420
0.06553
0.04818
0.03389
0.02638
0.02053
0.01375
0.01064
0.00953
0.00£39
0.00480
0.00524
0.00365
0.00255%
0.,00340
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Table A3-5c¢ Diffraction pattern formed by the pupil T(x,M) for the case ¢(X) = 2mx?

s o o » * o o o s o+
OO OCODDDO0COOODOO0O

b et b
N O ODNTWVPHPWN—=O
.

13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
NN*.O
25.0

(AR= 1mmi‘um1ﬂ of amplitude,Al= imaginary um1ﬁ_ow mschﬁcamy>n modulus of amp1itude)

AR

0.01537
0.02968
0.07043
0.12916
0.18827
0.22329
0.21290
0.15200
0.05870
-0.03194
~-0.08554
-0.08690
-0,047064
0.00242
0.03400
0,03487
0.01374
-0.00944
~-0,01866
-0.01152
0.00231
0.01069
0.00845
-0.00022
-0.00692
-0.00652

Al

0.21209
0.22423
0.24642
0.24613
0.19624
0.09614
-0.02415
-0.11955
-0.15535
-0.12618
-0.05717
0.01220
0.05055
0.04936
0.02256
-0.00644
-0.,02032
-0.01612
-0.00288
0.00754
0.00894
0.,00326
I.OQOOWHN
-0.,00518
-0.00254
0.00146

0.21264
0.22619
0.25628
0.27796
0.27195
0.24311
0.21426
0.19338
0.16607
0.13016
0.10288
0.08776
0.06946
0.04942
0.04081
0.03546
0.02453
0.01868
0.01889
0.01377
0.00523
0.01117
0.00901
0.00518
0.00737
0.00668

® 4 @ o & o 0 s b 0
(GG RG T, I IS, RS, IV IR, IV R, IRV R, I |

N~O oo ~NCWVPHWNFD

= e

AR

0.01898
0.0470°
0.09842
0.16011
0.21036
0.22461
0.18817
0.10744
0.01064
=-0.06494
-0.09263
-0.07072
0.02181
0.03816
0.02589
0.00115
-0.01630
-0.01673
-0.00461
0.00774
0.01082
0.00440
-0.00428
~0.00766

Al

0.21537
0.23592
0.25121
0.22820
0.15121
0.03576
-0.07767
-0.14604
-0.14791
-0.02013
0.03640
0.05444
0.03772
0.00696
-0.01582
-0.02010
-0.00984
0.00326
0.00941
0.00662
-0.00024
-0.00483
=0.00429

- =0.00045

0.21620
0.24057
0.26980
0.27877
0.259046
0.22744
0.20357
0.,18130
0.14829
Dell446
0.09479
0.07953
0.05867
0.04357
0.03879
0.03034
0.02014
0.01904
0.01704
0.01048
0.01018
0.01082
0.00653
0.00606
0.00768



Table A3-6a Diffraction pattern formed by the pupil T(x)=1 wos the case ¢(x) = mx*

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.37398
037277
0.35654
0.30009
0.19280
0.05711
-0.05872
-0.08553
-0.01599
0604704
0.06494
0.03513
-0.01258
-0.04130
-0.03412
~-0.00304
0.02440
0.,02802
0.00914
-0.01373
-0.02187
-0.01104
0.00715
0.01680
0.01117

Al

0.50485
0.42863
0.23700
0.02008
-0. HNOHH
-0.16321
-0.09939
0.00005
0.06960
0.07744
0.03604
|OOOHWWO
-0,04198
-0.03294
I.Oooouom
0.01998
0.02347
0.00912
-0.00839
-0.01547
-0.00923
0.00266
0.00991
0.00790
0.00007
-0.00627

0.62829
0.56805
0.42812
0.30076
0.23204
0.17291
0.11544
0.10996
0.11027
0.07907
0.05926
0.06678
0.05474
0.03526
0.04149
0.03954
0.02367
0.02605
0.02625
0.01797
0.01655
D.02203

0.01484

0.01066
0.01680

0.01281

e o o o o
(S G IRV, IS G AV IRV G, RS, G, IRV, RS R R G, IR |

L]

b b et e
PUWUN-OO0DNITHNPLUNOND
s o .

15.5
16.5
17.5

18.5

19.5
205
2145
22.5
23.5
2445

AR

0.37391
0.326811
0.334566
0.25223
0.12582
-0.00658
~0.09414
-0.10615
~-0.05327
0.01944
0.06274
0.05466
0.01100
-0.03106
-0.04206
-0.01994
0.01282
0.02965
0.02047
-0.,00318
=0.02034
-0.01838
-0.00179
0.01380
0.01575

Al

0.48517
034234
0.125%29
-0.06743
-0.16093
-0.14026
-0.04958
0.04162
0.08140
0.06073
0.00888
-0.03326
-0.04139
-0.01935
0.01001
0.02454
0.01775
-0.00027
-0.01371
-0.00330
0.00735
0.01002
0.00427
-0.00370

0.61253
0.5026%
0.35734
0.26109
D.2042R8
N.14041

- 0.10639

0.11402
0.09728
0.06377
0.06336
0.06399
0.04283
0.03659
0.04324
0.03162
0.02189
0.02965
0.02464
0.01408
0.02061
0.01979
0.01017
0.01444
0.01618
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Table A3-6b Diffraction pattern formed by the pupil T(x,5) for the case &(x) = mx*

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

W AR Al A W AR Al A
0.0 0.75596 0.32928 0.82456 0.5 0.74733 0.31847 0.21236
1.0 0.72174 0.28725 0.77680 1.5 0.68009 0.23906 0.72088
2.0 0.62391 0.17914 0.64912 25 0.55542 0.11383 0.56697
3.0 0.47752 0.04972 0.480C10 35 0.39369 -0.00715 0.39376
4.0 0.30792 -0.05201 0.31228 4.5 0.22439 -0.08189 0.238RT
5.0 0.14719 -0.09583 0.17563 5.5 0.07992 -0.09488 0.12405
6.0 0.02539 ~-0.08173 0.08558 6.5 -0.01472 -0.06022 - 0.06200
7.0 -0.04002 -0.03472 0.05298 Te5 -0.05145 -0.00942 0.05230
8.0 -0.05110 0.01215 0.05252 8.5 =-0.04196 0.02757 0.05021
9.0 -0.02750 0.03570 0.04506 9.5 -0.01120 0.03668 0.03835
10.0 0.00385 0.03172 0.03195 10.5 0.01534 0.02272 0.02741
11.0 0.02194 0.01192 0.02497 11.5 0.02334 0.00145 0.02339
12.0 0.02020 -0.00700 0.02138 12.5 0.01382 -0.01236 0.01855
13.0 0.00594 -0.01428 0.01547 13.5 -0.00174 -0.01309 0.01321
14.0 -0.00780 -0.00961 0.01238 14.5 -0.01132 -0.00492 0.01234
15.0 -0.01199 -0.,00015 0.01199 15.5 -C.01011 0.00376 0.01078
16,0 =0.00642 0.00619 0.00892 16.5 -0.00195 0.00692 0.00718
17.0 "0.00228 0.00608 0.00650 17.5 0.00541 0.00412 0.00681
18.0 0.00693 0.00163 0.00712 18.5 0.00673 =0.00079 0.00678
19.0 0.00507 -0.00265 0.00572 19.5 0.00249 -0.00364 0.00441
20.0 -0.,00032 -0.00368 0.00370 20.5 -0.00273 -0.00291 0.00399
21.0 -0.00423 -0.,00161 0.,00452 215 -0.00459 -0.00015 0.00459
22.0 -0.00386 0.00114 0.00402 22.5 -0.00231 0.00198 0.00205
23.0 -0.00039 0.00227 0.00230 23.5 0.00143 0.00200 0.00246
24 4,0 0.00274 0.00131 0.00304 2445 0.00328 0.00041 0.00330
25.0 0.00300 -0.,00047 0.003203
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Table A3-6C ouﬁwxmoﬁdo: pattern formed by the pupil T(x,M) for the case ¢(x)

= X

(AR= 1mm_ umxﬁ of amplitude,Al= imaginary part of amplitude,A= aoqc_cm of mauadﬁcamv

W AR Al A W AR Al A
0.0 0.61403 0.41249 0.73972 0.5 0.60785 0.39781 0.72645
1.0 0.58926 0.35552 0.68820 1.5 0.55817 0.29057 0.62928
2.0 0.51472 0.21049 0.55610 2e5 0.45952 0.12425 0.47602
3.0 0.39398 0.04113 0.39613 3¢5 0.32053 -0.,03058 0.32198
4.0 0.24259 -0.08457 0.25691 4.5 0.16445 -0.11724 0.20196
5.0 0.09083 -0.12799 0.15694 5.5 0.02638 -0.11901 0.12190
6.0 ~0.02497 -0.09481 0.09804 6.5 -0.06051 -0.06129 ‘0.08613
7.0 -0.07925 -0.02484 0.08305 7.5 =-0.08201 0.00R70 0.08247
8.0 -0.07135 0.03476 0.07937 8.5 -0.05118 0.05060 0.07197
9.0 -0.02617 0.05544 0.06131 9.5 -0.00109 0.05040 0.05041
10.0 0.01997 0.,03797 0.04290 10.5 0.03406 0.02148 0.,04027
11.0 0.03979 0.00441 0.04004 11.5 D.037306 -N.0101¢° 0.03872
12.0 0.,02835 ~-0.02019 0.03481 12.5 0.01534 -0.02460 0.02899
13.0 0.00129 -0.02357 0.02361 13.5 -0.01098 -0.01822 0.02127
14.0 -0.,01935 ~-0.01027 0.02191 14.5 " =0.02269 -0,00168 0.02275
15.0 -0.,02097 0.00578 0.02175 15.5 -0.01517 0.01084 0.01865
16.0 -0.00697 0.01287 0.01464 16.5 0.00165 0.01193 0.01205
17.0 0.00885 0.00868 0.01239 17.5 0.01328 0.00411 0.01391
18.0 0.01432 -0.00062 0.01434 18.5 0.01212 -0.00452 0.0129%4
19.0 0.00750 -0.00688 0.01018 19.5 0.00173 -0.00742 0.00762
26.0 -0.00382 -0.0062R 0.00734 2045 -0.00793 -0.00392 0.00885
21.0 -0,00985 -0.,00103 0.00990 21.5 -0.00935 0.00171 C.C0950
22.0 -0.00676 0.00372 0.00772 2245 -0.00287 0.00464 0.00546
23.0 0.00133 0.00441 0.00460 23.5 0.00485 0.00321 0.00582
2440 0.00696 0.00144 0.00710 2445 0.00727 -0.00046 0.00728
25.0 0.00587 -0.00203 0.00621
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Table A3-7a Diffraction pattern formed by the pupil T(x)=1 for the case &(x) = mx"= .5mx®
(AR= real part of amplitude,Al= imaginary _.umzu of. amplitude,A= modulus of ampTitude)

W AR Al A W AR Al A
0.0 0.85300 0.20639 0.87762 0.5 0.82994 0.19340 0.85218
1.0 0.76327 0.15657 0.77916 1.5 0.66017 0.10195 0.66800
2.0 0.53155 0.03839 053293 245 0.39051 -0.02401 0.39125
3.0 0.25070 =0.,07570 0.26188 3.5 012451 -0.,10928 0e16567
4.0 0.02165 -0.12075 0.12267 445 -0.05188 -0.11003 0.12164
5.0 -0.09425 -0.,08082 0.12415 5.5 -0.10759 -0.03975 0.11469
6.0 -0.09728 0.00497 0.00741 6.5 -0.07083 0.04510 0.08397
7.0 -0.03656 0.07388 0.08243 7.5 . -0.00227 0.08714 0.08716
8.0 0.02577 0.08388 0.08775 85 0.04359 0.06624 0.07930
9.0 0.04973 0.03886 0.06311 9.5 0.04510 0.00778 0.04577
10.0 0.03242 -0.,02077 0.03850 10.5 0.01544 ~-0.04164 0.04441
11.0 -0.00185 -0.05163 0.05166 11.5 -0.01605 -0.04997 0.05249
12.0 -0.,02484 -0.03827 0.04563 12.5 -0.02731 -0.01998 0.03383
13.0 -0.02389 0.00045 0.02389 13.5 -0.01613 0.01856 0.02459
14.0 -0.00621 0.03078 0.03140 14.5 0.00356 0.03513 0.03531
15.0 0.011109 0.03143 0.03337 15.5 0.01542 0.02127 0.02627
16.0 0.01581 0.00743 0.01747 16.5 N0.01281 -0.00673 0.01447
17.0 0.00747 -0.01809 0.01957 17.5 0.00122 -0.024490 C.02443
18.0 ~-0.00450 -0.02470 0.02511 18.5 -0.00853 -0.01943 0.02122
19.0 -0.01021 -0.01023 0.01445 19.5 -0.00946 0.00052 0.00947
20.0 ~0.00672 0.01028 0.01229 20.5 -0.00283 0.01693 0.01716
21.0 0.00125 0.01919 0.01923 2145 0.00460 0.01689 0.01750
22.0 0.00656 0.01087 0.01270 225 0.,00684 0.00279 0.00739
23.0 0.00556 -0.00536 0.00772 23.5 0.00317 - =0.01170 0.01212
24.0 0.00030 -0.01490 0.01490 24.5 -0.00234 -0.01442 0.01460
25.0 -0.,00419 -0.01061 0.01141



Table A3-7b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x)

. "« s e
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16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24,0
25.0

mx*- .5mx?2

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.95369
0.88603
0.70534
0.46859
0.24284
0.07858
-0.00627
-0.02565
-0.,01084
0.00803
0.01466
0.00854%
-0.00171
-0.00638
-0.00116
0.00314
0.00373
0.00132
-0.00140
-0.00226
-0.00110
0.00064
0.00143
0.00087
-0.00029

Al

-0.00927
-0.02081
-0.04685
-0.06762
-0,06576
-0.03817
0.00211
0.03464
0.04482
0.03215
0.00886
-0.,00953
-0.01416
~0.00694
0.00323
0.00802
0.,00528
-0.00097
-0.,00497
-0.00404
0.00004
0.00328
0.00315
0.00037
-0.00228
-0.00255

0.95373
0.88627
0.70690
0.47344
0.25159
0.08736
0.00662
0.04311
0.04611
0.03314
0.01713
0.01279

.0.01426

0.01028
0.00715
0.00810
0.00¢15
0.00385
0.00514
0.00428
0.00226
0.00346
0.00322
0.00148
0.00243
0.00256

W
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s pd

N0 N0dPH N0
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RO EC R RC R ECRY RC R BT RE R,

13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
21.5
2245
2345
2445

AR

0.93640
0.80682
0.58968
0.35053
0.15107
0.02648
-0.02237
-0.02041
-0.00049
0.01323
0.01275
0.00330
~0.00553
-0.00778
-0.00395
0.00137
0.00393
0.00275
-0.00018
-0.00212
-0.00186
-0.00019
0.00122
0.00129
0.00029

Al

-0.01230
~-0.03313
-0.05920
-0.,07013
-0.05469
-0.01836
0.02053
0.04292
0.04079
0.02081
-0.00175
-0.01369
-0.01155
-0.00160
0.00660
0.00744
0.00221
-0.00353
-0.00510
-0.00215
0.00199
0.00367
N.0N194
-0,00116
-0.00276

093648
0.20750
0.59265
0.35748
0.16066
0.03222
0.03037
0.04753
0.04079
0.02466
0.01287
0.01408
0.01281
0.00794
0.00769
0.00757
0.00451
0.00447
0.00511
0.00302
0.00272
0.00367
0.00229
0.00173
0.00278



Table >wu~n

OOV ONTIPUWNE=O
® o & o 4 o 8 b o
eje o NoNoNeNoNe NoNoNo

TN QTN TS TONNIN AN TNV AW AL T
IR AN S B AV Sont Fdac ] 4

Diffraction pattern formed by the pupil T(x,M) for the case ¢(x) = mx*~ .5mx*

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

AR

0.92014
0.84145
0.63443
0.37224
0.13803
-0.06270
~0.04539
~=0,00448
0.02331
0.02475
0.00837
-0.00862
-0.01429
~0.00815
0.00192
0.00756
0.00592
0.00024
-0.00410
-0.00413
-0.00088
0.00230
0.00291
0.00102
-0.00131

Al

0.06860
0.04370
-0.01461
-0.06838
-0.08366
~-0.05252
0.00329
0.04876
0.05938
0.03557
-0.00104
-0.02502
-0.02450

-0.00652

0.01157
0.01638
0.00734
-0.,00555
-0,01133
-0.00677
0.00252
0.00810
0.00597
-0.00087
-0.00595
-0.00524

0.92269
0.84258
0.63459
0.37847
0.16140
0.05366
0.06279
0.06662
0.,05955
0.04253
0.02477
0.02639
0.02598
0.01571
0.01415
0.01650
0.01053
0.00811
0.01134
0.00792
0.00484
0.00815
0.00640

0.00304

0.0C604
0.00540
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13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
21 .5
225
23.5
24.5

AR

0.89998
0.75010
0.5048¢0
0.24711
N.05101
-0.N4795
-0.,05991
-0.02513
N.01249
0.,02718
0.01773
—0.00104
-0.01318
-0.01231
-0.00300
0.00564
0.00756
0.00324
-0.00238
~-0.00468
-0.00272
0.00093
0.00299
0.00218
-0.00024%

Al

0.06209

0.01659
-0.04460
-0.08209
~-0.07311
-0.02554

0.02935

005903

0.05076

0.01713
-0.01581
-0.02779
-0.01668

0.00359

0.01600

0.01312

0.00058
~-0.00977
-0.01016
-0.00216

0.00619

0.00796

0.00275
-0.00400
-0.00636

0.90212
0.75028
0.50677
0.26039
0.08915
0.05433
0.06671
0.006416
0.05227
0.03212
0.02376
0.02780
0-.02126
0.01283
0.01628
0.01428
0.00758
0.01029
0.01043
0.00515
0.00677
0.00802
0.00406
0.00455
0.00637
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Table A3-8a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = mx"“-mx?
(AR= real part of amplitude,Al= imaginary part of amp1itude,A= modulus of msv:. tude)

2 AR Al A W AR Al A
0.0 0.84184 -0.48759 0.97285 0.5 0.81581 -0.47250 0.94276
1.0 0.74102 -0.42890 0.85619 1.5 0.62679 ~-0.36162 0.72363
2.0 0.48708 -0.27794 0.56080 2.5 0.33826 -0.18667 0.38635
3.0 0.19670 -0.09691 0.21927 3.5 0.07635 -0.01695 c.07821
4.0 -0.01307 0.04675 0.04854% 445 -0.06718 0.09024 0.11250
5«0 -0.08710 0.11240 0.14220 55 -0.07870 0.11479 0.13918
6.0 -0.05111 0.10116 0.11334 6e5 -0.,01487 0.07672 0.07215
7.0 0.02002 0.04724 0.05131 Te5 D404575 0.01816 004923
8.0 0.05776 -0.00615 0.058908 8.5 0.05510 -0.02286 0.05966
9.0 0.04013 -0.03088 0.05064 9.5 0.01754 -0.03076 0.03541
10.0 -0.00686 -0.02429 0.02524 10.5 -0.02753 -0.01407 0.03C091
11.0 -0.04033 -0.00286 0.04043 11.5 -0.04323 N0.00691 0.043278
12.0 -0.03657 0.01349 0.03897 12.5 -0.02269 0.01609 0.02781
13.0 -0.,00530 0.01482 0.01574 13.5 0.01148 0.01056 N.01559
14.0 0.02403 0.00466 0.02448 1445 0.03000 -0.00140 0.03004
15.0 0.02869 ~0.00631 0.02¢37 15.5 0.02104 -0.00918 0.02296
16.0 0,00935 -0.,00968 0.01345 1665 -0.00342 -0.00802 0.00872
17.0 -0.01430 ~-0.00483 0.01509 17.5 -0.02098 -0.00099 0.02100
18.0 -0.,02229 0.00259 0.02244% 1845 ~0.01838 0.00515 0.£1909
19.0 ~0.01054 0.00628 0.01226 19.5 ~0.00087 0.00588 0.00594%
20.0 0.00826 0.00422 0.00¢928 2045 0.01480 0.00181 0.01491
21.0 0.01743 -0.00074 0.01744 21.5 0.01581 -0.00284 0.01606
22.0 0.01061 -0.00408 0.01137 22.5 0.00329 -0.00427 0.00536
23.0 -0.00432 ~0,00347 0.00554 23.5 -0.01041 -0.00197 0.C1060
24.0 -0.01367 -0.00017 0.01368 24 .5 -0.01352 0.0014° 0.01360
25.0 -0.01019 0.00265 0.01053
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Table A3-8b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = mx " -mx
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15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

2

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.85676
0.79515
0.63247
0.42405
0.23192
0.09789
0.03051
0.01081
0.01025
0.00827
-0.00027
-0.00936
-0.01180
-0.00643
0.00162
0.00603
0.00443
-0.00046
-0.00392
-0.00337
-0.00003
0.00277
0.00273
0. 00032
-0.00202
-0.00228

Al

~0.45657
-0.41464
-0.30362
-0.16109
-0.03094
0.05459
0.08558
0.07364
0.04192
0.01223
~0.00377
-0.00603
-0.00147
0.00267
0.00305
0.00065
-0.00171
-0.00212
-0.00078
0.00080
0.00132
0.00064
~0.00040
-0.00086
-0.00051
0.00019

0.,97082
0.89677
0.70157
0.45361
0.23398
0.11209
0.09085
0.07443
0.04315
0.01476
0.00378
0.01113
0.01189
0.00696
0.00346
0.00606
0.00474
0.00217
0.00400
0.00346
0.00132
0.00285
0.00276
0.00092
0.00209
0.00229

[ ) e 8 0 0 o s ¢
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bt bt s
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]

14.5
15.5
16.5
HN.m
18.5
19.5
20.5
21.5
22.5
23.5
24.5

’

AR

0.84099
0.72350
0.52990
0.32261
0.15631
0.05656
0.01650
0.00976
0.01012
0.00459

-0.00528

-0.01166

-0.00987

-0.00230
0.00456
0.00591
0.00209

-0.00262

-0.00415

-0.00185
0.00164%
0.00315
0.00169

-0.00102

-0.00246

Al

-0.44584
-0.36579
-0.23247
-0.09200
0.01860
0.07660
0.08364
0.05872
0.02580
0.00228
-0.00627
-0.0040°
0.00098
0.00335
0.00203
-0.00070
-0.00220
-0.00159
0.00008
0.00124
0.00109
0.00010C
-0.00074

- =0.00077

-0.00016

0.95186
0.81071
0.57905
0433548
0.15741
0.09523
0.08525
0.05952
0.02771
0.00513
0.00820
0.01236
0.00992
0.00406
0.00499
0.00595
0.00303
0.00306
0.00415
0.00222
0.00197
0.C0315
0.00184
0.00128
0.00247



Table A3-8& Diffraction pattern formed by the pupilT(x,M) for the case o(x) = mx*-mx?
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14.0
15.0
16.0
17.0
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21.0
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2440
25.0
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(AR= real part of amplitude,Al= imaginary part of amplitude A= modulus of amplitude)

AR

0.84410
C.76689
0.56736
0.32425
0.12140
0.00741
-0.,02033
-0.00125
0.01971
0.01881
0. 00007
-0.01984%
-0.00717
0.00797
0.01345
0.00694
-0.00396
-0.00954
-0.00614
0.00190
0.00708
0.00544
-0.00065
-0.00537
-0.00483

Al

-0.48291
-0.43264
-0.30120
-0.13735
0.00379
0.08494
0.09958
0.06854
0.02421
-0.00727
-0.01634
-0.,00901
0.00206
0.00730
0.00492
-0.00072
-0.00426
-0.00353
-0.00022
0.00242
0.0024¢9
0.00053
-0.00141
-0.00178
-0.000061
0.00084

0.97247
0.88051
0.64235
0.35215
0.12146
0.08526
0.10163
0.06855
0.03122
0.02017
0.01634
0.01981
0.01994
0.01023
0.00937
0.01347
0.00815
0.00530
0.00955
0.00660
0.00313
0.00710
0.00562
0.00190
0.00540
0.00491
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13.5
14.5
15.5
Ho.m
17.5
18.5
19.5
205
21.5
22.5
23.5
2445

AR

0.82426
0.67816
0.44559
0.21359
0.05229
~0.01530
-0.01357
0.01117
0.02232
0.01060
-0.01012
-0.02102
-0.01474
0.00100
0.01234
0.01139
0.00137
-0.00785
-0.00885
-0.00222
0.00524
0.00710
0.00260
-0.00352
-0.00581

Al

-0.47002

-0.37447
lOlNHOl\N
-0.06096
0.05303
0.09976
0.08779
0.04608
0.00584

=0.01452

-0.01397
-0.00318
0.00571
0.00688
0.00214
-0.00299
-0.00440
-0.00199
0.00136
0.00280
0.00165
-0.00057
-0.00183

- =0.00132

0.00018

0.94885
0.77468
0.49681
0.22212
0.07448
0.10093
0.03883
0.04742
0.02307
0.01798
0.01725
0.02126
0.01581
0.00695
0.01253
0.01177
0.00460
0.00810
0.00895

‘0.00357

0.00550
0.00713
0.00318
0.00376
0.00581



Table A3-9a Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = m*-1.5mx
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16.0
17.0
12.0
19.0

20.0

21.0
22.0
23.0
24.0
25.0

WO TNV D TONMRMINW NGO N AR L LS
T =R L ST T AR

JEEE SR AE g

-

YRS

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

AR

0.20639
0.20707
0.20478
0.18981
0.15498
0.10223
0.04358
-0.00460
-0.03027
-0.03175
-0.01759
-0.00077
0.,00872
0.00828
0.00205
-0.00362
-0,00482
-0.00195
0.00173
N.00319
0.00182
-0.00069
-0.,00213
-0.00158
0.00014
0.00142

Al

-0.85300
-0.73787
-0.44778
-0.11628
0.12094
0.19733
N0.13899
0.03150
-0.04191
-0.04789
-0.00880
0.02862
0.03316
0.00803
-0.01993
-0.02676
-0.,01023
0.01221
0.02093
0.01071
-0.00713
-0.01645
-0.01049
0.00371
0.01299
0.00998

0.87762
0.76637
0.49238
0.22260
0.19658
0.22223
0.14566
0.03183
0.05170
0.05746
0.01967
0.02£63
0.03428
0.01154
0.02003
0.02701
0.01131
0.01236
0.02100
0.01117
0.00736
0.01646
0.01070
0.00403
0.01299
0.01008
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AR

0.20664
0.20686
0.19948
0.17502
0.13028
0.07262
0.01723

.=0.02063

~0.03369
-0.02583
-0.00874
0.00524
0.00960
0.0054°9
-0.00120
-0.00485
-0.0037?
0.00002
0.00284
0.00279
0.00056
-0.00165
-0.00208
-0.00076
0.00092

Al

-0.82328

-0.60739
-0.27778
0.02047
0.17963
0.18035
0.08540
-0,01302
-0.05299
~0.03112
0.01281
0.03561
0.02288
-0.00747
-N0.02672
-0.02062
0.00167
0.01906
0.01778
0.00166
-0.01361
-0.01522
-0.00359
0.00968
0.01303

0.84882
0.64165
0.34199
0.17621
0.22190
0.19442
0.08712
0.02439
0.06280
0.04044
0.01551
0.03599
0.02482
0.00927
0.02675
0.02118
0.09408
0.01906
0.01800
0.00325
0.01362
0.01531
0.00415
0.00971
0.01306



Table A3-9b Diffraction pattern formed by the
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pupil T(x,5) for the case &(x) = mx"*-1.5mx>

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amp1li tude)

AR

0.47051
0.45829
0.42186
0.36274
0.28561
0.19934
0.11600
0.04754
0.00188
-0.01973
-0.02242
—~0.01493
-0.005064
€.00032
0.00192
0. 00087
-0.00050
-0.00084
-0.00024
0.00048
0.00065
0.00025
-0.,00026
-0.00044
-0.00022
0.00014

Al

-0.64007
-0.,45992
-0.,03554
0.08599
0.12197
0.09818
0.05367
0.01861
0.00348
0.00228
0.00387
0.00185
-0.00276
-0.00550
-0.00388
0.00039
0.00348
0.00305
0.00007
-0.00251
-0.00251
-0.,00030
0.00188
0.00213

0.85078
0.78722
0.62409
0.43162
0.28781
0.21710
0.16832
0.10909
0.05370
0.02712
0.02269
0.01510
0.00684%
0.00188
0.00336
0.00557
0.00391
0.00093
0.003249
0.00309
0.00065
0.00252
0.00252
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0.00189
0.00214
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0.44206
039494
0.32597
0.24291
0.15650
0.07928
0.02161
-0.01174
-0,02293
-0.01937
-0.01009
~-0.00209
0.00160
0.00157
0.,00011
-0.00082
-0.00061
0.00016
0.00065
0.00050
-0.00002
~0,00041
-0.00037
-0.00003

Al

-0.69121
-0.560473
-0.34782
-0.12733
0.03636
0.11367
0.11513
0.07622
0.03382
0.00866
0.00186
0.00331
0.00340
-0.00040
-0.00462
-0.00522
0.00230
0,00372
0.00171
-0.00145
-0.00287
-0.00156
0.00095
0.00230

0.83444
0e.71441
0.52627
034996
0.24561
0.19343
0.13978
0.07¢23
0.03580
0.02451
0.01946
0.01062
0.00399
0.00165
0.00488
0.00522
0.00201
0.00238
0.00373
0.00183
0.,00154
0.00287
0.00161
0.00101
0.00230



Table A3-Gc Diffraction pattern formed by the pupil T(x,M) for the case ¢(x) = mx*-1,5mx?
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(AR= real part of amplitude,Al= imaginary part of msugﬁﬂcaww>u_soacdcm of amplitude)

AR

0.35151
0.34433
0.32130
0.27975
0.21986
0.14789
0.07584
0.01728
-0.01838
-0.02978
-0.02356
-0.01034
0.00058
0.00486
0.00341
0.0
-0.00202
-0.00162
0.00006
0.00129
0.00117
0.00012
-0.00079
-0.00086
-0.00021
0.00049

Al

-0.77931
-0.69120
-0.46436
-0.19110
0.02963
0.,13946
0.14076
0.08150
0.01924
-0.01136
-0.00927
0.00515
0.01175
0.00503
-0.00652
-0.01154
-0.00633
0.00332
0.00863
0.00579
-0.00158
-0.00653
-0.00516
0.,00052
0.00504
0.00462
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0.77222
0.56469
0.33879
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0.20328
0.15989
0.08331
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0.02532
0.01155
0.01177
0.00699
0.00736
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0.00665
0.00369
0.00863
0.00593
0.00196
0.00653
0.00522
0.00101
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AR

0.34975
0.33498
0.30295
0.25187
0.18474
0.11100
0.04412
-0.00371
-0.02685
-0.02824
-0.01716
-0.00418
0.00360
0.00464
0.00170
-0.00131
-0.00209
-0.00082
0.00082
0.00139
0.00069
-0.00041
-0.00094
-0.00059
0.00018

ATl

-0.75665

-0.59015
-0.32687
-0.06916
0,09%66
0.15137
0.11487
0.04779
-0.00082
-0.01338
-0.00210
0.01018
0.00975
|Oc OOO@A_.
-0,01033
-0.00148
0.00694
0.,00816
0.00223
-0.00664
-0.0025%4
0.00325
0.00550

0.83358
0.67860
0.44567
0.26119
0.20991
0.13771
0.12305
0.04793
0.02686
0.03125
0.01729
0.01101
0.01039
0.00474
0.01047
0.,01011
0.00256

0.00699
0.00820
0.00263
0.00479
0.00665
0.00271
0.00331
0.00551
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Table A3-10a Diffraction pattern formed m< the pupil T(x)=1 for the case ¢(x) = mx*- 2mx?
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(AR= real part of mawdﬁﬂeam.>Hu ﬁamu*swxw_umsﬁ of amplitude,A= modulus of amp1itude)

AR

-0.,37398
lO.Nmb‘OnN
-0.06722
0.16201
0.28875
0.26731
0.13838
-0.00717
-0.08984%
-0.,08608
-0.02975
0.02322
0.,03681
0.01396
-0.01597
-0.02583
-0.,01120
0.01098
0.02047
0.01104
-0.00654
-0,01615
-0.01061
0.00338
0.01276
0.01000
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-0.50486
-0.45956
-0.33879
-0 H.mu.k..o
-0.03432
0.06646
0.10678
0.09585
0.05739
0.01680
-0.,00932
-0.01697
-0.,00322
0.00247
0.00329
0.00118
-0.00096
-0.00148
-0.00058
0.00054
0.00091
0.00044
-0.00026
-0.00057
-0.00035

A

0.62828
0.54074
0.34539
0.24328
0.29078
0.27545
0.17479
0.09612
0.10660
0.08771
0.03117
0.02876
0.03869
0.,01433
0.01616
0.02604
0.01127
0.01102
0.02052
0.01106
0.00657
0.01617
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0.01277
0.01001
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24.5

AR

-0.35089
-0.18572
0.05408
0.24315
0.29584
0.21107
0.06175

. =0.05939

-0.09770
-0.06095
0.00026
0.03566
0.02841
-0.00220
-0.02431
-0.02085
0.00038
0.01815
0.01776
0.00220
-0.01312
-0.01514
-0.00386
0.00936
0.01292

Al

-0.49328

-0.40657
~0.26174
-0.10394
0.02333
0.09408
0.10643
0.07836
0.03604
0.00139
-0.01525

.=D0.01546

-0.00750
0.00023
.0.00343
0.00241
-0.00004
-0.00145
-0.00114
0.00003
0.00084
0.00075
0.00008
i =0.00049
-0,00052

0.60535
0.44698
Ne26T727
026444
029676
0.2310°9
0.12205
0.09833
0.10413
0.0600°8
0.01525
0.03887
0.02938
0.00221
0.02455
0.0209°9
0.00039
0.01821
0.01780
0.00220
0.01315
0.01516
0.00386
0.00938
0.01293



Table A3-10b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = mx"*- 2mx?
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17.0
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20.0
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(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.08014
0.11399
0.19640
0.28092
0.32011
0.29102
0.20525
0.09914
0.01190
-0.03422
-0.04076
-0.02556
-0.00846
-0.00018
-0.00024
-0.00247
-0.00208
0.00090
0.00334
0.00286
0.00005
-0.00241
-0.00244
-0.,00033
0.00181
0.00208

Al

-0.61822
-0.57374
-0.28794
-0.12070
0.01293
0.09265
0.11739
0.,10137
0.06565
0.02934
0.00395
-0.00908
-0.00564
-0.00189
0.00014
0.00051
0,00016
-0.00011
-0,00007

0.00010.

0.00016
0.00008
-0.00005
-0.00011

0.62339
0.58496
0.49350
0.40228
0.34211
0.29130
0.22519
0.15366
0.10206
0.07403
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0.02587
0.01146
0.00908
0.00564
0.00311
0.00209

0.00103"

0.00335
0.00287
0.00009
0.00241

0.00245
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0.00181
0.00209
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AR

0.08893
0.15166
0.24168
0.30841
0.31416
0.25329
0.15208
0.05122

-0.01673

-0.04155
-0.0345?
-0.01629
-0.00302
0.00049
-0.00148
-0.00271
-0.00075
0.00240
0.00351
0.00160
-0.00140
-0.00277
-0.00154
0.00089
0.00223

Al

-0.60690

-0.52112
-0.37326
-0.20209
-0.04796
0.06004
0.11128
0.11321
0.08464
0.04664
0.01492
-0.00349
-0.00935
-0.00762
-0.00362
-0.00063
0.00048
0.00037
-0.00001
-0.00012
0.00002
0.00015
0.00014
0.00001
-0.00009

0.61338
0.54274
0.44468
0.36873
0.31780
0.26031
0.18844
0.12425
0.08628
C.06246
0.03761
0.01666
0.00983
0.00764
0.00391
0.00278
0.00089
0.00242
0.00351
0.00161
0.00140
0.00278
0.00155
0.00089
0.00223



Table A3-10c Diffraction pattern formed
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by the pupil T(x,M) for the case ¢(x) = mx*- 2mx?

(AR= real part of amplitude,Al= d.a.me.:m_a. part of mau:.acam.,\yu modulus of amplitude)

AR

-0.12300
-0.,06714
0.06990
0.21466
0.29353
0.27318
0.17443
0.05356
-0.03394
-0.06298
-0.04517
-0.01225
0.00837
0.00870
-0.00163
-0.00847
-0.00551
0.00286
0.00802
0.,00558
-0.00142
-0.,00630
-0.00509
0.00041
0.00489
0.00457

Al

-0.58783
-0.54100
-0.41469
-0.,24592
-0.08041
0.04383
0.10815
0.11595
0.08661
0.04462
0.00950
-0.00965
-0.01371
-0.00915
-0.00294
0.00084
0.00155
0.00062
-0.00029
~0.00044
-0,00006
0.00029
0.00030
0.00004
-0.00019
-0.00021

060056
0e54515
0.42054
0.32643
0.30434
0.2766%
0620524
0.12772
0.09302
0.07718
0.04616
0.01560
0.01606
0.01262
0.00336
0.00851
0.00572
0.00293
0.00802
0.00560
0.00142
0.00631
0.,00510
0.00042
0.00490
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-0.10852
-0.00474
0.14647
026569
0.29565
0.23052
0.11284
- 0.00315
-0.05579
-0.05812
-0.02853
0.00061
0.01076
0.00391
-0.00616
-0.00815
-0.00145
0.00629
0.00772
0.00224
-0.00450
-0.00648
-0.00257
0.00311
0.00539

Al

-0.57589
-0.48586
-0.33276
~016003
-0.01144
0.08375
0.11816
0.10438
0.06577
0.02537
-0.00221
-0.01323
-0.01203
-0.00591
-0.00063
0.00151
0.00117
C.00009
-0.00046
-0.00028
0.00015
0.00034
0.00019
-0.00009
-0.00023

0.58603
0.483588
0.36357
0.31016
0.29587
024527
0.16338
0.10442
0.08624
0.06342
0.02862
0.01324
0.01614
0.00708
0.00619
0.0082°
0.00187
0.00629
0.00773
0.00226
0.00450
0.000649
0.00257
0.00311
0.00540



Table A3-112. Diffraction pattern formed by the pupil T(x)=1 for the case ¢(x) = 2mx*
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(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.24413
0.24391
0.24073
0.22738
0.19429
0.,13524
0.05474
-0.02836
-0.08633
-0.09695
-0.05853
0.00554
0.05812
0.07020
0.03870
-0.01222
-0.04805
-0.04736
-0.01524
0.02243
0.03887
0.02538
-0.00430
-0.02640
~-0.02569
-0.00584

Al

0.17171
0.17080
0.15874
0.11737
0.04088
-0.,05036
lOoﬂHO@D
-0.12386
-0.06832
0.01724
0.08286
0.09282
0.04771
-0,01811
-0.06129
~-0.05829
-0.01854
0.02589
0.N4473
0.02975
-0.00282
-0.02724
-0.02777
-0.00831
0.01354
0.02141

0.29846
0.29777
0.28836
0.25589
0.19854
0.14431
0.12886
0.12706
0.11009
0.09847
0.10144
0.09298
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0.07250
0.07249
0.05956
0.05150
0.05398
0.04725
0.03726
0.03897
0.03723
0.02810
0.02767
0.02G904
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20.5
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22.5
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0.24411
0.24305
0.23592
0.21386
0.16806
0.09682
0.01185
-0.06220
-0.09827
-0.08294
-0.02747
0.03554
0.07014
0.05890
0.01347
-0.03391
-0.05261
-0.03390
0.00483
0.03441
0.03545
0.01109
~-0.01764
-0.02913
-0.01723

Al

0.17165
0.16733
0.14262
0.08289
-0.00517
-0.08924
-0. HleNAw
-0.10263
~-0.02622
0.05547
N0.09572
0.07558
0.01452
-0.04474
-0.06573
-0.04127
0.00533
0.03967
0.04091
0.01403
-0.01745
-0.03071
-0.01960
0.00355
0.01981

0.29842
0.29508
0.27568
0.22936
0.16814
0.13167
0.12933
0.12001
0.10171
0.09978
0.09958
0.08352
0.07163
0.07397
0.06710
0.05341
0.05287
0.05218
0.04120
0.03716
0.03951
0.03265
0.02637
0.02934
0.02625



TAWNWD TOIIRNMIVING TN AN LT

) i i
. S ST
H 1

D

ELSEY g p N FAS

Table A3-11b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 2m*

L] e« o ¢ B
QOO0 COQOOOCOCOO0O0

P bk e
WO YOOI WUN-~O
L ]

14.0
15.0
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(AR= real part of amplitude,Al= imaginary part of amplitude,A=

AR

0.56367
0.55048
0.50959
0.43883
0.33953
0.22075
0.10019
0.00020
-0,06027
-0.,07402
-0.,04958
-0.00800
0.02678
0.03890
0.02712
0.00317
-0.01675
-0.02190
-0.01243
0.00260
0.01243
0.01176
0.00329
~0.00556
-0.00855
~-0.00475

Al

0.29903
0.27554
0.20964
0.11520
0.01429
-0.10813
-0,10070
-0.05556
0.00247
0.04582
0.05749
0.03845
0.00501
-0.02203
-0.02945
-0.01781
0.00143
0.01478
0.01539
0.00594

"-0.00501

-0.00986
-0.,00678
0.00026
0.00541

0.63808
0.61559
0.55103
0.45370
0.33983
0.23077
0.14741
0.10070
0.08197
0.07406
0.06751
0.05804
0.04686
0403922
0.03494
0.02962
0.02445
0.02195
0.01931
0.01561
0.01377
0.01278
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0.00855
0.,00720
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AR

0.56040
0.53366
0.47800
0.39239
0.28165
0.15933
0.04626
-0.03578
-0.07282
-0.06546
-0.02937
0.01153
0.03611
0.0354%
0.01563
-0.00819
-0.02143
-0.01857
-0.00488
0.00868
0.01341
0.00808
-0.00158
-0.00799
-0.00732

modulus of amplitude)

AY

0.29309
0.24724
0.16477
0.06395
-0.03045
-0.09366
-0.11022
-0.08152
-0.02633
0.02742
0.05600
0.05105
0.02218
-0.01043
~0.02849
-0.02546
-0.00823
0.00949
0.01672
0.01145
0.00008
-0.00847
-0.00916
-0.00337
0.00337

0.63242
0.58815
0.50560
0.39757
0.22329
0.18481
0.11953
0.08902
0.07743
0.07097
0.06323
0.05234
0.04238
0.03699
0.03249
0.02675
0.02296
0.02085
0.01741
0.01437
0.01341
0.01171
0.00930
0.00867

£ 0.00806



Table A3-1kc Diffraction pattern formed by the pupil T(x,M) for the case ¢(x) = 2mx"
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16.0
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(AR= real part of amplitude,Al= imaginary part of amp1itude A= modulus of amplitude)

AR

0.41575
0.40936
0.38732
0.34306
0.27155
0.17553
0.06909
-0.02456
-0.08172
-0.08971
-0.05482
-0.00083
0.04230
0.05394
0.03316
-0.00257
-0.02957
-0.03294
-0.01479
0.00934
0.02248
0.01776
0.00162
-0.01259
-0.01506
-0.00605

Al

0.27557
0.25730
0.20325
0.11871
0.01907
-0.06956
-0.11890
-0.11310
-0.05978
0.01150
0.06411
0.07434
0.04376
-0.00379
-0.03844
-0.04268
-0.02021
0.00963
0.02654
0.02239
0.00437
-0.01252
-0.01703
-0.00866
0.00401
0.01105

0.49878
N.48350
0.43741
0.36302
0.27222
0.18881
0.13751
0.11574
0.10125
0.09045
0.08435
0.07434
0.06086
0.05407
0.05077
0.04276
0.03582
0.03432
0.03039
0.02426
0.02290
0.02173
0.01711
0.01527
0.01559
0.01260

» o o

)
(GG R IR R, RS, B, U, RS I RS

F‘
OO ~NUVDPUN-=O
.

[}

[
L]

-
w N
¢ 0
5

14.5
15.5
16.5
17.5
18.5
19.5
205
21.5
225
23.5
24 45

AR

0.41420
0.40067
0.36839
0.31078
0.22600
0.12230
0.01906

.—0.05888

-0.09195
-0.07646
-0.02830
0.02377
0.05263
0.04684%
0.01564
-0.01845
-0.03449
-0.02578
-0.00229
0.01804
0.02223
0.01032
-0.00653
-0.01553

Al

0.27100
023459
0.16412
0.06934
-0.10059
-0.12302
-0.09093
-0.02402
0.04214
0.07506
0.06304
0.02014
-0.02428
~0.03380
-0.00478
0.02060
0.02696
0.01422
-0.00513
-0.01663
-0.01406
-0.00216
0.00868

0.49498
045429
0.40330
0.31843
0.22779
0.15836
0.12449
0.10833
0.09504
0.08730
0.08022
0.06737
0.05635
0.05276
0.04729
N.03850
C.03482
0.03300
0.02706
0.02297
0.02281
0.01958
0.01550
0.01568
0.01446



Table -A3-12a Diffraction wmdwmws formed by the pupil qAxvud_ﬁo« the case o(x) = 2mx*- mx?

[ ) s 5 & & o
DOO0ODDO0ODOODODO0OODO0O

e e et
WN=CODDINC RN WN=O
.

14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

R R
N a ,‘w_”/_(\U DIIVILING "WAANV L LSO

sl

Y L SN

D -7

RSOy S v Y

-~ (AR= real part of msudmﬁnam.>Hn imaginary part of amplitude,A modulus om.mauaﬁﬂcamv

AR

0.57897
0.54314
0444049
0.28817
0.11911
-0,02265
-0,09845
-0.,09527
-0.03537
0.03446
0.06961
0.05342
0.00443
-0.,03965
-0,04953
-0.02346
0.01479
0.03601
0.02737
-0.00023
-0.02327
-0.02495
-0.00707
0.01368
0.02062,
0.01012

Al

0.17270
0.12481
0.01056
-0.10088
-0.14498
-0.10176
-0.00529
0.08184

0.11007

0.07220
0.00244
-0.05102
-0.05881
-0.02614
0.01653
0.03828
0.02861
0.00084
-0.02163
-0.02374
-0.,00803
0.01046
0.01743
0.00985
-0.00382

0.60418
0.55730
0044062
0.30531
0.18764
0.10425
0.09859
0.12560
0.11561
0.08001
0.06965
0.07387
0.05897
0.04750
0.05221
0.04490
0.03221
0.03602
0.03488
0.02374
0.02462
0.02705
9.01881
0.01686
0.02097
0.01568

el

NHEOODD TN PLWUNMFD
¢ o

aUuVmuuiamuaa o,

13.5
14.5
1545
16.5
17.5
18.5
19.5
20.5
21.5
22.5
23.5
2445

AR

0.56994
0.49945
0.36885
0.20310
0.04203
-0.07041
-0.10615
-0.06979
0.00150
0.05828
0.06751
0.03080
-0.02057
-0.04971
-0.03992
-0.00387
0.02890
0.03524
0.01454
-0.01374
-0.02714
-0.01761
0.00419°
0.01949
0.01713

Al

0.16023
0.07213
-0.05022
-0.133294
-0.13327
-0.05646
0.04331
0.10491
0.09800
0.03820
-0.02891
~-0.06112
~-0.04596
-0.00383
0.03129
0.03700
0.01553
-0.01237
-0.,01732
0.00194
0.01589
0.01513
0.00300
-0.00914

0.59204
0.50463
0.37226
0.24329
0.13974
0.09025
011465
0.12600
0.09801
0.06968
0.07344%
0.06844
0.05035
0.04986
0.05073
0.03720
0.03281
0.03735
0.02935
0.02211
0.02721
0.02372
0.01569
0.01972
0.01942



Table A3-12b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 2mux*- mx?

CoOoO~NOOVMPWNN-~O
e ¢ o
COCOO0OCOODD D

WAOVNYD TOINMVING “WAAW LLS

- e TN ANt N OF A1

(AR= real part of amplitude,Al= imaginary part of amplitude,A modulus of amplitude)

AR

0.85350
0.80237
0.,66198
0.46750
0.26566
0.10022
-0.00163
-0.03688
-0.02456
0.00523
0.02598
0.02571
0.00901
-0.,01005
-0.01879
-0.01376
-0.00120
0.00893
0.01037
0.00410
-0.00370
-0.,00703
-0.00435
0.00110
0.00460
0.00381

Al

-0.,07692
'QOOQNWN
-0.10954
-0.12220
-0.10672
-0.06023
0.00145
0.05285
0.07382
0.06072
0.02704
-0.00602
-0.02233
-0.01873
-0.00400
0.00904
0.01231
0.00627
-0.00251
-0.00723
-0.,00562
-0.00037
0.00382
0.00416
0.00129
-0.00189

0.85696
0.80711
0.67098
0.48321
0.28629
0.11693
0.00218
0.06445
0.07780
0.06095
0.03750
0.02640
0.02408
0.02125
0.01921
0.01647
0.01236
0.010°1
0.01067
0.00831
0.00673
0.00704
0.00579
0.00430
0.00478
0.00425

s o 8 o

OYPNOVTD VN O
.

P

p—

. .
Uity w

fo)
N
.

13.5
14.5
15.5
165
17.5
18.5
19.5
20.5
21.5
2245
235
24 .5

AR

0.84050
0.74155
0.56869
0.36452
0.17617
0.04057
-0.02682

. =-0.03488

-0.00994
0.01790
0.02852
0.01863

-0.00117

-0.01618

-0.01778

-0.00780
0.00472
0.01085
0.00788

-0.00006

~0.00615

-0.00632

-0.00166
0.00333
0.00473

Al

-0.07969

-0.09818
lOo#H&%ﬂ
-0.11863
-0.08674
|0.0NO.NW
0.02999
0.06782
0.07101
0.04516
0.00918
-0.01680
-0.02267
-0.01193
0.00342
0.01207
0.01012
0.00173
-0.00565
~0.00714
-0.00315
0.00211
0.00451
0.00296
-0.00046

0.84427
0.74803
0.53090
0.38333
0.19637
0.05031
0.04023
0.07626
0.07171
0.04857
0.02996
0.02509
0.02271
0.02011:
0.01811
0.01436
0.01116
0.01099
0.00970
0.00714
0.00691
0.00666
0.00481
0.00446
0.00475




Table A3-1Z Diffraction pattern formed c< the ucwdd aﬁx,zv ﬁox ﬂsm ‘case eﬁxv

L] s &
COOOO0OTODOODO0OO0O0O0O

OVONOTIPWN=O
.

—
N -
L]

13.0
14.0
15.0
16,0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
2450
25.0

A.x_r/ua,\o TORIVILNG <>><I_I
- - Y P rINITI AR

—~ 5 4

Solis i lag ﬂ:(

Nax:-.ﬂxu

(AR= real part of mauddﬁcam.>ﬁu imaginary umxﬂ ‘of mavﬂdﬁcam,> modulus oﬁ amplitude)

AR

0.76009
0.71069
0.57435
0.38421
0.18677
0.02865
-0.05907
-0.07239
-0.03477
0.01529
0.04401
0.03832
0.00893
-0.02055
-0.03079
-0,01863
0.00349
0.01847
0.01722
0.00374
-0.00984
-0.01343
-0.00610
0.00462
0.00986
0.,00640

Al

0.01942
-0.00506
-0.06181
-0.11178
-0.11914
-0.07438

0.00015

0.06513

0.08907

0.06645

0.01819
-0.,02415
-0.03869
-0.02460

0.00155

0.01967

0.01975

0.00615

-0.00843
-0.01351
-0.00766
0.00243
0.00842
0.00676
0.00033
-0.00499

0.76033
0.71070
0.57767
0.40014
0.22153
0.07971
0.05907
0.09738
0.09562
0.06819
0.04762
0.04529
0.03971
0.03205
0.03083
0.02710
0.02005
0.01947
0.01917
0.01402
0.01247
0.01365
0.01040
0.0081°9
0.00987
0.00811

()

OO0V WN=O
.

-

.
(RN IR I IRG S IR JRE BEG IR R I V1 B SRS

-
W N
[ ]

14.5
15.5
16.5
17.5
185
Ho.m
20.5
215
22.5
23.5
24.5

AR

0.74755
0.65175
0.48328
0.28330
0.10031
-0,02497
-0.07412
-0.05767
-0.00884
0.03373
0.04528
0.02522
-0.00729
-0.02871
-0.,02701
~-0.00769
0.01274
0.01992
0.01133
-0.00384
-0.01319

-0.01079

-0.00054%
0.00832
0.00910

Al

0.01302
-0.03158
-0.09028
-0.12218
-0.10254
-0.03849

0.03627

0.08329

0.08277

0.04355
-0,00551
-0.03547
-0.03446
-0.01167

0.01259

0.02200

0.01394
-0.,00183
-0.01249
-0.01166
-0.00257

0.00632

0.00849

0.00378
-0,00281

0.74766
0.65252
0.49164
0.30852
0.14345
0.04588
0.08252
0.10131
0.08324
0.05509
0.04562
0.04352
0.03522
0.03099
0.02980
0.02331
0.01888
002000
0.01686
0.01228
0.01344
0.01251
0.00851
0.00913
0.00952



Table A3-132 owﬁwﬁmnmﬂoz pattern formed by the pupil T(x)=1 for the case ¢(x)

L]
oNoNoNoNeReRololoNe ool olo]

b e s
WNhN=OVvo~NoUvdwNn+—O
L]

14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0

22.0 -

23.0
24.0
25.0

NAVNWYD TOINMVING *WYAAW L LS

ra s~
A
PN SRRSO ¥ § ST

= 2mx"- 2mx?

(AR= real part of msudﬁﬂcam.>Hu imaginary part of amplitude,A= modulus of amp1itude)

AR

0.43826
0.38610
0.,25815
0.12103
0,03605
0.02222
0.,05082
0.07260
0.05571
0.00604
'Oo ON*NWN
-0.03310
0.00803
0.03420
0.02931
0.00272
-0.02140
-0.02459
-0.00756
0.01305
0. 02008
0.00971
-0.00726
-0.01597
-0.01026

Al

-0.77989
lOoO@OO@
-0.44550
0.06605
0.16622
0.14683
0.06496
-0.01108
-0.04032
-0.02357
0.00978
0.02882
0.02201
-0.00008
|OOO~.|~QH
-0.01891
-0.00595
0.00857
0.01347
0.00704
-0.00351
-0.00923
-0.00657
0.00080
0.0061¢9

D.89460
0.78726
NDe51489
De19968
D.07524
0.16770
De15537
Ne 09742

0.05680.

0.,04077
0.04861
De.05837
Ne04389
0.02342
0.03420
0.03430
0.,01610
0.02222
0.02604
0.01545
0.01482
0.02039
0.01339
0.00979
0.01599
0.01198

>UWN PO
¢ & & o

[ B

AR

0.42473
0.32787
0.18624
0.06959
0.02111
0.03428
0.06534
0.06954
0.03320
-0.02082
-0.05537
-0.04935
-0.01253
0.02458
0.03562
0.01733
-0.01117
-0.02606
-0.01778
0.00356
0.01890
0.01666
0.00105
-0.01334
-0.01477

Al

-0.75575

-0.57871
-0.30065
-0.03321
0.13298
N.16870
0.10917
0.02269
-0.03244
-0.03623
-0.00676
0.02239
0.02840
ND.01164
-0.01058
-0.02062
-0.01351

0.00198

0.01259
0.01137
0.00166
-0.00738
-0.00886
-0.00306
0.00411

0.86693
0.66514
0.35365
0.07711
0.13465
0.17215
0.12723
0.07315
0.04642
0.04178
0.05578
0.05419
0.03104
0.02720
0.03716
0.02694
0.01753
0.02614
0.02179
0.,01191
0.01898
0.01822
0.00892
0.01369
0.01533
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Table A3-13b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 2mxt- 2

.

[ ] [
oNeNoNeRoNoNoNeloRelolNUgoio e

[

I~ O Ve~V PHPLNN~O
.

it
[ ]

b
W
-

H
'S

15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

(AR= real part of amplitude,Al= *smqumxz part of amplitude,A= modulus of amp1itude)

AR

0.48942
046414
0.39765
0.31257
0.23228
0.16954
0.12330
0.08461
0.04640
0.00961
~-0.,01818
-0.02963
-0.02429
0.00352
0.00814%
0.00431
-0.00230
-0.00563
-0.00364
0.00102
0.00407
0.00330
-0.00004
-0.00279
-0.00276

Al

-0.73910
-0.67339
-0,27576
-0.07074
0.06615
0.12016
0.10949
0.06899
0.03036
0.00941
0.00507
0.00736
0.00736
0.00266

‘=0,00343
-0.00643

-0.00478
-0,00056
0.00273
0.00302
0.000°1
-0.00138
-0.00203
-0.00090
0.00071

0.88645
0.81785
0.63835
0.41682
0.24281
0.18199
0.17217
0.13838
0.08314
0.03184
0.02047
C.03006
0.02538
0.01215
0.00441
0.00883
0.00774
0.00530
0.00565
0.00455
0.,00318
0.00417
0.00357
0.00203
0.00293
0.00285

]

L]

[}
O EGRGREG R RGOS RGRS)

p—
~O VO ~NOIMPWNF-O
L ]

12.5
13.5
14.5
HmOm
16.5
17.5
18,5
19.5
20.5.
21.5
2245
2345
2445

AR

0.48294
0.43481
0.25583
0.27069
0.19849
0.14485
0.10360
0.06560
0.02744
-0.00597
-0.02618
-0.02875
-0.01746
-0.00229
0.00707
0.00700
0.00091
-0,.,00463
-0.00522
-0.00137
0.00296
0.00416
0.00176
-0.00168
-0.00316

Al

-0.72229

~-0.59682
-0.38937
-N.16712
0.00803
0.10301
0.12088
0.09071
0.04801
0.01741
0.00570
0.00607
0.00797

0.00548"

-0.00053
-0.00551
-0.00613
-0.00277
0.00139
0.00327
0.00214
-0,00036
-0.00196

- =0.00163

-0.00006

0.86887
0.73842
0.52746
0.31812
0.19865
0.17774
0.15921
0.11194
0.05530
0.01840
0.02680
0.02938
0.0191°
0.00594
0.00709
0.00891
0.00619
0.00539
0.00540
0.00354
0.00366
0.00417
0.00264
0.00234
0.00316




Table A3-1% o*mﬁsmoﬁdos pattern formed by the ucudd T(x. zv for the case ¢(x) =

W

b

Pt

NH~O VOO ~NOWVDIWN-O
s o
CODOO0CODO0O0OO0QOO00O00

et

-
S W

15.0
HT.O
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24 .0
25.0

N

il

\Z/\U TOIMYIINO YAV LLO
.\\uw \\\\‘#‘Jd\l\\l.v

UL

4
AL S

2m"-

2mx?

(AR= real part of maug*ﬂcnm Al= imaginary part of amplitude,A= modulus’ om amp1itude)

AR

0.44601
0.41192
0.32544
0.22405
0.14400
0.10033
0.08271
0.06840
0.04138
0.00360
-0.02891
-0,04032
-0.,02785
-0.00366
Oo OHb,muu
0.01665
0.00525
-0,00783
-0,01203
~-0.00572
0.00420
0,00910
0.00578
-0.00180
~-0.00676
-0.00536

Al

-0.,77375
-0.69461
-0.48797
-0.,01014
0.11728
0.14289
0.10040
0.03973
-0.,00105
-0.01039
0.00030
0.01191
0.01253
0.00307
lOoOON\._.H
-0.01082
-0.005°98
0.00186
0.00634
0.00493
0.00006
-0,00376
-0.00378
-0.00077
0.00226

0.89309
0.80756
0.58654%
0.32180
0.14436
015434
0.16F10
0.12148
0.05736
0.00375
0.03072
0.04032
0.03029
0.01305
0.01495
0.01823
0.01202
0.00985
0.01217
0.00854%
0.,00648
0.00910
0.00690
0.00419
0.00681
0.00582

s o & & o 6 8 8 »
CEURCRGEGRURU RO R R R R RS RS

OO ~NTTANPWIN~O
.

Pt gt et
WA =
L] [ N

14.5
15.5
Ho.m
17.5
18.5
19.5
20.5
21.5
22.5
2245
24.5

AR

0.43722
0.37315
0.27403
0.17978
0.11775
0.08963
0.07650
0.05680
0.02302
-0.01450
-0.03782
-0.03659
-0.01609
0.00716
0.01781
0.01199
-0.00189
-0.01139
-0.,00990
-0.00061
0.00766
0.00836
0.00209
-0,00497
-0.00686

Al

-0.75345

-0.60312
-0.36009
-0.11142
0.06697
0.14144
0.12705
0.06942
0.01546
-0.00933
-0.00633
0.00703
0.01382

0.00858

-0.,00267
-0.01026
-0.00920
-0.00200
0.00480
0.00632
0.00264
-0.00224
-0.00428

—0.00249

0.00093

0.87112
0.70922
0.45250
0.21151
0.13546
0.16745
0.14830
C.08970
002773
0.01724
0.03835
0.03726
0.02121
0.01118
0.01801
0.01578
0.00940
0.01156
0.,01100
0.00635
0.00811
0.00866
0.00476
0.00556
0.00692
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Table A3-14a Diffraction pattern formed by the n:ua~ qnxv 1-for ﬂsm nmmm o(x) =

. ® o o o 3 & o o
DO0O0DCODOCODOODCODODDODO

bt ot ek et et et b pd et e
VOO NMPRNNO=DIoDNO VPP WN=D
L .

20.0
21.0
NN.O
23.0
24.0
25.0

wﬂxn

A>wn real part of mavddﬂcam >H| damudsmxk umﬁﬂ ow mavddﬂcam A= aoncgzm om msuddﬂcamv

AR

-0.57896
-0.47518
-0.21642
0.07083
0.25947
0.29016
0.19314
0.05521
-0.04074
-0.06189
-0.03074
0.00571
0.01498
-0.00221
-0.02224
-0.02379
-0.00567
OQOHWNTW
0.02175
0.00973
-0.00838
-0.01697
-0.,01011
0.00444
0.01340
0.00983

Al

-0.17271
-0.17926
~-0.18978
-0.18354
-0.14392
-0.07195
0.01154
0.07681
0.10203
0.08501
0.04294
0.00098
-0.02210
-0.02244
-0.,00938
0.00346
0.00759
0.00335
~-0.00304
-0.00561
-0.,00299
0.00167
0.00421
0.00294
-0.00045
-0,00288

0.60418
0.50787
0.28784
0.19673
0,29671
0.29895
0.19348
0.09460
0.10986
0.10515
0.05281
0.00579
0.02670
0.02254
0.02413
0.02405
0.00947
0.01579
0.02196
0.01127
0.00890
0.01705
0.01095
0.00532
0.01341
0,01024
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1445
15.5
165
17.5
1845
19.5
20.5
21.5
2245
23.5
2445

AR

-0.,55213
-0.35824
-0.06747
0.18332
0.29461
0.25283
0.12331
-0.00152
-0.06032
-0.04999
-0.01044
0.01448
0.00848
-0.01355
|OOONWOW
-0.01641
0.00582
0.02109
0.01756
0.00039
-0.01458
-0.01525
-0.00295
0.01031
0.01316

Al

~0.17450
-0.18521
-0.19009
-0.16835
-0.11107
-0.02980
0.04819
0.09509
0.09809
0.06554
0.02047
-0.01354
.IO. ONN*NW
I.OQOHONH
-0,00220
0.00679
0.00619
-0.00003
-0.00502
-0.,00482
-0.00063
0.00340
0.00401
0.00132
I.QOCOW@O

0.57905
0.40329
0.20171
0.24889
0.31485
0.25459
0.13239
0.09510
0.11515
0.08243
0.02298
0.01983
0.02616
0.02151
0.02604
0.01776
0.00850
0.02109
0.01827
0.00484
0.01460
0.01563
0.00498
0.01040
0.01330
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Table A3-14b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 2mx*- 3mx?
(AR= real part of amplitude,Al= .mamm.;w_a\ part of mam:ﬂcn_m%u modulus of amplitude)

W AR Al A W AR Al A
r, ~0.20103 -0.43282 0.47723 0.5 -0.18738 ~0.42926 0.46837
1. ~0.14802 -0.41851 0.44392 1.5 -0.08748 -0.40048 0.40992
2. ~0.01262 ~0.37506 0.37527 2.5 0.06827 -0.34233 0.34907
3, 0.14656 -0.30268 0.33630 3.5 0.21438 -0.25693 0.33463
ba 0.26552 -0.20640 0.33631 4.5 0.29610 -0.15292 0.33325
5. 0.30486 -0.09872 0.32045 545 0.29311 -0.04631 0.29675
6e 0.26426 0.00178 0.26426 645 0.22317 0.04325 0.22732
7. 0.17540 0.07624 0.19125 7.5 0.12634 0.09956 0.16085
8. 0.08062 0.11279 0.13865 8e5 0.04160 0.11635 0.12356
9. 0.01117 0.11137 0.11193 9.5 -0.01022 0.09960 0.10012
10. -0.02330 0.08316 0.08636 10.5 -0.02961 0.06428 0.07077
11. -0.03105 0.04509 0,05475 11.5 -0.02953 0.02738 0.04028
12 -0.02662 0.01247 0.02940 1245 -0.02340 0.00109 0.02342
-0.02041 -0.00653 0.02143 13.5 -0.01776 -0.01067 0.02072
-0.01529 -0.01193 0.01940 145 -0.01271 -0.01113 0.01690
-0.00981 -0.00911 0.01339 15.5 -0.00655 -0.00665 0.00933
~0.00307 -0.00432 0.00530 1645 0.00029 -0.00250 0.00252
0.00314 -0.00133 0.00341 1745 0.00511 -0.00076 0.00516
0.00596 -0.00065 0.00599 18.5 0.00565 -0.00077 0.00570
0.00437 -0.00091 0.00446 19.5 0.00245 ~0.00094 0.00263
0..00036 -0.00077 0.00085 20.5 -0.00146 -0.00043 0.00152
-0.00266 0.00003 0,00266 21.5 ~0.00305 0.00048 0.00309
-0.00264 0.00083 0.00277 22.5 -0.00160 0.00100 0.00189
-0.00026 0.00096 0.00100 23.5 0.00105 0.00074 0.00128
0.00200 0.00039 0.00204 2445 0.00240 0.0 0.00240

0.00218 -0.00034 0.00221 .




amvdm A3-14c Diffraction umﬁnmss formed by the ucu*d T(x,M) for the case ¢(x) =
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- 3mx?

_ (AR= real part of -amplitude,Al= imaginary part of amplitude,A= modulus of amp1itude)

AR

-0.38219
-0.30797
-0.12015
0.09597
0.25059
0.,29422
0.23589
0.12756
0.02849
-0,02645
-0.03698
-0.02513
IOOOHWOMU
-0 OMMN‘.O
-0.,01368
-0.01163
-0,00292
0.00702
0.01083
0.00625
-0.00208
-0.00707
-0.00526
0.00077
0.00531
0.00466

Al

-0.32117
-0.29802
-0.25063
-0.17595
-0.,08223
0.01105
0.08085
0.11149
0.10211
0.06641
0.02490
-0.00528
I.OoOHNHO
-0.01443
-0.00598
0.00031
0.00161
-0.00027
-0.00196
-0.,00159
0.00027
0.00176

0.00166

0.00028
-0.00106

0.50341
0.44496
0.32133
0.26837
0.30619
0.30549
0.23615
0.15103
0.11507
0.10548
0.07601
0.03538
0.01464
0.02067
0.01c88
0.01308
0.00293
0.00720
0.01083
0.00655
0.00261
0.00708
0.00555
0.00183
0.00531
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13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
21.5
225
23.5
24.5

AR

-0.36305
-0.22364
-0.00952
0.18539
0.28705
0.27518
0.18399
0.07387
-0.00527
-0.03616
-0.03221
-0.01839
-0.01149
-0.01263
-0.01355
-0.00790
0.00241
0.01001
0.00943
0.00209
-0.00535
-0.,00699
-0.00243
0.00356
0.00567

Al

-0.32609

-0.31215
-0.27775
~0.21649
-0.13045
-0.03405
0.05016
0.,10150
0.11122
0.,08631
0.04512
0.00768
-0.01350
-0.01713
-0.01033
-0.00225
0.00155
0.00085
-0.,00132
-0.00205
~0.00074
0.00117
0.00192
0.00106

~0.00048

0.48799
0.38400
0.27791
0.298502
0.31530
0.27728
0.19071
0.12554
0.11135%
0.,09358
0.,05544
0.01994
0.01772
0.02128
0.01704
0.00822
0.00287
0.01004
0.00952
0.00293
0.00540
0.00708
0.00310
0.,00371
0.00569
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Table A3-15a Diffraction pattern formed by the pupil T(x)=1 wms the case ¢(x) = 2mx"- 4mx?

.
[ocReoBeNoReloRoloRole el Ro oo o)
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~OWVWONOoOUPHWNE-O
[ ]

pams
L]

= e
U SN

16.0
17.0
18.0
uno.o
20.0
21.0
22.0
23,0
2440
25.0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.24413
0.18661
0.05227
-0.07048
-0.10316
-0.02908
0.,09839
0.19468
0.20094%
0.11923
0.00426
-0.07807
-0.09350
-0.05481
-0.00349
0.02388
0.01858
-0.00194
-0.01422
-0.00859
0.00638
0.01507
0.00977
-0.00367

-0.01271
-0.00991

Al

0.17171
0.13049
0.02600
-0.09392
-0.17632
-0.18828
-0.03432
0.05743
0.11032
0.11291
0.07719
0.02806
-0.01107
-0.02847
-0.02594
-0.01351
-0.00166
0.00405
0.00388
0.00127

"=0.00058

-0.,00062
0.00030
0.00086
0.00054

A

0.29846
0.22771
0.05838
0.11742
0.20428
0.19051
0.16355
0.19768
0.20898
0.16244
0.11299
0.10978
0.09762
0.05591
0.02868
0.03526
0.02297
0.00255
0.01479
0.00642
0.00650
0.01508
0.00979
0.00368
0.01274
0.00992
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13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
215
2245
23.5
24.5

AR

0.22909
0.12406
-0.01645
-0.10093
-0.07750
0.03322
0.15531
0.21048
0.16851
0.06146
-0.04423
-0.09438
-0.07862
-0.02795
0.01449
0.02464
0.00861
-0.01019
-0 oOHWb.O
-0.00127
0.01231
0.01409
0.00329
-0.00945
-0.01282

Al

0.16109
0.08360
-0.03554
-0.14258
-0.19189
-0.16677
-0.08464
0.01470
0.09006
0.11762
0.09841
0.05264
0.00617
~0,02265
-0.02917

. =0.,02024

-0.00702
0.00206
0.00451
‘0.00264
0.00013
-0.00080
~0.00019
0.00069
0.00080

0.28006
0.14960

0.,03917

0.17469
0.20695
0.17005
0.17688
0.21100
0.19106
0.13271
0.10789
0.10807
0.07886
003597
0.03257
0.03189
0.01111
0.01039
0.,01420
0.00293
0.01231
0.01411
0.00330
0.00947
0.01284
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Table A3-15b Diffraction pattern formed by the pupil T(x,5) for the case ¢(x) = 2mx*- 4mx?

[
DOC00O0OD0Q0QO000O0

o pued pd b
WNFEFOOINOTVPUWNE=O
L

14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
2440
25.0

(AR= real part of amplitude,Al= imaginary part of amplitude,A= modulus of amplitude)

AR

0.03316
0.02647
0.01580
0.02191
0.086003
0.12559
0.19330
0.23043
0.21588
0.15259
0.06553
-0.,01249
-0.05796
~-0.06616
=-0.,04898
-0.02446
-0.00600
0.00248
0.00419
0.00398
0.00410
0.00397
0.00242
|Oo OOONW
.IOO OONWW

Al

-0.08132
-0.10318
~-0.15724
-0.21450
=0.24246
~-0.22055
-0.14934
=0.04963
0.04754
0.11447
0.13741
0.11981
0.07782
0.03148
-0.00373
-0.02131
-0.02330
|°0°ﬁ0hv_.
-0.00761
~0.00122
0.00165
0.00200
0.00134
0.00069
0.00032
0.00012

0.08782
0.10653
0.15804
0.21561
0.24978
0.25380
0424427
0.23571
0.22105
0.19075
0.15224
0.12046
0.09703
0.07327
0.04912
0.03244
0.02406
0.01659
0.00869
0.00416
0.00442
0.00444
0.00277

0.00073 -

0.00235

.0.00237

* & o

O YVXDNOUILWNHO
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14.5
15.5
16.5
17.5
18.5
19.5
20.5
21.5
22.5
23.5
24.5

AR

0.03133
0.02042
0.01547
0.03670
0.09057
0.16128
0.21748
0.23005
0.18916
0.10995
0.02354
-0.04006
-0.06627
-0.05961
-0.03660
-0.01400
~0.00061
0.00385
0.00410
0.00398
0.00415
0.00340
0.00114
-0.00148
-0.00264

Al

-0.08698

-0.12773
-0.18761
-0.23386
-0.23824
-0.19020
-0.10119
0.00124
0.08605
0.13160
0.13287
0.10059
0.05404
0.01185
=-0.01476
-0.02389
-0.02049
-0.011990
-0.00398
0.00062
0.00204
0.00172
0.00098
0.00047
0.00021

0.09245
0.12935
0.18825
0.23672
0.25488
0.24937
0.23987
0.23005
0.20781
0.17149
0.134%94
0.108628
0.08551
0.06078
0.03946
0.02769
0.02050
0.01250
0.00571
0.00403
0.00463
0.00381
0.00150
0.00155
0.00265



Table A3-15c Diffraction pattern formed by the pupil +Ax.zv for the case ¢(x) = omx"- frx?

COVO~NITULHPWN=O
L] L] .
OOV COOCODOOO0OO D

et s
b

=
W N

14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

(AR= real part of amplitude,Al= ¢amu*=m1<.um1ﬁ ow.eﬁvdiﬁcam.>u.soacdcm of amplitude)-

AR

0.08888
0. 06440
0.01053
-0.02805
-0.01364
0.05697
0.14857
0.20970
0.20503
0.13634
0.03894
~0.04185
-0.07729
-0.06768
-0.03531
-0. 00595
0.00691
0.00569
0.00086
0.00020
0.00369
0.00626
0.00419
-0.00121
-0.00529
-0.00466

Al

0.04867
0.01663
-0.06408
-0.15479
-0.21220
-0,20873
-0.14428
-0.04437
0.05335
0.11667
0.13152
0.10467
0.05671
0.01043
-0.,01904
-0.02813
-0.01133
-0.00200
0.00251
0.00297
0.00171
0.00059
0.00020
0.00021
0.00016

A

0.10133
0.06651
0.06494
0.15731
0.21264
0.21637
0.20710
0.21434
0.21186
0.17944
0.13717
0.11273
0.09587
0.06848
0.04011
0.02875
0.02353
0.01268
0.00218
0.00252
0.00473
0.00649
0.00423
0.00123
0.00530

0.00466

W

et

N=~OO0O~NIPTUPWNFHO
o

(SR IR, IR IRE, IRV G RS RRC IR IS, W) IV |

13.5
14.5
15.5
16.5
17.5
18.5
19.5
20.5
21.5
2245
235
2445

AR

0.08242
0.03860
-0.01359
-0.02866
0.01610
0.10337
0.18588
0.21643
0.17705
0.08829
-0.00596
-0.06591
-0.07705
-0.05258
-0.01901
0.00271
0.00746
0.00308
-0.00017
0.00170
0.00542
0.00585
0.00164
-0.00371
-0.00561

Al

0.04040

-0.01970
-0.11104
-0.18994
-0.21877
-0.18302
-0.09648
0.00710
0.09070
0.13017
0.12222
0.08182
0.03215
-0.,00690
-0.02594
-0.02658
-0.01705%
-0.00614
0.00088
0.00311
0.00241
0.00107
0.00031
0.00019
0.00021

0.09179
0.04334
0.11187
0.19210
0.21936
0.21019
0.20943
0.21655
0.19893
0.15729
012236
0.10507
0.08349
0.05303
0.03216
0.02672
0.018561
0.00687
0.00089
0.00354
0.00593
0.00594
0.00167
0.00372
0.00562



Fig. A3-16 Curves of encircled energy factors associated with

the pupils T(x)=1,T(x,5), and T(x,M) for the cases:
(a) ¢(x) =0
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(c) ¢(x) = 2mx®
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Fig. A3-17 Curves of encircled energy factors associated with

the pupils T(x)=1,T(x,5), and T(x,M) for the cases:

(a) ¢(x) = =* _
1 "
- ;
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0 . 25
(b) ¢(x) = mx"* - mx?
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Fig. A3-18 Curves of encircled energy factors associated with

“the pupils T(x)=1,T(x,5), and T(x,M) for the cases:
(a) ¢(x) = 2mx"
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17.0
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vo.hv

Encircled energy factors associated with the pupils T(x)=1, T(x,5), and qAx,gv
o(x)

T(X)=1

NeN6NHA
0,72n33
D.42674
N.61726
0.75056
0.81741
N.,336A7
0.583731
N.34236
D.86115
N.9NN75
N,9ne23
0.91548
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0,9237567
0.93944
D.94730
N.G5224
N.95794%
N.95773
0.9612%4
0.96161
N.96448
n,967%3
0.96764

o(x)
TIXeH)

0.04256
N.16061
0.3785)
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0.68282
0.81735
0.90898
0.96133
N.98665
0.995?

0.96723
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0.99827
0.99536
0.99868
n.99677
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0.99935

d‘ax‘?@v

0.05332
0.19835
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N.99106
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Table A3-17
Encircled energy factors associated with the pupils T(x)=1, T(x,5), and 4Ax_zv for the cases:

o(x) = m* o(x) = mx*- mx2 o(x) = mx*-2mx?

TixX)=1 T(Xs5) TUXsH) T(x)=1 TI%,5) TLY,H) T(x)=1 FUY,5) TIN, )
0.02406  0.02007  0.02936 . C.05724  0.04011  N.05042 A.027373  0.A1452  0.N1323
0.08934 0.11176  0.1113% 0.20900  0.,15137  0.18751 N £3530 0,031 0.0T1A2
0.17673  0.23788  0.22978 0.40336  0.3093%  (.27449 0.16120 0,1772 AT AANG
0,27306  0.37530  0.36390 0.59408  0,47289  0.56623 n.22934  n.21252  N.092216
0.35611  0.51950  0.49449 0.7100%  N.6A2T2 0,7234D n.23077  N.29910  D.23A0
N.42269 N.6500ChH 0.60931 G 77205 nN,7695" [y R23279 N,3234% D,224272 NeRLTTER
g 49611  0.75745  0.69938 0.70122  £.8569  N.5914h 0.275% N AGTAH?

L55230 0.83827  0.76759 0.79316  0.90921  0.91511 G.448%2 0.54953
o.oow¢~ N.£9402  0.81613 a.pANN2  N.02692  0,.92310 ALB41AD N 62987
N.64576 0.92921  0.84923 0.82127  0.95125  0.9293%4 0.64007  CLIN6GD
n.70104  0.96027  0.88527 0.§7156  0.94932  0,95278 N.7R%A35  N.87430
0.73922  0.94073  0.90805 0.9928]1  N.G9541  N.097463 6.83343 0,154
0.79695  0.97689  N.92009 0.90266  N.99467  0.GR?S2 0.87565  N.9RAAN
N.326546  0.98418  0.94905 0.91698  0.99715  0.98447 n.01354  n.o7801
0.34707  0.98906  0.95989 n.G2332  0.00733  0.0R623 n.22794  0.99140
0.86513 » 0.99188  0.96743  06.92870  0.99758  0.98745 N.GaN2E  0.99T17?
0.890%9 . 0.59405  0.97434 0.03905  0.99317  0.0R96? 5.G4237  D.O0820
0.9N0289  0.99554  0,97949 n.0440T  0.9935G  0.99092 N.08%48  0.99831
0.91228  0.99639  0.98229 0.94614  0.99068  0,99135 AL3R4PE 087908
5.92526  0.99715  0.9354% 0.95226  0.90881  0,27231 n.osa3n  n.90017
5.93212  0.99777  0.98782 0.95421  N,09899  0D,99221 0.56159  0.9962)
0.93749  0.99808  0.98395 0.95720  0.99905  0.09343 . 0.96195  0.09927
N, 04485  0.99836  0.99040 0.06094  0.02911  0.99391 N.O6468  N.0N025
0.95039  0,99865  0.9917? 0.96418  0,93921  N.99452 0.96745  £.99932

95265  0.99879  0.99227 0.G6480  0.99975  0.29457 0.96776  £.29925
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Encircled energy factors associated with the pupils T(x)=1, T(x,5), and T(x,M)
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N.TL625
0.7716%
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0.R7597
0.092702
0.56400
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Ne fUJﬂ
N,28526
N.28614
0.98210
N.98975
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N.C2146
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N, 09280
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0.01732
n,nNyan%
nN,nN3337
0.03392
L0287
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o.ccwﬁo
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Fig. A3-19
MTF curves associated with
the pupils T(x)=1,T(x,5),
T(x,M) for the cases:

(a) ¢(x)=0

(b) o(x)= mx?

(c) o(x)= 2mx?
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Fig. A3-20
MTF curves associated with
the pupils T(x)=1,T(x,5),

T(x,M) for the cases:

G(S)
(a) ¢(x)= mx*

G(S)
(b) ¢(x)= mx*- mx?

G(S)

(c) ¢o(x)= wx'*- 2mx2
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Fig. A3-21

MTF curves associated with
the pupils T(x)=1,T(x,5),
T(x,M) for the cases:

(a) ¢(x)=2mx*

(b) ¢(x)=2mx"*- 2mx2

(c) ¢(x)=2mx"-. 4ux?
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F- DISCUSSION:-

a) Diffraction Patterns:- Figs A3-1 to A3-15
Tables A3-1 to A3-15

Consider first the diffraction patterns corresponding to the

aberration-free case and to the defect of focus cases. In the former

case, we note that the filters T(x,5) and T(x,M) form diffraction patterns

in which the central spot is wider.than that of the Airy pattern, but

in which the amplitude of the secondary maxima has been greatly reduced:

that corresponding to T(x,M) is about 4.7, whereas for the Airy pattern
it is 3.8. As defect of focus increases, the diffraction patterns
corresponding to the three cases evolve roughly in the same way: ie,
the amplitude of the central maximum drops, the diameter of the central
‘spot increases, the minima are no longer zero, and the amplitude of the
secondary maxima increases. However, we note that the central amplitude
drops fastest for the T(x)=1 case, next comes the T(x,M) filter, and
the T(x,5) filter last. Furthermore, the amplitude of the secondary
maxima is a1wéys much greater for T(x)=1 than for the other two cases.
As far as comparing the diameters of the central spots is concerned,
this is neither‘easy nor very meaningful, because the first minimum is

either very different from zero, or almost inexistant; also, the central

amplitudes corresponding to the different amplitude filters are different.

Another approach would ke to define the "width" of the central spot using
Sparrow's criterion? : according to this criterion, two incoherent point
sources, of equal brightness, will be just resolved when the second

derivative of the total illumination in the image vanishes at the center

M 4 el e e s a

N~ d
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of the pattern. It can be shown that this implies

d? ! AW)|2 =0 W=Wo
dW?

where 2Wo is the Sparrdw limit of resolution. In other words, the
limit of resolution, in this sense, is twice the distance from the
center of the pattern to the'first inf]ection.poinf on the intensity
vs W curve: hence, this distance, or width, would serve as é criterion
of quality for a diffraction pattern. However, we do not think that
this criterion is any better than the previous one in assessing the
relative merits of diffraction patterns: consider, for example, the
diffraction patterns corresponding to.¢(x)=1.5nx2. From the curve
corresponding te T(x)=1, it is obvious that the intensity vs W curve
would have its first inflection point at about .95, hence Sparrow's
limit of resolution would be about 1.9. Inspectioh of the curve
indicates that this is very un]ikeiy, since the first minimum is a
shallow dip, and the intensity decreases only slowly past that point.
However, let us look more closely ét the Ray]eigh criterion: according
to the latter, two incoherent point sources will be just resolved when
the céntre of one diffraction pattern coincides with fhe first minimum
of the other. In this case, if the first minimum 1is zero, then the

intensity at the center of the resulting pattern is about 80% of that

in the adjacent maxima. Of‘ggurse;_when the first minimum is different

from zero, the Rayleigh criterion is not directly applicable; in such -
cases, it is usually assumed that the two point sources will be just
resolved if the intensity at the center of the pattern is about 80% of

the intensity in the adjacent maxima. If 2§ represents the resolution

limit in this generalized Rayleigh criterion, then the conditions stated

CANASDA,
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~ above can be expressed as 2A2(s) - 8
: A<(o0) + A<(2¢) o

When the first minimum is close to zero, then we have that A%(§)=
4 A%(o) ; i.e.,~the "Rayleigh" Timit is almost equal to the ha]f'
intensity width, of half-width, of the diffraction pattern. The
half-width is 26h, where A2(sh) = .5 A%(o).

On the other hand, when the firsf minimum is very different from
zero, not only is the "Rayleigh" resolution limit difficult t0'deterhine,
but also it becomes quite meaningless. Consider for example the case
when the first minimum is about .7A%(0): it is obvious that in thie
case, it is impossible to define the ﬁay1eigh limit as above. In

cases such as this, the half-width is a more convenient basis of

F

'

comparison of diffraction patterns, and we shall use it in the analysis D
that follows. Since the curves represent amplitude versus W, we shall j@
' o

consider the width swhere A(8) = .7A(0). ;g
. _ - o o s
If we determine these half-widths for the cases considered above, '§§

we find that as the defect of focus increases, the half-widths of the ‘Jg

diffraction patterns corresponding to the three pupils increase, as we

would expect, but their relative differences decrease, until at a

position roughly between those corresponding to ¢(x) = mx2 and ¢(x)=
1.5mx2, the three half-widths are the same. Beyond that, the half-

width of the diffraction pattern corresponding to T(x,5) is the least,
then comes that correspoeding to T(x,M), and finally the case T(x)=1

has the greatest half-width. If we further increase the defect of focus,
then we can no longer speak of half-widths, because the diffraction
patterns begin to show a centrai minimum (which can result in images

having contrast reversals or spurious resolution). Note that at
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¢(x) - éﬁiz, the.inféﬁg{ﬁy at'the centerwﬁés:aropped to zefo'{n tHeA
case of T(x)=1, whereas for T(x,5) there is no dip at all at the center,
and for T(x,M), there is a small dip. '
We nexé consider the case of spherical aberration with and without
defect of focus. Let us write d(x) = ax* - Bx2. We recall that &(x)
~gives the departure of the wavefront emerging from the exit pupil of
the optical system from the reference spheré centered in the observation
plane. Suppose 8=0 ; by exteﬁsion of the aberration-free case, we shall
say that there is no defect of focus. When spherical abe;}ation is

present (ofo), this position corresponds to the paraxial focus, because

for rays very near the optical axis, ax"=0, hence there is no aberration

for these rays, and they are correctly focussed in the image plane.
Suppose now that B = 2a: we have |
¢(x) a(x*-2x2)

39/ 9x dax (x2-1)

Fhus ,9¢/9x = 0 when x = 1, which means that at the edge of the pupi],
the wavefront is tangeht to the reference sphere. Since the rays of
light (ie, the direction of propagation of the waves) are perpendicular
to the wavefronf (Malus-Dupin theorem), this means that rays of light
at the edge of the pupil will be correctly focussed at the center of
curvature of the reference sphere, in the observation plane. This
position is called the marginal focus. At a point halfway between the
paraxial focus and the mérginal focus, (i.e., when B =a), ¢(x) =

a{x* - x2) and we see that ¢(x) is 0 at x = 0 and x = 1. This position
corresponds roughly to that of the circle of least confusion in geo-

metrical optics.

CANADA,
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w

If we study the d1ffract1on patterns formed by the three pup11s

when spherical aberration is present, we note that:

1) The best diffraction patterns are formed when ¢(x) = ax* - mx2 or

2m* - 2m2(i.e.,a=B). In these cases, the diffraction patterns resemble
those'formed in the aberration-free case, and as far as the re1athe
merits of the 3 oupils are eoncerned, the same comments which were made
in the preceding section can be applied here.

2): For a small defect of focus (around the paraxial focus), the pupils
T(x,5) and T(x,M) improve the diffrection pattern: they produce a greater
amplitude at the center of the pattern; and they considerably redoce the
amplitude of the secondary maxima. From these points'of view, the T(x,5)
pupil is the best. As far as half-widths are coocerned, the T(x)=1 case
has the least, but the differences between the three cases are relatively

smaller than in the aberrat1on-free case.

) Nhen the defect of focus is Iarge i.e. beyond B-a, the filters br1ng
Tittle improvement to the diffraction patterns ( especially in the pres-
ence of large spherical aberration ), except in the far field (N> 15) ,

where the amplitudes of the maxima are reduced.

~ .
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b) Enc%rc]ed Energy factors: Fig. A3-16 to A3-18
and Tables A3-16 tc A3-18

In all the cases studied, it can be seen readily from the curves
thai the amplitude filters T(x,5) and T(x,M) concentrate more energy
towards_the center of the diffraction pattern than the uniformly trans-
mitting pupil T(x) = 1. |

In the case of defect of focus, both the T(x,5) and T(x,M) curves
are markedly better than those corresponding to T(x)=1, and it'appears
that the T(x,5) filter is the best one to use for moderate to large
defect of focus; for a small defect of focus, or no defect of'focus,
the T(x,M) filter gives the best performance up to about W=4, after
which the T(x,5) filter becomes.preferéble. o |

The curves for spherical aberration plus defect of focus show that

optimum concentration of energy is achieved, for the 3 pupils, when the

~ a

A, ON TARIO. CANADA,

observation nlane is raughly midway between the paraxial focus and the

4

meirginal focus: i.e., in the cases ¢(x) = mx* - mx2 and ¢(x) = 2mx*- 2mx2.

.
.
T
)
.
.

Around this optimum position, the T(x,M) filter gives the best results

below about W = 4, whereas above this value, the T{x,5) filter is best.

As one moves away from this optimum position towards either the marginal
or the paraxial focus, the T(x,5) filter gives the best results for all

values of W. Note in particular the spectacular improvement at the

paraxial focus.
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c) Modulation Transfer Functions: Figs A3-19 to A3-21

We shall first consider the case of an aberration-free optical
system, without and with defect of focus. In the former case, note _
that the filters T(x,5) and T(x,M) behave 1ike typical apodisers, i.e.,
they .improve the low-frequency response of the optical system, but the
high frequency response is considerably decreased. We shall call
"cross-over frequency" the spatial frequeﬁcy at which the MTF curve
of pupil T(x,5) or T(x,M) intersects that of pupil T(x)=1. For T(x,5),
the cross-over frequendy is at about s = .56, whereas it is at about
s = .80 for T(x,M). As we increase the defect of focus, the cross-over
frequencies for both T(x,5) and T(x,M) increase to a greater value
of s ; that is, the filters T(x,5) and T(x,M) improve the response of
the system for a greater range of spatial frequencies.. (Note: a small
negative value for the MTF is better than a large negative value, because
negative values imply spurious resb]ution and contrast reversals). For

example, in the case where the defect of focus is 2mx2%, the three curves

intersect at a value of s of about 1.6, so that the two filters T(x,5)
and T(x,M) improve the response of the system over that of the pupil T(x)=1 |
for 0 ¢ s < 1.6 and the pupil T(x)= 1.0 has a slightly better response for
1.6 < s¢ 2. Note also that for small -to- moderate defect of focus, the
filter T(x,M) is superior to the T(x,5) filter throughout the range of s,
whereas beyond a position roughly midway between those corresponding to
mx? and 2mx2?, the reverse is true.
For the case of spherical aberration plus defect of focqs, we note
the following: '
1) At the paraxial focus, both amplitude filters greatly improve the MTF

for a range of s which is quite extended: for example, when o=m , the
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cross-over frequencies are 1.04 and 1.25 for T(x,5) and'T(x,M) resp.
When o= 27 , the improvement is achieved throughout the range of s. We
note that for a=w , the T(x,5) filter is better than the T(x,M) filter
for s < .75,\and the reverse is true beyond that value, whereas for

a = ;Zn; T(x,5) is better throughout the range of s.

2) Whena =8, i.e., at a position midway between the paraxial and
marginal foci, the MTF curves are very c]osé to the ones corresponding
to the aberration-free case (a=8=d), and the same observations as

for that case apply. We note also that, as in the case of-diffraction
patterns and encircled energy factors, it is at this position that,
for all pupils considered, the over all response of the system is best.
3) Finally, as we approach the marginal focus, the MTF of the three
pupils are almost the same at Tow frequencies, whereas at high frequencies,

the T(x)=1 pupil has a slightly better response than the T(x,5) and

T(x,M) pupils.
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CONCLUSIONS :

From the foregaing discussion, wie can draw the following conclusions

about the effect of the amplitude filters T(x,5) and T(x,M) in optical

systems:

1) Lenses'equipped with these amplitude fiiters will form images having

in general a much better overall contrast and lower background

" than unfiltered lenses, except when the object contains very fine

2)

- 3)

detail. -
The depth of focus in filtered systems will be greater than that
of unfiltered systems of the same numerical aperture. The T(x,M)
filter is preferable in systems where the depth of focus required
is relatively small, and where images have very fine details; on
the other hand, the T(x,5) filter is preferable when maximum de-
focussing tolerance is required or/and when resolution of very fine
details is not required as much as good image contrast.
When spherical aberration {s present in a lens, the best image is
formed at é position of the observation plane corresponding to
a=B ; in this case, the amplitude filters improve the image as
in 1). The filters also improve the depth of focus for a defocussing
towérds the paraxial focus. Filtered lenses can be used over a wider
range of apartures than unfiltered ones before spherical aberration
seriously deteriorates the image. Alsc, the position of the best
image (0=B) changes as the aperture of a lens is changed. This

requires re~focussing. With filtered lenses, this re-focussing is

- greatly reduced (with the same aperture). Finally, we note that when

spherical aberration {s present, the T(x,5) filter gives better results

than the T(x,M) filter.
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CHAPTER IV
FLUX SELECTORS: WHAT THEY ARE, WHY THEY ARE NEEDED, AND HOW

THEY ARE CALCULATED

It is very difficult to make a good amplitude filter, and all
efforts to do so have failed. The reason for this is that the main

methods available so far require the use of either photographic emul-

sions, neutral density glasses, or metallic coatings of variable thickness

to produce the required variation in light transmission: but photographic
emulsions and neutré] glasses produce scattering of 1ight, whereas the
metal films introduce phase variations in the 1ight beam, and hoth these
effects are detrimental to the resulting diffraction pattern. | 3
The so-called "flux-selector" was introduced by Lansraux to avoid
these difficu]ties.. In the derivation below, we follow his treatment
of the problem. Consider equation A1-3 which gives tﬁe diffraction
pattern produced by T(x). In the aberraticn-free case, the contribution
dA to A(W) of an infinitesimal annular element extending from x-dx/2
to x+dx/2 is MT(X)JO(WX)d(XZ). Since d(x>) is proportional to the area
dS of the element considered, we put Md(xz) = M'dS. Now, inside the
element dS, one can find elements dS' such that T(x)dS=dS'. We can then
write dA as M'T(x)Jo(wx)dS or as M'JO(Wx)dS'. But this last expression
represents the contribution (to the diffraction pattern) of an element

of a perfectly transmitting pupil, the element being situated at the

- same radius x, and having a smaller area tharzdS. Hence, associated with

each infinitesimal annular area dS of the pupil T(x)'is a smaller annular

area dS' of a perfectly transmitting pupil such that the contributions
- of dS and dS' to the diffraction pattern are the same and such that

dS'/dS = T(x). Hence, the infinite set of perfectly transmitting annuli

X
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dS' can replace the pupil T{x). We can apply the same idea, and
generalize it slightly, to the case where the area segments considered
are finite. Suppose we divide the pupil T(x) into N zones; and denote
the upper and lower boundary of each'zone by Xn and xa resp; Since
the zones are all contiguous to one another; it is obvious that ¥n=xa?].
- For each pair (xn,xﬁ), we wish to associatg a pair (rn,r;) such that

' ' x' e

A4-7 f" Jo(wx)d(xz) = cl n T(x)JO(Wx)d(xz) “for all W
n n : )

C is here a constant, as yet undetermined. If C g 1, we expect (rn,rﬁ)

L] - ' - ’ . ' . -
to be inside (xn,xn), fe., v > X and ro < xn . The left hand side

of A4-7 represents the diffraction pattern formed by a perfectly trans-

5.

sl d

mitting annulus having radii rn and rﬁ . Therefore; if A4-7 is satis~.
fied for all N zones, the set of N annuli (rn,rA); the separation
between two successive annuli being opaque; can replace the trapsmission
function T(x), and give the same diffraction pattern (apart from a
constant multiple C) as T(x). This set of annuli constitutes the flux

selector (abbreviation F.S.). It can already be seen that many different

COTTAWA, ONTAIRID, Codd o0

types of F.S. can exist, depending on the choice of the zone diyision

y i

(xn,xﬁ).

Given a zone division, the calculation of the F.S, radii from A4-7
is not simple; since it involves the solution of an integral relationship;
furthermore, it is expected that there is no solution which is absolutely
independent of W. However; an apprdkimate solution can be obtained
which will be valid for a more or Tess extended range of W, depending on

the zone division. Consider the equation -
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. x' ru
A4-8a & =cI " T(x) 9g(ux) d(x?) - I "3, (Wx) d(x?)
n n
To satisfy A4-7, we wish to have § = 0. Now, we can express JO(WX)

by a Taylor expansion in (Wx)2? about a point (WRn)2 » where Rn'is a
point in interval (rn,ra) (Note: Jo(z) is an even function.):

~

3o (Wx)=d (WR)) + (WR /2)3, (WRy)L1-(x/R )21 +...+(WR Zka (bR [1-(x/R,)21

where we have used the property that 1 _ dk Jo§x2=(-1)kdk(x)/xk .Hence,
) X dx )

r -
I n Jo(Hx)d(x2)=REE (URy ) ki (WRp) [{1-(rn/Rn)2}k"‘ -{1-(rr"/Rn)2}k+]:l
n (k+1)12%

Similarly,
X! WRy ¥, (WR) [ L

z[ T(x) J,(Wx)d(x?) =§ ) %[ T(x) [1-(x/Ry)? 1" d(x?)
n n

So that A4-8a becomes:
@ k [ Xn - k
A4-8b § = g (WRp)"Jy (WRp )} T(x)-{l-(x/Rn)z} d(x?) -
T KT 2K
: n

2
g;{ (1-r2/R2)KH - (1-rp2 /R2)KH }]

‘OTT/\‘.«“JA. ONTARIO, CANLLLLS

Note that the expression between square brackets is independent of W.
Although the condition 8=0 for all W cannot be satisfied exactly, § can
be made small for a certain range of W by requiring that one or more Tow

order terms in A4-8b be zero. For ex., requiring that the first term

(k=0) be zero gives:

Xn
A3-9  rp2- rrzl = 1/C [ T(x) d(x?)
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Given a zone division, this relation is not sufficient to determine rn
and rg; a further equation is required, which is obtained by putting

the second term (k=1) equal to zero. This gives:

_[x" T(x) d(x2) - [1/R,21)I *n T(x) x2d(x?) =C(r,',3rr2,)+ Z%r(r; -rr')")
n

n - n
xl
n ”
But using A4-9, this becomes ra“-r; = 2/€/P T(x) x2d(x?) and dividing
X
n

this expression by A4-9, it becomes: -

A4-10a r"‘z +r2 = 2! N T(x) xzd(xz)/[ T(x) d(xz)

n
Combining A4-10a with A4-9 gives:

x[x" T(x) x2d(x?)
n

b vops v e
O, C:u'i\x oL

: L
A4-10b r!2= + 1 L T(x) d(x?)
or Xp C
A4-10 T(x) d(x?) iz
00 xate :
- . X
2= _ 0 -1 j“ T(x) d(x?) <
x"‘ 2C. Xp ’<
f T(x) d(x?) =
X B
n c

Whence r,, and rp are completely determined once x, and xp and C are

~given. The expression A4-10 , however, can be somewhat difficult to

handle, and to simplify the calculation, we rewrite A4-10a approx. by
putting

xl
fx" T(x)x2d(x?)= T(B) )f( x2 d{(x?) and f T(x)d(xz):T(B"])L N d(x?)
n

*n

where B, and B' are points inside (x X ), if this 1nterva1 is sma11

if T(x) is relatively slow-varying, then we have approx. T(B )-T(B ), and
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hence A4-10a becomes

- 12 4 2 = %2 4 yx!2
Ad-11 ™n rp = Xp X

If the interval (xn,xﬁ) is small, then A4-11 will be almost equivalent to
\A4-12 rﬁ +rp = X, t xa
xp, in that case. Hence, to determine r, and rp , either

since r rp = X,
A4-11 or A4-12 can be used in conjunction With A4-9, or the more accurate
relations A4-1O can be used alone. (Note: the reason for wanting to use
equation A4-12 instead of A4-11 in some cases is that ca1éu1ations inyolving
the former can be done much faster for a given accuracy than those involving
the latter; this consideration can be very important when calculating F.S.
haying 1aﬁge numbers of rings or/and using iterative procedures to deter-
‘mine the zone division.) Having calculated all the (rn,ra); the F.S. can
be improved in the following manner: 1f all the rp Ty are multiplied by

the same constant H, say, then the diffraction pattern does not change in
aspect, but is contracted or expanded® with a corresponding increase or
decrease in E(W) for any given W depending on whether H is greater than

or less than unity resp. Now, the pupil considered here has radius 1;
however, ry, as calculated from A4-9 through A4-12, is in most cases less
than 1. If so, the pupil space from ry to 1 is, in effect, lost; it is
desirable, then, to make r&=1 (without of course altering the aspect of

the diffraction pattern). This can be done quite simply by multiplying

~

all of the rn,rﬁ by the factor H=1/r& i.e.,

. A4-13 rp=ry/ rﬁ -Eﬁ = ra / r& ,
This process is called an homothetic transformation. To illustrate the

effect of such transformation, the diffraction patterns of F.S. 2-AZ and

A AL
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2-A2-H (differing from the preceding by homothetic transformation

only) are both shown in Fig A4-1.

Note: 1In the above treatment, we have assumed no aberrations or defect
of focus. However, it can be seen from equation A4-7 that the effect

of aberrations or defect of focus would be to multiply the integral on
both sides of the equation by the same function ei¢(x). To a first
order approximation, this factor can be taken out of the integrals and
cancelled: the work of the next chapter will show that very little

error is introduced in flux selector calculations by making first order
approximations. Hence, we expect that the flux selectors calculated '

as above wj]] be valid when aberrations are present, provided these are
not too severe. |

Equations A4-9 through A4-13 constitute the basic formulae that were

used in all the flux selector work consiaered in this thesis. Lansraux
has calculated severé] flux selectors using a 5 term expansion for T(x,5).
Choosing the simplest type of zone division, i.e., N zones of equal width
(x4 =n/N ), he has calculated 10 and 20 ring flux selectors choosing C
such that rqy=0. He has made the calculation using A4-9 and A4-12, and
then, using A4-9 and A4-11, and has found little difference between the

x -
. AOTT/\UJA. ONITARIO, CAlL LD

two cases, thus justifying, for that case at least, the validity of the
approximation of A4-11 by A4-12.. Choosing a slightly different zone
division, i.e., putting the first zone equal to a/2, then the following

N-1 zones equal to a, and the last zone equal to a/é, i.e., a total of

N + 1 zones, he has calculated 11 and 21 ring flux se]ecfors,_again choosing
C.such that rqy=0, and putting ry+1=1. These calculations were performed

us{ng A4-9 and A4-12. In this type of flux selector , condition A4-12 is
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not applied to the marginal zone. (This method of zonal division was
chosen in analogy to certain methods in numerical integration, where it
is found th;t dividing the integration interval in N-1 full zones bordered
by two half zones gives better results that dividing the interval into
N equal zones). Note: the flux selectors and diffraction patterns cal-
culated by Lansraux were re-calculated (to a higher degree of precision)
in our work, and will be considered in the next section.

The results of the above work were very encouraging;_however, to

check their validity,the work should be carried further by using the more
exact expression A4-10, and by using a more accurate expansion for T(x,5).

Furthermore, before seeking to annul a third term in A4-8b (which would

P

remove all freedom of choice of the (xp.xp), it was necessary to make a

L)

oty A
i

thorough investigation of the different types of flux selectors which
- could be obtained by changing the zone division. This extension of the

work done by Lansraux was one of the purpose of the theoretical part of

our work.

JA\NA, ONTARIO. C/
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Fig. A4-1(a) Diffraction pattern formed by the F.S. 10( 2-A2 )
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Fig. A4-1(b) Diffraction pattern formed by the F.S. 10( 2-A2-H )
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CHAPTER V

INV?STIGATION AND COMPARISON OF VARIOQUS TYPES OF FLUX SELECTORS.

The amplitude filter T(x,5) was used in all the flux selector
calculations described in this chapter. In order to simplify the
writing, we shall denote T(x,5) by T(x).

~ Furthermore, it is assumed that the optical system is aberration-
free and correctly focussed, i.e., ¢(x)= O.
A - PRELIMINARY REMARKS:

1- Calculation of flux selectors: -
| Most of the calculations described in this chapter were carried

out with an IBM 1620 computer. Since all the flux selector calculations
require the evaluation of the integrals given in either equa. A4-9 or
in equa. A4-10, it is worthwhile describing briefly how this was done.

= Pkp, T(x) ap(1-x2)p°], and then

1]
-3

Consider equa. Al-6. Putting ay

a, 7(1-x2)P=1d(x2) ; hence,

it
-3

the integral s T(x)d(x2) can be re-written I
A5-1 [ T(x) d(x?) = —g ap (1-x2)P
. ] P—

A subroutine was developped to calculate A5-1, for a given x. Hence,

this subroutine could be used in any program to evaluate A4-9. Consider

l _OTTAWA, ONTARIO, CAL DA,

now equations A4-10. Part of these can be evaluated using the above

subroutine. The integral ST(x) x2d(x2) can be evaluated as follows:

n n
£ T(x) x2d(x?) = /3 ap('l-xz)p']xzd(x’-) - za rx2(1-x2)P-Td(x2)

n -
= Ia, [(1-x2)p+1 / p¥l - (1-x2)P / p]  As-2
!
A subroutine was deve]oppéd to calculate the above expression, given X.
With these two subroutines, equations A4-9 and A4-1Q could readily be

evaluated given the zone division.



-43-

2- Calculation of diffraction pattern formed by flux selectors:
The diffraction pattern formed by a flux selector was calcu-
lated in the following manner: from equation A1-3, the diffraction
pattern formed by a Tight transmitting annulus having inner and outer
. ™ .
and rg resp. is y,(W) =M [ JO(WX)d(xz), or, putting Wx=U,

rad11 ™

Wr!
yn(W) = (2M/N§)J[- nJO(U)UdU;but, d[UJl(U)] = UJO(U) dU,whence,

Wrn
Yn(W)=(2M / W2) [Wr] Jy(Wrp) - wrnJ](Wrn)]. The diffraction pattern
formed by the N annuli of the flux selector is then

" :
A(W) = 2™ Z[raJ](Nrﬁ) - rnJ](Wrn)] / W A5-3 |

i

Now, we wish to have a normalized diffraction péttern, i.e., A(0) = 1.

To determine M, we put W=0 in the first equation above:
N | |
|
A(0) =M z (rp2- r?) = MT so that M=1/T, where T is the transmission
1 i
i
|
l

N |
AW) = 23 [ry 9 (rp) - rody ()] 7 WT

factor of the flux selector; therefore,

Obviously, the evaluation of this expression for many values of W

requires the use of a computer, and for the latier, the main task will
consist in calculating JI(Wrﬁ) and J](Wrn). Due to the importance of

this calculation for the above work and for work to be described later,

the methods used in the computation of Bessel functions will now be

described,

PN S

[y A
iy
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3- Calculation of Bessel functions with the computer:
The easiest method of calculating Bessel functions with a

computer is to use the Maclaurin expansion

J (z) = °z° (-1)" (2/2)™2" / mi(n+m) !
SR |

~

One can set up an iterative procedure which ca1cu1§tes and sums the
successive terms until the absolute value df the latter becomes smaller
than or equal to the test value representing the maximum permissible
error: since the series is convergent, then the error maae in truncating
the series at a given term is less in abso1ufe value than the first ne-
glected term; hence, every term gives the accuracy of the series up to
that point. A subroutine was developped to calculate Jn(z) (given n,z)
using the above procedure. However, the following difficulties arise:
for large arguments, the number of terms required is very large, and
accumulative errors in the computer calculations cause the accuracy to
deteriorate very faét; consequently, the calculations have to be carried
out with a much larger number of significent figures than is required

in the value of Jn(z). Even then, this procedure is only good up to
arguments z=40. Furthermore, the speed of computation is quite sTow,
especially for large arguments. To calculate Jn(z) for large z (z > 20,
say), an asymptotic expansfon can be used!®. The difficulty in using

these series lies in the fact that they are not convergent; hence the

truncation point has to be chosen more or less arbitrarily. A subroutine

was developped to calculate J](z) from an asy&ptotic expansion, truncating

the series at their minimum point, or when the terms reached a certain

pre-determined value, whichever came first. This subroutine and the one

l TTAWA, ONTARIO, CAN.. DA,
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described above for arguments z less than 20, could be used to calculate
J](z) to 10 significant places (max. error = 10-]0) and for any argument:
the only drawback was the slow speed of the calculations. For ex., cal-
culating the diffraction pattern of a 10 ring flux selector for 200 values
of W takes about 8 hours on the IBM 1620. This was unacceptable, so that

a faster method had to be found, even at the sacrifice of some accuracy.

E.E. Allen, in M.T.A.C.1* review, gives the results of such a method, based

on Chebyshev polynomials, and used to calculate Jo(z) and_J](z). With
this method, Jo(z) and J](z) could be calculated for any z with a max.

'8, and an average speed about 8 times faster than that of

error of 3x10
the previous method. For diffraction pattern calculations,the reduced
precision of this last method was not critical. However, for the cal-
culation of certain>types of flux selectors, or of special diffraction
patterns, the first method was used because highér precision was required
or because higher order Bessel functions were to be calculated. Hence,
in all the work that follows, Bessel functions were calculated by one
of the two methods described above, the choice of method depending on the
speed vs. accuracy requirement.
4- Special Diffraction Patterns:
a) Circular Grating:
This "grating" consists of alternate opaque and light

transmitting rings all having the same width. It is the analogue, in

rotationally symmetric pupils,of the ordinary plane diffraction grating.-

"y

SVAVEON

OTTAWA, ONTA

4

Th1s grating, as well as the diffraction pattern it forms, are included in
our work for comparison purposes (See Fig. A5-3). Note that the d1ffract1on

pattern formed by this type of grating is even worse than the Airy pattern,
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so that it could not be used to improve the quality gfoptical images;
(for an infinite number of rings, the circular grating would give a
diffraction pattern identical to the Airy pattern).
bj Amplitude filter T(x):-
R In this chapter, the diffraction pattern formed by T(x)
for values of W from O to 325 is needed for comparison purposes. Gauss'
method of numerical integration (chapter IfI) is not suitable for such

an extended range of W; hence, we have used instead the following method.

From A1-3, and using expression Al-6 for T(x), we have that

n 1 -1
AM) = M § pkp.j- ('l-xz)p Jo(Wx) dx2
o

The integralsinside the summation sign are the well-known Hankel transforms.

1.

(P,

Hence, with M = zkp so that A(o) =1 , the diffraction pattern formed by

T(x) is given by

n b '
A(W) =} Zp kp 2" (p-1)! Jp (W)

n
P

_ W § kp ‘

The diffraction pattern calculated from this expression for values of W

OTTAWA, ONTARIO, Cfi o0

from O to 100 is shown in Fig A5-2. The expression above can also be

used for the calculation of the diffraction pattern formed by T(x,M).

B — CLASSIFICATION OF FLUX SELECTORS:- | ‘
: Because of the many different types of flux selectors possible, it

soon became necessary to assign a code number to each flux selector for

reference purposes. The code number consists of 2 or 3 sections, separated

from each other by hyphens.

The first section indicates which of equations A4-9 to A4-13 were used

for the calculations: A4-9 + A4-11 are denoted by 1b - (or 1B-), A4-9 + A4-12
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by 1a - (or 1A), and A4-10 by 2- . Note that in each case, the 1 or
2 also give the number of terms that are annulled in A4-8.

The second section is composed of one (or more) letters, followed
by a number. The letter(s) designates the type of zone division used
in calculating the flux selector; if more than one Tetter is used, the
additional ones indicate subdivisions in the class de;ignated by the
first letter. For example, PA, PB, PC, denote three t&pes of zone
division, all included in a certain class P. The number following the
letter(s) designates the choice of C in A4-9 or A4-10. Grouping zone
types (such.as PA, PB, PC) or some constants C in a class can resu]t:
either from an arbitrary choice (e.g. for reference purposes) or from
some ané]ytica] relation between them.

The last section consists of the single letter H and is included
if the flux selector is Homothetically transformed and is omitted if
it is not.

Finally, if it is desired to state the number of rings in a flux
se]ector, this can be done by enclosing the code number in brackets
and putting the number of rings in front; thus, 10(2-A2-H) means a 1O

ring flux selector of the type 2-A2-H.

'Examples: ,
(1) 1a-A2-H: flux selector calculated using A4-9 and A4-12, having a

zone division given by xﬁ = n/N , and C being chosen such that

r1=0; the flux selector is homothetically transformed.

(2) 1a-A4-H: same as above, except that C is chosen such that ri =Ty,

and r]=0. (Because of these two simultaneous conditions, relation

A4-12 is not applied to first zone).

l JOTTAWA, ONTARIO, CAMNLOA,
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(3) 2-A2-H: same aé (1), except that equations A4-10 are used to
perform the calculations. |

(4) 2-A51-H, 2-A52-H, 2-A53-H: same as (3) except for the choice
of C: the numbers 51, 52, 53 represent C=50, 10 and 5 respectively.

C - DISCUSSION OF VARIOUS FLUX SELECTORS CALCULATED:

P.N,

The flux selectors described below are gfouped accor&ing to their
type of zone division. The results of the calculations for these flux
selectors are given in Fig. and Tables A5-4 to A5-22 in the same order.
The data sheets give the following information:

(1) the transmission factor T = g (r;‘2 - r:) = ratio of the amount of
light fransmitted by the flux selector to the total amount of in- S e
cident Tlight. ' i

(2) the zone boundaries xa , denoted by XP(I); note that X(I) = XP(I-1)
and that X(1)=0.0 in all cases.

(3) the inner and outer radii (rn and rﬁ) of the light transmitting rings

3 = 1=
in the flux selector [rn or gn_R(I), ra or r;s RP(I)].

OTTAWA, ONTARIO,

(4) the diffraction pattern formed by the flux selector for W =0 to 100.

The W axis is divided at intervals of 5, whereas the A  axis
is divided at intervals of .05. A1l the diffraction patterns—are norma-

1ized so that A(0)=1 in all cases. The curves are accurate to about

4

+.004 (approx. the thickness of the line).
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-1- ZONE DIVISION TYPE A:

The zone division in type A flux selectors is given by the equation
xa=n/N. This is a-priori the simplest type of zone division. The va-
rious flux selectors using type A zone division will now be described.
1a-A2-H : Fig and Table A5-4

This is one of the flux selectors which was already calculated
by Lansraux. It has been re-calculated here with greéter precision.

The calculations were done for 10 zones and can be represented schema-

tically as follows:

. x| N
A5-4 [ (A4-9/A4-12) + A4-12] x 1/2 »rl= 1/2 [xtx+1/C f nT(x)d(xz%nﬂr"]
: X
n

x!
A5-5 [(A4-9/A4-12)—A4-]2]X 1/2 » rn=1/2[xn+xﬁ - 1/?/. nT(x)d(xz) xn+x;]
X

and ry =0~ c i]x] T(x) d(xz)//xi.2
0 .

Homothetic transformation: 35 = ra/r& , gn= rn/rN
1b-A2-H: Fig and Table A5-5 '

This flux selector was calculated previously by Lansraux. The cal-

culations were done here for N=10. We have:

. . xl
A5G (Ad-9 + Ad-T1)x 1/2 > ri2= 1/2Lni2 + 32"+ 1/C[ 1 T(x) d(x)]
:
n

' ' . x!
A5-7 ({A4-11}- {A4-9})x 1/2 » r; = 1/2[x"\2 + x; - 1/9jﬂ NT(x) d(x2)]
X
‘ n

The condition ry = 0 gives the same value of C as in la-A2-H, and the

F.S. was homothetically transformed, as before.

I
[

OTTAWA, ONTAR: O,
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The requirement r1=0, which determines C in both of the above

flux selectors, results from practical considerations; vizA; the

d1ff1cu1ty of producing an opaque spot at the center of a Tens and

the des1re of maximizing the transm1551on factor of the F S
§ Fig and Table A5-4 and Fig and Table A5-5 give the results of

the calculations for F.S. la-A2-H and 1b-A2-H resp: Note that these

two F.S. are almost identically the same.‘ It appears, then; that for

type A zone division, at least, it makes very little difference whether

we use A4-11 or A4-12 in calculating the F.S. —

It will be noticed that the diffraction pattern formed by the
above flux selectors is'a1ready very similar to the one formed by the
amplitude filter T(x), except for the region around W=60, where very
luminous rings appear; these rings {or principal maxima) are analogous
to the principal maxima occurring with the ordinary plane diffraction
grating, and hence can be thrown back to a sufficiently large value of
W by increasing the number N of rings in the F;S.

la-A4-H H: F1g and Table A5-6.

A brief inspection of the ring radii for F.S. 1a-A2 H (or 1b<A2-H)
shows how narrow the first opaque ring (r2=r]) is; 1n practlce, such
narrow rings are difficult to make. We could eliminate this ring by
putting ri=r2. This congftion, coupled with addedicondition r]=0, would
not only determine the constant C, but would also mean that equation
A4-12 would not be applied to innermost zone. Flu%.se1ector la-A4-H was

calculated according to the above requirements. The constant C was

determined in the following manner:

J R

Yy Aopr o
O, CANA
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2 .1 .
From A4-9, we have ri = 1/C‘£. T(x) d(x2) . From A5-5, we have r2=35 -.33x
.2 2
[Frt0a02
A 5 . Equating r; and ry , we obtain a quadratic equation
C .

in C (after squaring), which has two rdots; one of these roots was re-
jected because it causes over1épping of some rings.With the other root,
the flux selector was calculated, then homothetically transformed;
comparing this 9 ring F.S. with the previous ones, we find that it gives a
diffraction pattern that is almost identical to the latter's with the
added advantages that its transmission factor is slightly higher and,more
important, the first opaqde ring is 3 times as wide as in la-A2-H(.002),
and 2 times as wide as in 1b-A2-H(.003).

1b-A4-H: Fig and Table AS-7. ,

Noting that in type 1b-A2-H, the first opaque ring is wider that ‘ G
that in la-A2-H, we have calculated the flux selector 1b-A4-H (similar
to la-A4-H but using A4-11 instead of A4-12) to see if we can get any
further gain in the width of the first opaque ring. C is calculated as
follows: for the first zone, we have,from A4-9,r;2= ]/C4£1T(x) d(x?) ,

a2
and for the second zone, from AS-7, rg = .025- (I/ZCM] I(x)d(xz).

AWTA WA, ONTARIO

1 .2
Equating these two expressions, we get C=40 P].le)d(xz) + .?]} T(x)d(xz)].
' ) . L

With this value of C, the flux selector was ca1c;1ated from equations A5-6
and A5-7, then homothetically transformed. The %esults are slightly
better than those for la-A4-H: the diffraction péttern formed by 1b-A4-H
would be undistinguishable from that formed by 1;-A4-H but the former has

an innermost opaque ring of .0065 compared to .0060 for the latter.
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2-A2-H: Figures and Tables A5-8 to A5-11
This flux selector was calculated from equations A4-10, and,

as the code indicates, C was chosen such that rI =0, i.e.,
1

IX'T(x)xzd(xz)
- _ 70

2C ' Y2
[ f 1 x) d(xz)] :
0

The flux selector was homothetically transformed as usual. This F.S.

was calculated for 9, 10, and 11 rings, (the 9 and 11 for comparison
with other 9 or 11 ring F.S., such as la-A4-H or 1b-B2-H resp.). If
we compare the data for 16(2-A2-H) with the corresponding data for
Ta-A2-H and 1b-A2-H, we note that the transmiséion factor is slightly
better for 2-A2-H and there is very little difference in the flux

Ap e
UYL sk,

—~ =
(2

selector radii énd in the diffraction patterns.

5
~

OTTAWA, ONTARIO,

These comparisons show that for type A zone division, it makes
very little difference in the diffraction patterns what mode of cal-
culation we use (la, 1b, or 2). This will be the more so the larger
the number of rings. Since type la takes the least time to calculate,

then it would be the most convenient to use for large numbers of rings

(N= 100 to 1000). At this point, we could envisage simplifying the F.S.
calculations even further, for large N, by writing A4-9 approximately as ‘

12 2~ |2_ 2
A5-8 SR (1/C)T(3n) (xn xn)

where Bn is the abscissa of a point inside (xn,xé), and we could choose it

to be either Bn = Xp ¥ X or 8, j//;ﬁz + x%
2 2
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One of these, as well as A5-8 and A4-11 or A4-12, could be used to cal-
culate flux selectors for large N. This type of F.S. would be dencted
by Oxy-..., where 0 indicates that no terms are annulled (exactly) in
A4-8, x is a or b depending on whether A4-12 or A4-11 resp. is used, ahd
y is a or b depending on what choice of B, is made.

2-A5...-H Series: (Figs and Tables A5-12 to A5-14)

In F.S. 2-A2-H, C was chosen to make'r]=0. This s in fact the
minimum possible value of C, since making it any smaller would make riz
negative in A4-10; this value of C is also the one which makes the trans-
mission factor max., and the width of the rings max. We could have chosen
C differently. The larger wé make it, the smaller the transmission factor,

and the narrower the rings; but what is the effect on the diffraction

al

AL

pattern? Could a larger value of C improve or otherwise modify the aspect

Aop v,
LY TN

~
{
Ay

of the diffraction pattern? To answer this question, flux selectors were

)
~

calculated with 1/2C equal to .01, .05, .1, .3, and .5 . The flux selectors
corresponding to these values of 1/2C are denoted 2-A51-H, 2-A52-H, 2-A53-H,
2-A54-H, and 2-A535-H resp. (Note: for 2-A2-H, 1/2C=.53). The data for three

of these is given. It will be seen that the diffraction patterns are not

OTTAWA, ONTARIC

improved, quite the contrary. Hence, this group of flux selectors has no i

£
. $
B i

practical interest.
-2~ "ZONE DIVISION TYPE B:

| This type of zone division was considered by Lansraux in some of the
flux selectors he calculated (see introduction): there are N+1 zones, whose
widths vary as a/2, a, a8, ... a, a/2 . The zone boundaries are given by

x; =(2n-1) / 2M , n=1 to N, with g&+] = 1 as usual.
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Ta-B2-H: Fig and Table A5-15

This flux selector was calculated by Lansraux. It is re-calculated
here to a higher precision. The case N=10 was considered. Again, the
constant C is determined by requiring r1=0; hence, C = 400]2'9 T(x) d(xz).
The inner and outer radii of the N first rings are determined from equations
A5-4 and A5-5. The last zone is treated slightly differently than in pre-
vioua cases. 'On]y.equations A4-9 is applied tp it, and }ﬁ+] is set equal
to 1. This determines R (This F.S. need not be homothetically trans-
formed since rN+]-1 already). From the data sheets, the following observations
can be made about F.S. 1a-B2-H. | |
(1) The inner opaque ring and the outer transparent ring are very narrow

(cf. F.S. la-A2- H)

Y ThaAL

(2) The amp11tudes of the secondary maxima are lower than those in F.S.
11(2-A2-H).
(3) 1Its transmission factor is 4% lower than that of 11(2-A2-H).

P N T
LSV

)

A,

As in type A zone division; we can increase the width of the inner-
most opaque ring by choosing C such that ri=r2 (i.e.,'eliminate first

opaque ring). The procedure is exactly the same as for F.S. la-A4-H and

OTTAWA, ONTARIC

1b-A4-H. The resulting F.S. 1a-B4-H and 1b-B4-H are given in Fig & Table
A5- 16 and A5-17. Again, we note that la-B2- H and 1a-84-H (hence, 1b-B4-H)

A

g1ve the same d1ffract1on pattern, but that la-B4-H and 1b-B4-H have much
wider innermost opaque rings. Type 1b-B4-H is tha best of the group in
that respect. | o

-3~ ZONE DIVISION TYPE C:

2-C2-H CZ H: Fig and Table A5-18.
From a practical po1nt of view, it would be convenient if we could

have a flux selector whose transparent rings all had the same width; i.e.,
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rﬁ -r,=a constant. If we further require that r]=0, then these two
conditions determine completely the (xn,x6)(type C zone divisfon).
Equations A4-10 were used to determine the solution. The latter cannot
be obtained exb]icit]y; however, with a computer, it can be obtained by
using an iterative procedure. For a given N, we have found only one
solution. The procedure used can be summarized as follows:

The calculation is divided into two parts (Pngrams); the first part

(the ?scanf) determines if the solution exists and gives approk. values
for the parameters involved; the second part (called the "c;nvergence")
uses the results of the scan to determine the solution accurately. In
the scanning program, an.initial value of xi = (1/N)* is chosen by giving
to o a certain arbitrary.value. Fbom equations A4-10; the width W of

the first ring is calculated. Then, by means of an.itekative procedure,
a value of xé is determined such that the width of the second ring equal
W. This procedure is repeated for the successive zones until Xﬁ_] is
determined. x& is always 1, of course, so that we have no control over

the Tast ring. However, the width W,k of the last ring is calculated, and

N

the difference DEL=N—NN formed. Now, by repeating all of the above cal-

culations for various values of a, DEL is observed to vary from positive
to negative values, meaning that there exists a value of ay for which
DEL=0 (which is what we want). Determining exactly this value of o,

] 1
(@nd hence, the XnoXpTno n _ ;
procedure applied to the parameter o is the purpose of the convergence

program. The latter uses as input data somg" approxf values of Gy deter-

minéd by graphical interpolation from a DEL vs o plot obtained from the

results of the scanning program. The whole calculation is quite lengthy

i.e., the F.S. jtself) by means of an iterative

i,

YR PN

(o
[OPATE

ATT/\‘J‘JA, ONTARIO,
; B ’
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(approx. 2 hours on IBM1620) and the resulting F.S. gives a diffraction
pattern which is poor compared to the ones produced by types A and B

F.S. (see data sheet). However, for 1argé numbers of rings, the results
might prove to be more interesting. Note that this type of flux selector
would be one of the easiest to make for large N, not only because of the
constant width of the rings, but also because this width is quite large
compared to that of the outer rings of flux selectors of-type AorB
having the same number of rings. Note also that transmission factor is
about 10% greater than for type A.

-4- "ZONE DIVISION TYPE P: Fig & Table A5-20 to A5-22

This type of zone division results from the following discussion:
Consider equation A5-3 giving the (un-normalized) diffraction pattern ;ﬁ

produced by a flux selector. This equation can be re-written A(W)=2yn(W) ' o
3 ‘ - 2 1 1y o ol ! = S

w1th_wh(w) (2M/u )[zn J](zn) z J](zn)] where z Wrn and z Wrn. uppose

we could find a value of W = wo and a set of values rn,ré (with their asso-

ciated xn,xﬁ) which, while satisfying equations A4-10, would be such that
the Zﬁ and z would be distributed along the curve uJ](u) in the manner

illustrated below (Fig. A5-19).

IOTT/\WA. ONTAR;

A
UJ](U) ] t ' ' ! '
102 103 10y ' Os 1 OL6 ‘o
1 ' ] ' 1 K -
[l 1 1 . ' Z z'
' ! ! : ! oee i
' 2 Z; Xz .
z! ' ! H H '
L e 4 & + - & o
z,=0 ‘)tif/ ; : u
a Z: Zu ; Z.'. Zb 3

Fig. A5-19
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dz:=B] is the first root of J](x)=0; the kth extremum of the curve uJ](u)

th

occurs at a value u given by u o s where a, is the k

K root of Jq(x)=0.

L

What can be said about a flux selector satisfying the above conditions?

(1) ry would be zero

(2) for W = Wy, every v, (w ) = 0, hence A(w )

(3) if we vary W about Wy " every contribution yk(w) to A(W) will have oppo-
site parity to that of yk_](W) [or to Yis (W)], so that the resultant A(w)
will be small; hence, we can expect a re1at1ve1y dark region around wo.

(4) from Fig A5-19, we can see that (zﬁ + zn) ] 2 = s hence, WORN-aN,
but akzkw, and RNz 1, whence wozNw . Por N=.10, then, w0=31 (which would

be situated about halfway between the center and thé first principal

ol
AV

1
s,

-~

maxima in diffraction patterns of type A F.S.
We can summarize as follows the conditions imposed on the F.S.
defined above (if it exists):

AS-IQ (a) ri=0 (b) wo,rn,ré such that zg J;(z;) - 26 J](zn) = 0 for all n

OTTAWA, ONTARI

(d) equations A4-10 satisfied.

(c) W (rp + rn) / 2 =0

Finding a flux selector which will satisfy all of the above requirements

is not an easy task. Also, such a flux selector will not exist for any value ﬁ
of W. The sqlution(s) to this problem should give us wo as well as the zone E
division, and the values of the ring radii rn,rﬁ. The solution (again, if

it exists,) cannot be obtained explicitly, but only by means of a lengthy

iterative procedure. As in the case of type C zones, the calculation is

divided into two parts: a scanning program and a converging program.  The
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iteration parameter will be W. The iterative procedures can be summa-
rized as follows:

(1) Scan: With initial value of W (chosen a-priori), put ri = B,/W.
Using equations A4-10, and an iterative procedure, determine xi corres-

ponding to the above r.; then, use iteration to determine xé (hence ré

1
and r2) such that A5-10 (b), (c) and (d) are satisfied; repeat this last

step to determine xé, etc.; until x&_] is determined. of course, x&=1,

so that 6 = r&J](wrﬁ)-rNJ](WrN) is already determined and is not zero in

general. A1l of the abdve procedure is repeated for various values of

W, and a plot of 6 vs W indicates if any solution (6 = 0 ) exists. (Such

a plot indicates, in fact, that for a given N, more than one solution

.exisfs.) iﬁ

(2) Converging program: from the graph obtained above, the approximate :é

2,

value(s) of W for which the solution(s) exists is deduced, and introduced
into a converging program, which is almost the same as the scanning pro-
gram, except that it introduces an iterative procedure re W and 6 to

determine exéct1y the value wo for which 6 = 0. (NoteE the condition

OTTAWA, ONTARK

A5-10(c) cannot be guaranteed for the last ring since the latter is deter-
mined completely from the calculations of the previous rings._ However,

inspection of the scanning results indicates which solutions would or L
would not satisfy A5-10(c), and only the former could be selected if it X

was so desired.)
RESULTS

" The calculations were made for N=10. The scan indicated that no
so]ﬁtions existed below W=20. In the range W = 20 to 40, 3 solutions

existed, and these are given in Fig & Tables A5-20 to A5-22. The values
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of W for which a solution can be obtained are 29.27(2-PA2-H),32.38
(2-PB2-H) ,40.23(2-PC2-H). Beyond W = 40, other solutions would exist,
but these would not be interesting, as can be deduced by inspection of
the data for 2-PC2-H. F.S. 2-PA2-H and 2-PB2-H are of the same type,
2-PA2-H being the N=9 solution. (Because of the way the calculation is
carried out, the solutions for both N and N-1 can be obtained for a given
N.) We may note that condition A5-1d(c) is satisfied for the last ring
in both PA and PB, whereas it is not Tor PC. (where we have that

W(ry + r“) / 2 =a It then appears as if, for a given N, there

N+1 )-
is only one solution satisfying all the conditions A5-10. For N=10, this
solution is the F.S. 2-PB2-H. The most remarkable thing about this F.S.

is its striking similarity to F.S. 10(2-A2-H). There is little difference
between the zone boundaries of these two flux selectors, especially for

the outer zones. The same can be said about the values of the ring radii.
The diffraction patterns, finally, are almost identica1; apart from a phase
differeﬁce m in the structure of the principal maxima. Exactly the same
comments can be méde about flux selectors 9(2-A2-H) and 2-PA2-H. Hence,

we are led to induce that whatever the number N of ring, type P will always
be yery similar to type A. The above results explain why type A (or type B

by extension) flux selectors gave good diffraction patterns.

=5« ZONE DIVISION TYPE Q:
°2:Q2-H: Fig. and Table A5-23
Type Q zone division is such that all the opaque rings have the same
width. Such a F.S. would be easier to make than types A, B, or P, and

presents an alternative to type C flux seleccors (which were calculated for

the same purpose). The method of calculation is similar to that for type C,

A

OTTA\““”AI ONJ,‘E“'\\; ;). C{r"ur.i‘. .‘,_’.;;j L.
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and, consequentTy, will not be exposed here. See Fig A5-23 for the
results of the calculations, and the diffraction pattern. The latter is

nqt too interesting for N = 10, but perhaps might be for large M.

6= "MISCELLANEOUS TYPES OF ZONE DIVISION:

Several more types of zone division were considered, but thHese

~

will be discussed only briefly, since we have found a-posteriori that

these flux selectors are not useful.

Zone divjsion such that rings all have the same area. This flux
selector was calculated by means of an iterative procedure.
'2-DE2-H:

SimiTar to type P, gxcept that successive even roots of JO are used
in calculations; this Ffs.:was&§n attempt to minimize the amplitude of
fhe first prinéipa] maxima in'the diffraction pattern.
2-D02-H:

Same as above, except odd roots of J  were used.

2-E2-H,2-F2-H,2-G2-H:

Zone division given by xa = (n/N)* 0 = .5, .75 , 1.25 resp.

2-K2-H
| This type represents an attempt to throw back to larger W the first

principal maxima; zone division of the type a, 2a, 3a, ...

2-1.2-H

Same purpose as above, except zone division is of the type a, 3a, 5a, ...

Nl
-

o
LEPen UL P
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Fig. A5-1 Airy pattern (= diffraction pattern formed by the pupil T(x)=1 )
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Fig. A5-2 Diffraction pattern formed by the amplitude filter T(x,5)
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TABLE  A5-3

10 RINGS CIRCULAR GRATING

TRANSMISSION FACTOR T OF FLUX SELECTGR

T= 0.52632

VALUES 0OF XP(1I)

0.10000
0.60000

0.20000
0.70000

0.30000
0.80090

0.40000
C.90000

VALUES OF INNER AND OUTER RADII CF RINGS

0.50000
1.00000

I= 1 R{I)= 0.0 RP({I)= 0.05263
I= 2 R{I)= 0.105256 RP{I)= 0.15789
= 3 R{I)= 0.21053 RP{I)= 0.26316
= 4 R{I)= 0.31579 RP{1)= 0.36842
I= 5 R{I)= 0.42105 RPI{I)= 0.47308
= 6 R{I)= 0.52632 RPLI)= 0.57895
I= 7 R({I)= 0.63158 RP{1)= 0.68421
= 8 R{(I)= 0.73684 RP(I)= 0.78947
= 9 R{I)= 0.84211 RPII)= 0.89474
1= 10 R{I)= 0.94737 RP{l)= 1.00000
T T T T | E— T T T 1 T T 1 | p—
wx{\ ] 1. L AVA\ ) e N A\-/l \L, 1 —1 1 L ]

Fig. A5-3 Diffraction pattern formed by the 10 rings circular grating
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TABLE _A5-4

10 RIMGS FLUX SELECTAOR 1A-A2-H

TRANSM"ISSICN FACTOR T OF FLUX SELECTAR

T= 0.44179

VALUES OF XP(T)

0.105000
0.¢£2000

0.20000
0.70000

0.38200
0.80000

040000
0.20000

VALUES OF INNER AND GUTER RADII ©F RINGS

2.53000

1.00000

I= 1 R{I)= 0.0 RP(I)= ©.10470
I= 2 R{Ij= 0.10672 RP{I)= (0.20733
I= 3 R{IY= 0.21527 RP{I)= 0.30824
I= 4 R{I)= 0.325390 AP{I)= 0.40762
I= 5 R{I)= 0.43635 RP(I)}= 0.50598
I= 6 R{I)= 0.54787 RP{I)= 0.060386
I= 7 R{I)= 0.65935 RP(I)= 0.70179
I= 8 R{I)= 0.77030 RP(I)= 0.80024
I= 9 R{I)= 0.830343 P(1)= 0.8G657
I= 10 R(TI)= 0.93935 kKP(I)= 1.00C090
T T T T T T T T T T T v T T Y T T
i Y W N ) ; 1 1 1 |\//\\n-//1-\4 L 1 1

Fig. A5-4 Diffraction pattern formed by the F.S. 10( la-A2-H )

AN

SNy

IR SRR
[

9}

OTTAWA, ONTARIC

A




Y

10 RINGS

TRAMSHISSTON
T= 0.4417°¢
VALUES

0.10000

0.60000

VALUES

i
D N0V D RN e

aF XP(I)

IMNER

FLUX SELFECTOR

TABLE

0.20000
0.70000

AMD CUTER RADII

0.0

010754
021032
0e32047
0.43759
054891
0.566017
0. 7708%
0.R83069
0.989385

3-A2-H

A5-5

FACTO? T 0OF FLUX SELECTOR

0.3200C0
0.80000

0.40000
C.20000

UF RINGS

| T (R T S O VI | B 11

£.10456
0.20761
0.30875
0.40834
0.50680
0.60464
N.70247
0.80072
0.3%982
1.00000

« 50000
1.C0000

I= 10
!

L
I\

Fig. A5-5 Diffraction pattern formed by the F.S. 10( 1b-A2-H )
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TABLE  A5-6
9 RINCS FLUX SELECTOR 1A—A4-H
TRAMSHISSTOCN FACTOR T QOF FLUX

T=  0.45040

VALUES GF XP({1)

0.1900¢ 0.20000

0.30000

SELECTOR

0.40000

0.50000

0.60004Q 0.70000 0.80000 0.20000 1.CG00Q00
VALUES OF INNER AND QUTEL RABILI OF RINGS
I= 1 R{1)= 0.0 RP(T)= 0,20836
I= 2 R{I)= 0.214733 RP{I)= 0.30G613
I= 3 R{I)= 0.32446 RP(1)= 0408270
1= & RUI)= 0Q.43562 RP(I)= 0.508661
I= 5 R{I)= 0.54726 RPLIY= 0.580435
I= 6 R{I)= 0.65885 RP{I)= 0.70213
I= 7 R{I)= 0.75973 RPl{l)=  0.30045
I= 8 R{I)= 0.83010 RO{I)= 0.87S66
I= 9 R{I)= 0.98915 RP{I)= 1.00000
b I T i 1 1) ] 1 t L 1 L i I v I 1
i \ A . 1 i 1 i 1 - 1 [\l /l-\ [ 1 L i 1 ]
A\
-
-
-

Fig. A5-6

Diffraction pattern formed by the F.S. 9( Tla-A4-H )
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TRAMNSHISSICON FACTOR T OF FLUX SELECTIR

T= 0.45091

VALUES UF XP(T)

0.10000 0.20000 0. 30000 Q40090 0.%0000
0.66000 0.70090Q 0.80000 C.920000 1. CO000

VALUES OF INNER AND OQUTER RADIT NF RIMGS

I= 1 R(I)= 0.0 RP{I)= 0.20¥48
= 2 R{I)= 0.21490 RP(I)= 0.30965
= 3 R{T)= 0.32533 RP{I)= 0.409106
= 4 R{I)= 0.43656 RP{I)= C.50750
= 5 R{I)= 0.54815 RP(I)= 0.60521
= 6 R(I)= 0.65959 RP(I)= 0.70237 L
= 7 R{I)= 0.77043 FPLIY= 0.80097 3
I= ¢ R{I)= 0.83035 RP(T)= 0.72693 g
I= 9 R{I)= 0D.98913 KP{I)= 1.00000 é?
»]
] 1 1 ] ] ] ] ] L] ) ] ] T T ] \ 1] ¥ ] ] é
i o
i =

Fig. A5-7 Diffraction pattern formed by the F.S. 9( 1b-A4-H )



TABLE  A5-8

9 RINGS FLUX SELECTOR 2-A2-H !

TRANSMISSICN FACTOR T OF FLUX SELCECTOR
T= (0.45051
VALUES OF XP(1I)
.0.11111 0.22222 U.333332 Q.444844 0.55556

0.666617 0.77778 0e.337269 1.0C000

VALUES 0OF INNER AMND OUTER RAZDII COF RINGS

I= 1 R{I)= 0.0 RP(I)= 0N0.11734
I= 2 R(I)= 012097 RP(I)= (0.23235
I= 3 R{I)= 0.24379 RPLI)= 0Q.344756
I= 4 R{[)= 0.26826 RP{TI)= 0.45510
= 5 R{I)= 0D.49262 AP{1)= C.56406
1 6 R{I)= 0.61901 EP(I)= 0.567245

= 7 R{I}Y= OQ.74363 RiP(I)= C.78C99 B

= 8 RYT)= DeB806675 Re(T)= 0.32020 ;i

I= ¢ R{(I)= 0.98752 RP(I)= 1.00000 )

3

At T T T ¥ Y T T T T T Y Y T ¥ ¥ Y T T ] %

- O

7 =

i el 1 ] ) ! ! VAN S NN { 1 1 1 1 L w

Fig. A5-8 Diffraction pattern formed by the F.S. 9( 2-A2-H )
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TRANSMISSICN FACTOR T OF FLUX

T= 0.44450

VALUES 2F XP(1)

0.156000 Q.20000 0.30000 0. 40000 N 50000
T 0.,60G00 0.70000 0.320000 26 20000 1.00000
VALUES NF INNER AND QUTER BANII OF RINGS
I= 1 E{I)= 0.0 “P(I)= 0.10502
I= 2 R{1)= 0.,10768 Re(I)= 0.20835
I= 3 R{I)= 0.21675 AP{I)= 0.23676
I= 4 R(1)= 0.32718% per{I)= 0.40956
I= 5 R{(I)= Ce43847 RP(1I)= 0.50820
I= 6 R{I)= 0.55007 *P(I)= 0N.60618
I= T R{I)= D 66145 a{l)= C.70402
[= 8 R{I)= 0Q.77211 RP{I)= 0.80216
I= ¢ R{I)= N.388157 RP(T)= 0.30G85
I= 10 P{1)= QaG8929 Rp({I)= 1.00000
T T T Y T ¥ T T Y ¥ T V T T T Y I
i R S R 1 ! ! ] Ldﬁﬂ\a /TN 1 s 1 L
A\ g

Fig. A5-9 Diffraction pattern formed by the F.S. 10( 2-A2-H )
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TABLE  A5-11

11 RINGS FLUX SELECTTR 2-al-it

TRANSHISSTEN FACTOR T GF FLUX SELECTOR

LAY

T=  0.43972

VALUES NF XP(1)

0.09091
054545
1.00000

0.18102
0- 636%5)

« 27273
C.T72727

0.36204
0.81818

VALUES OF TNNER ANC CUTER RADIT CGF RIMGS

0.45455
0.C09009

i 1 R{I)= 0.0 RP(I)= C.0G5C4

I= 2 {I)= 0.0970% RP(T)= 0.13821

| 3 R{I})= 0.,195146 RP(I)= 0.22113

I= 4 R{I)= 0.29434% FP{I)= (0.3721¢

I 5 R{I)= 0.39437 PP{I)= 0.46228

I= 6 PlI)l= 0.49475 RP{I)= 0.55172

1 7 R{T)= 0.59523 RP(1)= 0.564089

I= 8 R{1)= (0.69337 ar{l)= 0.732011

I= S R{I)= D, 73427 RP(I)= 0.81S065

I 10 ()= 0.89342 RE(I)= 0.90955%

I= 11 R{T)= C.95353 RP({I)= 1.00000
T T T T T T T T T T T T T T T T T T J

I v N\ N1 1 1
Nl 1 i 1 L L 1 L T \/

Fig. A5-11 Diffraction pattern formed by the F.S. 11( 2-A2-H )
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TABLE . A5-12

10 KINGS FLUX SELECTG 2-ALl1-d

TRAMSMISSION FACYOR T OF FLUX SELECTAR

T=  0.C0893

VALUES 00F XP(T)

0.,10000
0.50000

0.20009
0.70099

0.30000
0.80000

0.40000
0. 90000

0. 50000
1.,00000

VALUES OF INNER AMD DUTER RADIT OF RINGS

1= 1 R(I¥= 0.07391 kP(l)= 0.0752¢
= 2 RUTI)= 0D.156575 RP{I)= 0.l0766
= 3 R{1)= 0.20752 KP({I)= 0.26%¢5
= 4 R{T)= 0.37130 2P(1)= Q.37344
= 5 R{I)= 0Q.47542 RP{IY= 0.47781
I= 6 R{I)= 0.59129 RP{I)= 0.58241 o
= 7 R(1)= Q.638524 RP(1)= 0.68709 7
= B R{IN= 0.79112 RP(I)= 0.79172 L
I= 9 AlI)=  0.89576 RP{1)= 0.89615 o
I= 10 R{l)= 0.62979 RP(I)=  1.20000 ({
-
o
Atw) ! T L] 1 L) T T T T L] T T 1] L T T T T T 5
] <
- -1 ‘L,
I L ! 1 ] \ L 1 ) At—/l-\\'/'f—‘“ — = L w

Fig. A5-12 Diffraction pattern formed by the F.S. 10( 2-A51-H )



TABLE, A5-13

10 RINGS FLUX SELECTCOR 2-A53-H

TRANSMISSICN FACTOR T OF FLUX SELECTAR

T= 0.C3808

VALUES OF XP(T)

. 0.10000C 0.20000 0.30000 0.40000 N0.%0000
0.60000 0.70000 0.530000 C.90000 1.70000

VALUCS OF INNER AND QUTER RADIY 2F RINGS

I= 1 R{I)= 0.00676 RP{I)=  0.08166

iI= 2 R{I)= 0.19564 RP(1)= 0.17586

1= 3 R{T)=  0.25913 RP(T)=  0.27747

= 4 R{D)=  0.35400 PP(I)= 0.38034

= 5 RUI)= 0.409660 RPII)=  0.48354

= 6 R{I)= 0.57507 RPII)=  0.538635 ,
= 7 R{I)= 0.68174 RP(T)=  0.69023 -
= 8 R(T)= 0.7270% RP(I)=  0.73365 B
I= 9 R{I)= 0.99317 RP(1)=  0.89702 G
I= 10 R{1)= 0.92735 RP{1)= 1.00000 :

AlW)

Fig. A5-13 Diffraction pattern formed by the F.S. 10( 2-A53-H )




TABLE . A5-14

10 KRINGES FLUX SELFCTOR 2-A54—H

TRANMSMISSIOCN FACTOR T NF FLUXA SELECTOR
T= 0.26&0611
VALUES OF XP{I)
0.10000 0.20009 0.30400 0.40000 0, 500060

0.60000 0.70000 0.80000 0.9C000C 1.000C0

VALUES OF IMNNER AND CUTER RADII OF RINGS

1= 1 R{T)= 0.04730 RPIT)=  0.09402
= 2 R{I})= 0.13452 RP(I)= 0.19273
I= 3 R{I)= 0.23899 RPII)=  0.29400
I= 4 R({I)= 0434615 RP{I)= 0.39517
I= 5 R{T)=  0.45439 RP(1)= 0.,49593
I= 6 R(1)= 0.50307 RP{I)=  0.59656 .o
I= 7 R{I)= 0.57171 RP{I)= 0.69713 3
I= 8 R(I)= 0.77995 RP(I)= 0.79790 P
I= S R(I)= 0.88741 RP(I)= 0.89€93 L7
I= 10 R({I)= 0.593060 RP{1)= 1.00C00 €
ALD 1 1 T T T T T T 1 1 1 ] 1 I 1 1 1 L] 1 D
] <

Fig. A5-14 Diffraction pattern formed by the F.S. 10( 2-A54-H )



TABLE. A5-15

11 RINGS FLUX SELFCTOR 1A-02-{4

TRAMSHISSTON FACTUR T OF FLUX SELECTOR

T=  0.42005

VALUES OF XPILTI)

0.05000
0.55000
1.00000

0.,15090
0.65000

Ue25000 O3
O 7H000 0.®

J

0eo 0.45000
>000 0.S5000

-

1

VALUES OF IRNER AND QUTTCA RADIT OF RINGS

I= 1 RUI})= 0.0 RP({I}= 0.050C0
= 2 R(IN= 0.05109 RP(I)= 0.14891
= 3 RIIN= 0,153920 RP{I)= 0.2461C
I= 4 R{I)= 0.,25530 Re(T)= 0434170
I= 5 R{T)= 0.356390 RP{I}= 0.43610 '
I= ¢ RUIN= 0.4702Y RP{I)= 0.52¢80 -
= 7 R{I)= 0.57671 ARP{1)= 0.62329 K
= 8 RUI)= 0,63293 RP(I)= 0.71707 :
= 9 R{I)= 0.733%8 Ro({T)= Je 81152 (*)
= 10 R{IY=  0.879307 RP{T)= 0.90693 -
1 11 R{I)= 0.S97590 RP{I)= 1.00090 ‘;
T T Y P
At T T T T T T T T T T T Y T T T i =
i s
:._LV_L L 1 1 2 1 1 2 1 'k\l/ l\} 1 ! 1 1 1 i w

Fig. A5-15 Diffraction pattern formed by the F.S. 11( la-B2-H )
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TABLE . A5-16

10 RINGS TLUX SELECTOX 1A-B4a-il

TRANSHISSION FACTOR T OF FLUX SELECTOR

VALUES OF XP(T1)

0.05000
0.55000
1.C0000

0.15000
0.65000

0.25000
0.75000

€,35000
0.55000

VALULCS OF INNER AND QUTER RADTT OF RINGS

(.45000
0.950C0

I= 1 R{I)= 0.0 RP{I)= 0.14S63

I= 2 R{I)= 0Q.157322 RP{T)= 0.24678

I= 3 R{T)= 0.25766 RP{I)= 0.34231

I= 4 R{I)= 0.363356 RP(T)= 0.43€664

= £ RU1)= ,0.46970 RP{I)= 0.53024

= 6 R{I)= 0.576306 RP(IY= 0.023064

= 7 R(I)= 0.53726% pRe(IY=s 0.71732

= & R{I)= 0.79831 RP(I)= 0.8116°

= 9 R{I)= 0.89297 RP{I)= 0Q.,90702

I= 10 R(I)=  0.99534 RP(I)= 1.20000
T T T T T T T T T T T T T T T T T
L\ — el 1 1 t 1 1 1 1 1 /4\\-1/ 1\|/ 1 1 1

Fig. A5-16 Diffraction pattern formed by the F.S. 10( Ta-B4-H )
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TABLE  A5-17

10 RINGS FLUX SELECTOR 1#=-T4a-1

TRANSHISSICN FACTOR T OF FLUX SELECTHR

T= 0.40715

VALUES 2F XP(I)

0.C5000 0. 150930 J.25000 0.35000 0.45000
0.55000 0.65000 C.75000 0.35000 0.C5000
1.60000 '

VALUES OF INNER AND QUTER RADIT CF RIMGS -

I= 1 R(I}= 0.0 RP(I)= 0.14%85

= 2 R{I)= 0.15400 RP{I)= 0.24752

I= 3 R{I)= 0.258G2 RP{I)= 0.34245

I= 4 RIT)= 0.35%84 RP{I)= 0.43806

I= 5 R{l)= 0.471325 RP({I)= 0.53102 B

I= 6 R{I)= 0Q.577%7 RP(I)= (0.062526 3

I= 7 R{I)= 0.68424% RP(I)= 0.71890 g

= 8 R(I)= 0.73377 Ap{I1)= 0.813148 L

I= 9 R{T)= 0.89432 RP{T)= (C.90641 -

I= 10 R(T)= 0.99583 RP(T)= 1.00000 -
Al T T z
w) T T | T — T L | | T T T T T T T z

<
f I\ i L 1 1 i 3 1 1 44\\:/ I\J>. ! 1 4 1 4 ] 1%
i J

Fig. A5-17 Diffraction pattern formed by the F.S. 10( 1b-B4-H )



TABLE  A5-18

TRANSHISSIGN FACTOR T OF FLUX SELECTOR

VALUES OF INNER ANE OUTER RADII Ur RINGS

= 1 R(I)= 0,0 RP({I)= 0.06776

= 2 R(T)= 0.05936 RP{T)= 0.13611

I= 3 R{I)= 0.13312 KP(1)= 0.,205%8

= 4 R{I)= 0.21039 RP(1)= 0.27815

= b R(I)= 0.23650 RP{I)= 0.35436

= 6 R(I)=  0.36378 RP(T)=  0.42654 '

= 7 R(YT)=  0.456015 RP{I)= 0.5279] e

= 8 R{I)Y= 0.560607 RP(I)= 0.634453 i

= 9 R{I)= Q.702z2 RP{I)= 0.77008 e

I= 10 R(I}= 0.93224 RP{I)= 1.00000 -3
Atw) T LI T T T T T T Y T Y T T T L T T T ?.:

i s /\l\//[\\//\\l//\v}————k \_/l/\l\/'J&\ 1 [P L 1

T= 0.%5187

VALUES 0F XP (1)}

0.05771

011026 G.176473 Ne23G2% 0.30615
0.3791¢ 0.45186 0.50111 0.69537 1.00000

Fig. A5-18 Diffraction pattern formed by the F.S. 10( 2-C2-H )




Ald)

TRANSMISSIC

TABLE

9 RINGS FLUX SCELECTCw

e

FACTOR T 0OF

T= 0.,451606

VALUES OF XP(T)

0.13129

0.23953
0.67218 0. 780854

A5-20

FLUX SELFCTIR

D.34824
.RI943

N.45599
1.00G000

Q564232

VALUES JF INNER AMD CUTER RKRADIT OF FIMNGS
I= 1 R{I)= 0.0 RP(I)= 0.12850
I= 2 R{iI)= 0.14%257 RP(I1)= 0.25047
I= 3 R{I)= 0.25237 RP(l)= 032684
iI= 4 A{I)= 0.38415 RP{Ii= 0.46682
I= 5 R{I)= 0.505067 RP(1)= Qe572673
I= o) R(I)= N6274H2 pell)= Q0.H7ESH
I= 7 R{TI)= Q745362 RE(T)= 0.78406%
1= f! R{I)= 0.86738%4% Re(l)= 0.86D162
I= G R(T)= 0.G8757 «PlI)= 1.00000
T T T ¥ T T T T T T T T T T T Y T T T
i \——L 1 i i $ 1 ) LN 1/\ ] 1 1 | 1 1 1

Fig. A5-20 Diffraction pattern formed by the F.S.

9( 2-PA2-H )
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TABLE  A5-21

wn

10 RINGS FLUX SELECTOR 2-p 82—

TRAMSHISSION FACTOR T NF FLUX SELECTOR

T= 0.44514

VALUFS QF XP(1)

0.11662
0.60700

0.704733

031465
0.80204

0.41200
0.90110

0.509656
1.00000

1= 1 R(I)= 0.0 EpP(I)= 0. 12442
1 2 R{I)= 0D.12750 RP{I)= 0.22500
I= 3 R{T)= 0.23472 RP(I)=  0.32447
1 4 R{I)= 0.34270 RP{I)= 0.42154%
I= 5 R(T)=  0.45093 RP(I1)= 0.51782
1= é R{1)= N.55973 RP{1)= 0.61239
I= 7 R{I)= 0.656810 BP(I)= 0.7C%13
I= 8 R{I)= Q.77020 RP{I)= 0.30518
I= 9 2{1)= 0.8332°% RP(I)= 0.902173
I= 10 R{I)= 0.98943 RP(T)= 1.00000
T T T T T T T T T Y T T T T T T T
i N =Lt I | ] 1 1 1 1 1 /r-\\\l//-l\\l/ 1 ' 1

Fig.‘ A5-21 Diffraction pattern formed by the F.S. 10( 2-PB2-H )
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TABLE  A5-22

10 RINGS FLUX SELECTOR 2-PC2-H ’

TRANSMISSTICN FACTOR T OF FLUX SEFLTICTUR

T=  0.53791

VALUES 0OF XP(T1)

0.09539 O0.17445 0.25310 0.33141 0.40982
0.4880¢ 0.56652 0.64486 0.72339 . . 1.C0000

VALUES OF INNER AND QUTER RADRII OF RINGS

I= 1 R{I)= 0.0 RP(I)= 0.11025

I= 2 R({I)= 0.11205 RP{I}= 0.20054

I= 3 R(I)= 0.20594% - RP(I)= 0.28931

I= 4 R{I)= 0.30013 RP(I)= - D.37679

I= 5 R{I)= 0.39459 RP({I)= 0.456363

I= 6 R{(I)= 0.48954 RP{I)= 0.54978 oo

I= 7 R{I)= 0.58458 RP{I)= G(.063573 'ﬂ

[I= 8 R{I)= 0.67971 RP(I)= 0.72152 2

I= 9 R{I)= 0.77457 RP({I)= 0.80752 o

I= 10 R(I)= 0.94344 RP(I)= 1.00000 -

S

Ald) - T ; . . : . , T Y T T T T T T T T T Y —5

'-.. - :

i . =

-

K \| LN DN O (s N Zon N | L [ N N 1 1 L w

N N .

Fig. A5-22 Diffraction pattern formed by the F.S. 10( 2-PC2-H )



TABLE  A5-23

10 2INGS FLUX SELECTAR 2-Q2-i

TRANSMISSICN FACTOR T OF FLUY STLECTAR

T= 0.48053

VALUES UF XPLT)

0.45524 0.57692 D.63972 0,71527 075879

0.8217¢ 0. 85530 0.91431 0.94115 1.00000

VALUES NF TNNFR AND QUTER RADIT OF RIMGS

1= 1 R(I)= 0.0 RPLI)=  0.45171
I= 2 R{I)= 0.48950 RP(I)= 0.57115
I= 3 R{I)=  0.6089% RP(I)= 0.64239
I= 4 R{1)= 0.5630183 RP(T)=  0.71275
I= 5 R{I)= 0.75054 RPII)= 0.76573 _
I= 6 R(I)= 0.89352 RP(I)= 0.82123 ;
I= 7 R{T)= 0.85902 RP(I)= 0.860657 A
I= 8 R{I)=  0.90%4¢ RP(I)= 0.914738 g
I= 9 R(I)= 0.95257 RPLT)= C.95623 B
I= 10 R{I)= 0.9%403 RP(I)= 1.00000 ~
<
Ald) T T ¥ T T T T i T 1 T 1 1 ¥ 1 ' T T 1 D
i £
i | 1 et L [ e 1 e N | L1 Il ] 1 W

Fig. A5-23 Diffraction pattern formed by the F.S. 10( 2-Q2-H )
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CONCLUSIONS :

Most of the calculations described above were performed for N = 10.
It is supposed that as N is increased, the diffraction pattern formed by
any given flux selector will improve, but that the relatiye merits of the
various flux selectors will not change. To corroborate this supposition;
consider an example: F.S. 21(1a-B2-H) and 20(1b-A2-H) were calculated by
Lansraux, and their diffraction patterns differ from that of their 10(11)
ring counterparts only by the fact that (1) the first principal maxima
occur at W=130 (instead of approx. 65) and are of lower amplitude (2) the
secondary maxima have slightly smaller amplitudes. The differences between
20(1b-A2-H) and 21(1a-B2-H) are exactly of the same nature as those in their
10(11) rings counterparts. [Note:(]) the diffraction patterns for types
A, B, and P show only one set of principal maxima (whicﬁ we have referred
to as "the first principal maximaf). Just as in plane diffraction gratings,
there are more princiapl maxima for greater W, and these (including the
first one) appear to occur at values of W obtained by treating the flux
selector as a plane diffraction grating. As N is inéreased, then, it appears
as if all the principal maxima are pushed back to larger W (as they would
be in a plane diffraction grating). |
(2) We see from equation A4-7 that the amplitude at the center of the

diffraction pattern formed by a flux selector is

1 [}

A4-14 (r‘"]2 - rﬁ) =C Z‘L%" T(x) dx2 = C‘[ T(x) dx2
n 0 :

Since in practice C is very close to 1, as we have seen, this means that

the amplitude at the center of the diffraction pattern associated with a

flux selector is almost the same as that associated with the corresponding

[PE O

PPy VIN PG, gy -

AR W

4
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amplitude filter (see equa. A1-3). The left hand side of A4-14 also
represents the transmission factor of the flux selector; however, in the

case of the amplitude filter, the transmission factor is given by

-L1 72 (x) dxz, which is smaller than that associated with the flux
selector: the difference between these two transmission factors represents
the amount of energy which is distributed in thé principal maxima of the
diffraction pattern formed by a flux selector. Note that this amount
of energy is :-practically independent of the number N of rings in the
flux selector, but depends only on the type of amplitude filter I(x).
considered: for T(x,5) it is about 43% of the energy transmitted by the
flux selector, whereas for T(x,M) it represents 33%. 4Consequent1y, as
N is increased, we expect the principal maxima to decrease in intensity
as they are pushed further out from the center.

Of the various types of flux selectors calculated, the best diffraction
patterns, for small N at least, are produced by types A, B, and P; the

diffraction patterns produced by types A and P are almost identical for

‘“, VN LA, UL g,

AN

reasons given earlier; because of this, and because type P is much longer

to calculate, it was not considered in further calculations. Type B flux
selectors were also rejected for further.work becausé (1) they have a
very narrow inner opaque ring and outer transparent ring compared to type
A flux selectors of the same number of zones, which ﬁou1d make them more
difficult to make; and (2) they do not produce diffraction patterns which
are significantly better than those produced by type A.

" A comparison of the different flux selectors of the type A shows that
very little improvement ijs achieved by using a 2 term (2-...) rather than

a1 term (1..-A...) approximation. Furthermore, type 1b-A4-H is the best
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from the practiéa] point of view since it has the widest inner opaque
ring. It was this type of flux selector, then, that we have selected
for the practical realization of a 50 zone flux selector. We havé cal-
culated the 49 rings flux selectors of the type 1b-A4-H corresponding to
the amplitude filters T(x,5) and T(x,M). See tables A5-24 and A5-25 for
the da;a associated with these flux selectors. The diffraction patterns
corresponding to these two flux selectors were calculated. fﬁ table A5-26
are given the amplitudes in the diffraction patterns for the amplitude
filter, for the corresponding flux selector 49(1b-A4-H) and_fhe differences
in amplitude between the two for both T(x,5) and T(x,M), and for W up to
25. MWe have also calculated the positions and values of the maxima and
minima (the extrema) in the diffraction patterns associated with the
amplitude filters and with their corresponding flux selectors 49(1b-A4-H).
These calculations were done for the range W = 0 to 325: see table A5-27
for T(x,5) and table A5-28 for T(x,M).

We note that:
(1) In both flux selectors, the first principal maxima occur at about
W = 314, as we would have expected. This further verifies the hypothesis

made earlier that as the number of rings in the flux selector is increased,

l POV O VRN LG, Ui,

the principal maxima occur at proportionally greater values of W. For the
flux selector corresponding to T(x,5), we note (by comparing with the corres-
ponding 10 ring flux selector) that the amplitudes of the first principal
maxima have decreased by about half, and hence the amount of energy in the
first prihcipal maxima is about the same, which we would also expect from
comments made earlier. (The same would probably hold for the T(x,M) case)

(2) When comparing the diffraction patterns formed by either amp1itude

filter and by its corresponding flux selector, we can divide the interval
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W =0 to 325 into three regions:

(a) In the first region [W=0 to 200 for T(x,5), w=04to 150 for T(x,M)]1,

sn- €1ux selectors are very good approximations to the amplitude filters:
j.e., the extrema in the diffraction patterns that they form differ very
little in position and value (less than 1 or 2 x10'4) from those formed

by thg corresponding amplitude filters.

(b) In the second region [ W = 200 to 240 for T(x,5), W= 150 to 200 for
T(x,M)], the flux selector diffraction pattern extrema increase with in-
creasing W (while the corresponding extréma in the amplitudé filter diffrac-
tion patfern are decreasing with W), but are still smaller than the corres-
ponding extrema in the Airy pattern.

(c) In the third region [W = 240 to 325 for T(x,5), and W = 200 to 325

AN

for T(x,M)], the flux selector extrema are greater than the corresponding
ones in the Airy pattern. This region, where the flux selector ¢breaks
dOan, corresponds roughly to the first principal maxima, and can be
rejected to greater W if the number of rings in the flux selector is
increased. |

From the above, we conclude that flux selectors can replace amplitude

W oLIvEE Oy MOY LAY, Ly

filters in optical systems providing they have a sufficiently large number

of rings so that the principal maxima are rejected outside the useful image

4

field.

In the second part of this work, we shall describe how the flux

selectors discussed above were made, and give some of the experimental

results obtained with them.



Table A5-24 F.S. 49( 1b-A4-H ) corresponding to amplitude filter T(x,5)

49 RINGS FLUX SELECTOR li=A4-H

TRANSMISSICN FACTOR T nF FLUX SELECTOIR

T= 0.40706

VALUES OF XP(1)

0.02000 0.04000 0.046000 0.08000 0.,10000
0.12000 0.14000 0.,16000 0.16000 0.20290
0.22C006 0.24000 0.265000 0.28000 0.20000
0.,32000 0.34000 Ue 26000 0.30000 0. 40000
0.42000 0.44000 0456000 0.48000 0.%0000
0.52000 0.54000 0.56000 0.58000 0.60000
0.62000 0.564000 0.066000 0.68C00 0.70000
0.72000 0.74000 0.760C0 0. 78000 0.800920
0.82000 0434000 035000 0.380900 0. <0000
0.92000 0.94000 0.95000 0.28000 1.C0000

VALUECS OF INNER AND CUTER RADII OF IKINGS s

I= 1 REI)= 0.0 RP{I)= 0.04037 ;5
I= 2 R{T)=  0.04042 RP{I)= 0.05053 =
I= 3 R{I)= 0.06066 RP({I)= 002067 -
I= 4 R{I)= 0.08071 RP(I)= 0.10080 c
I= 5 R{I)= 0.10113 RP{I)= 0.120°1 -

I= 6 R{l)= 0.12145 RP(I)= 0.14100 35
I= 7 R{1)= 0.14176 RP(1)= 0.16109 ‘ﬂ
I= 8 R(I)= 0.16207 RP(I)= 0.18115 -

I= 9 R{I)= 0.18239 RP(1)= 0.20121 Rk
I= 10 R{I)= 0.20273 RP(I)= 0.22125 S
I= 11 R(I)= 0.722303 PP(I)= 0.24128 2
I= 12 R({1)= 0.24344 RP{T)= 0.26129

I= 13 R(I)= 0.26387 RPII)= 0.28130

I= 14 R(I)= 0.28420 Rp(I)= 0.30129

1= 15 R{I)= 0.304539 RP{I)= 0.32127

1= 16 R{I)= 0.32500 EP(I)= 0.34124

I= 17 R(I)= 0.34541 RP({T)=  0.34121

I= 13 R{I)= 0.36533 EP(1)=  0.3%8116

1= 19 R{1)= 0.33625 nP{I)= 0.40111

I= 20 T R(I)= 0.40055 RP{I[)= 0.421056

I= 21 R(I)= 0.42712 KP(T1)= 0.44C59

1= 22 2{1)= 0.44756 RPLI)=  0.,46093

1= 23 RI{I)= D.46301 EP(1)=  0.43065

I= 2 R{I)= 0.A4B340 AP(T)=  0.500709

1= 25 R{T)= 0.57391 RP(1)= 0.52070

1= 245 A{T)= 0.52936 RP(I)=  Q.54CH2

= 2 R{I)= 0.54931 RP(I)=  0.508055

i= 23 R{I)= 0.57026 AP(T)=  D.59047

I[= 29 R{T)= 0.55071 RPLL)= 0.060020

1= 30 R(I)= 0.61110 KOlT)=  0.67032



31
32
33
34
35
36
37
28
39
4.0
41
42
43
44y
45
46
47
48
49

(U

TR T L L L L T T TR

[
——nr

IO T T | T A R | B LR

Table A5-24 Continued

0.63160
0.65204
0.67247
Ne 692230
0.71333
D.7T337H
Q72410
Q77457
Q.79497
0.81035
0.83575
. 8581
D.87449
0.15685
0.91720
0.923754
N.,95727
0.67819
0.92350

[ S

[T TR | B R 1

T IR O T A L LA A | B R R

0.64C24
Qe6ACL7
0,68011
Q. 7000%
0.71692¢
0.735G4
0.7H5680
0., 77686
C.79%83
N.819¢821
C.83630
0, R5GT79
0.87%79
0. 896890
Q.91987
0.53986
0.95686
0.979G4
1.00C00
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Table A5-25 F.S. 49( 1b-A4-H ) corresponding to amplitude filter T(x,M)

RINCS FLUX SCLECTOR lo—A4-i

TRAMSMISSTION FACTOR T 0OF
T= 0.60223
VALUES 0OF XP(T)
0.02000 0. 04000
0.12000 0.14000
0.22000 C.24020
0.32000 0.340920
0.420006 0. 44000
0.52000 0.54000
0.62C00 Qe 64000
0.72000 0. 74000
0.832000 0.84000
0.92000 0.94000
VALUES 0OF INNER AND QUTER
I= 1 R{I)= 0.0
I= 2 R{1)= 0.0403¢
I= 3 R{I)= 0.05049
I= 4 R{I)= Q.08067
I= 5 R(I)= 0. 10035
I= 6 R{I)= 0.12104
I= 7 Ril)= 0.14124
I= 8 R{I)= 0.16144
I= ¢ R(I)= 0.12165
I= 10 R(I)= 0.20187
I= 11 R{IY= 0.222009
I= 12 R{l)= 0.24232
I= 13 RII)= 0.206250
I= 14 R{I)= 0.258231
I= 15 CR(IY= 0.30304
I= 16 R{I)= 0.32332
I= 17 R(1)= Oa34359
I= 18 R{I)= 0.353386
I= 19 P(I)= 0.33414%
I= 20 R{(I)= 0.40443
I= 21 R{I)= Q42472
i= 22 R{I)= 0.44503
I= 23 R{I)= 0.44534
I= 24 R{I)= Oae 48555
= 25 R(I)= 0.505972
= 25 R{I)= 0.52:631
= 27 R{1)= 0.546H4%
= 28 R{I)= 0.545699
= 24 R{I)= NaS537T34
I= 3¢ P(1)= 0.60764

0.046000
D.16000
0.25000
0.36000
0¢ "‘{":)000
0.56000
0.64000
0.76000
0.36000
0.96000

RADI1 CF

RP(I
RP(1
RP(I
RP (1
RP(I
RP(I
Rpi{l
I
1
1
1
1
I

FLUX SELECTIR

0.08000
0.18000
0.28000
C.38000
048000
0. 58000
0.68000
0.78000
0.2£000
0. 98000

Puon

— At N et Wah W Wy e e e et S S
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- e s st e

— o St e e W e St S N S
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RINGS

0.04030C
0.06043
C.05057
0. 10CHG
0.12081
0.14092
0.16102
0.18112
0.20121
0.,22120
Q.24137
0.2614%
0.,258151
0.30156
0.32161
0.34165
0.2416%
Ue32172
Q40174
0.42175
Q44175
046175
N 43174
0.50173
N.52171
0.54163
0.506164
Q,5811460
0.HO155
N.62147

0.10000
0. 20000
0.30000
0.40000
0. 50000
0.,40000
0.70000
0.80000
0.5%0000
1.00000
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Table A5-25 Continued

31 R

1= 0.62805 BP{I)= 0.64143 B
32 RIUIY=  0.64342 RP(I)= 0.066136
33 R{I1)= 0.66879 <P{I)= 0,68129
34 R{I¥= 0.63217 RP{I)= 0.70121
35 RIUIY= 0.72955 . AP({I)= 0.72113
= 36 R{I)= 0.72993 RP{T)= 0.741C5
37 R(T)= 0.75032 - RP(I)= 0.76056
38 R{I)= 0.77071 RP{I)= 0.73087
39 R{I)= Q.7%110 “P{I)= C.B0C78
40 R({(I)= D.81149 2ap{l)= C(.8205%9
41 R{I)= 0.83188 #P(1)= 0.84060
42 R{I)= 0.8522 AP(I)=  0.20051
= 43 R{I)= 0.87266 2P{1)= 0.B5042
A R(I)= 0.89304 RP{1)= C.©N033
45 R{T1)= 0.91342 RO(1)= C.92C25
A R{I)= 0.S3379 AP(1)= ©£.94018
= 47 R{T)=  0.95416 KP{I)= C.926011
48 R(IN=  0.97451 AP(T)=  C.98005
= 49 R{I)= 0.954%06 RP(I)= 1.00C00
N .

N

RN VTSV RPN

N3y LN

3
-
-
»
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NTFFRACTINM PATTERNS FORMED QY
TIX,¥) ANMD THEIR
T(X,5)

W A.Fao FeSe

N.5 0.,93054 (.9801°
1.0 0e 92405 0£L,92246
1.5 N, 83548 N.83278
2.C N.72239 (.71879
25 0.59684 0.59C66
3.0 Ne 46630 Q45895
3.5 Ne 34139 ©,.33349
4,0 Ne23013 0N.22240
4,5 013712 0N,13124
5.0 C.NE824 N.0E2T72
5.5 N, 02061 0.,01679
6.0 —-0.00675 —C.009CH
6.5 -0, N18346 —-0.01895
7.0 -0.071840 -0.,01788
7.5 —-0.01194 -0.01CF1
2.0 -0.0N3283 -N,00203
2.5 0.N043T7 0.00534
a,0 0.00211 0.009586
9.5 N.N1023 N.01018
10.0 N.,NO%43 0,N0T780
10.5 0.O0454 N,00264
11.0 N.07°0032 -0,C0088
11.5 —0."N332 =0.00449
12.0 —N.NN513 =N.00641
17.5 ~-0.0NE53 —0.00627
13.0 -N,00520 —0,.,00467
12.95 -N,0N2569 -0.00165
14.0 C.00021 0.00097
14.5 0.007274 0.0032321
15.0 C.0N431  N.O0455
15.5 N.ANAAT  0,0N450
16.0 NL,O0TS  N.00331
1.5 Nn.ON203 0,00139
17.0 -nJ00n06 =0, 0C0TL
17.5 -0.,NN19? -0,0024%
18.0 -, 00316 —N.Q0341
12,5 -n,0N351 =N,00343
19.0 -N,NN294 —0,00759
19.5 —0.0N172 —0.00117
20.0 —0.,N0015  0,00044
205 N.0M132 C,00182
21.0 N.0N228 0D,002¢64
21.5 N.Q0?277  0.00275
22.0 G.ON246  0,00210
22.5 D.0N166 £.00107
27,0 N.NNN24 -0, 00021
23.5 ~-1,0NN37 =0,00126
2,‘900 —no'?nl-‘.‘\l —"‘.CC'er'
2445 —N. 002224 =0, N0227

Table A5-26

NIF.
0.0004
0.0014
0.0029
D.CC46
0.0062
0.0073
n,0679
0.0CTT
0.0C69
0. 0C55
N0.0038
C.0021
0.0006

-0.0005
-0.0011
—G.OCIZ
-0.0010
-0‘000[1'
N.0N0C2
0.D206
.00N9
0. 0009
N.0007
N,0003
~-0.0002
-0.0005
-N.0007
-0.00Ch
-0N.0022
N.,0001
N.NNQO%
N, 0006
0.0007
Nn.00J%
N.NNC3
-N.0N01
-0.09004
-0,0006
-0, 0C0A
~D.,0CN5
-N,N0N03

Q.o00n0
0.C0073
N.0N0N0NS
CL.NA0S
N.0H00%
N, Hnn3
N, 000N

-0, 00219 -N.00134 ERAPRAI I

AYPLITUNRE FILTRERS T(X,5)
ASSOCIATED FLUX SELECTOPS 49{1R-A&-H)

TEX M)

A%, FeSe
0.97580 Q.97544
0.50579 0.90441
N.79725 0479453
D.HELE6 NH5726
0.51211 0.572627
0.36261 0435502
N,22572 0Q.21900
0.11125  0.10516
N.N2523 0.02043

-N.C3046
-Q,05780N
=C.06190
-0.,04977
-0.02305
0.Cl1¢&6
N,02294
0.02606
0.022G9H
0.01311
0.00238
-N,00730
-0.01379
-0.01597
-0.01394
-N.00873
-0.00198
0.,00451
N.00920
0.,01117
0.01023
N.0CEE9
7.00219

- =0.00263

-0.00629
-G 0NC3320
-0 ,NCC4
-0.C0536
~-0NC2 44
0.0N122
DNCALI
N.ONA35
N.0NKES
000515
N, 0261
-Q0,00040
-0.,00312
-N,N0CLc?
=N ,0N84D
-0, ,N04L60

-0.03352
-0,05399
-0.06139
-0.04801
~0.02666
-0,00438
Oo Ol. 3’+8
0.023232
0.N02592
0,02097
N.01154
C. 00070
-0.00867
-C.01452
-0,01593
-0.01318
-0.00747
-0.00055
0., 0N6T2
N, NN
N,N1125
N.00267
G, 005835
C.00024
-C.0N376
-0,00714%
—-0.,00849
-0,00764
-0.00499
-0,00132
N.002&1
Q0.0NR27
ND.0NASLS
0. 0C530
0.00642
C.ON161
~C. 0013
-N,003973
~-0,00531
~-N,0N532
—-0,004602

AND

DIF.
0.0004

0.00!4"

0.0028
N.0044
0.0057
0.0066
N.0067
0.0061
0.0048
0.0021
0.0012
-0.0005
~0.0018
-0.0024
-0.0024
-0.C018
-0.0009
0.0001
0.0010
0.0016
0.0017
0.0014
0.0007
-N.0000
-0.0008
-0.,0013
-0.0014
-0.0012
-N.0007
-0.0001
0.0006
N.N010
"0.0012
0.,0211
2.0008
N.0002
-3.0004
-0.0009
-0.0011
-N.06011
-0,0008
-0.0003
0.0003
0.N007
0.20n10
C.21710
N.N008A
0.2004
~-N.0n01
-0,0006

Sty

Ed
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Table A5-27

EXTRE®A OF AMOLITUNE [N THE DIFFRACTINN PATTERN FAPMED BY AN
AMPLITUNE FILTLR TINX,5) COMPARFN WITH THOSE 0F THE DTFFRACTION
PATTEKN FPRMER BY THE ASSOCTIATED FLUY SELECTOR 49 (1B-A4-H)

AMPLITUNE SILTER FLUX SELECTOR NIF. NF AMP.

N W A W A DIF.

1 6.753 =0,01912 5,701 =0.01984 0.00065

2 9.446 0.N10N35 9.353 0.01031 0.00004

3 12.266 =0.00659 12.240 -0.00664 0.00005
4 15.334 0. 004660 15.231 0.00469 -0.0000%3

5 18.444 =0.0N0352 18,262 =0.00353 0.00001

6 21.529 0.CC277 21.329 0.00279 -0.00002

7 24,627 =0.00226 264,397 -0.00728 0.N0002

8 27.729 N.00183 27.474 0.0019) -0.00003

9 30,953 -0.00160 30.560 —0.00163 0.00003
10 T 23,971 0.0N138 33,642 C.00141 -0.00003

11 237.100 =-0.00121 26,750 —-0.00124 0.00003

12 40,231 0.00107 39.843 C.0N110 -0.00003 -
13 43,359 -0.00095 42.950 —0.0N099 0.00004 B
14 46,4838 0.00086 46,045 0.C0089 -0.00003 <
15 49,613 -0.00078 49,121 -0.00082 0.N0004 3
16 52.750 0.0007) 52.259 . 00074 -0.00003 g
17 55,807 —C.00065 55,344 —0.0N0665 0.N000% z
18 59,017 0.,N00D6K0 58,469 0.00064& -0.00004 ;
19 62.143 —D.00Q056 61.571 =—0C.00059 0.00003 :
20 65.292 N, 00051 64,672 0.NOD56 -0.,00005 5
21 62,442 -0,00048 67.783 =—0.00052 0.00004 -
22 71542 0.NQ04S 70.90% 0.00049 -0.N0004 -
23 74,700 =0.00N42 74.000 —C.00046 0.00004 :
24 77.8%0 0.00039 77.114 0.0N0G4 -0.00005 ;
25 850.272 —-0.00027 80.205 —0.C0042 0.00005

26 84.100 0.,00035 83.306 C.00040 ~-0.N0005

27 87,250 =0.00033 86.417 -—-0.00038 0.00005

28 90.393 C.NC031 B0.562 C.0003¢ -0.00005

29 g32,878 —-0.NN030 92.639 ~0Q.0N035 0.00005

30 96.679 0.00023 95.750 0.00C3% -0.N0005

31 99,750 ~-0.00027 0q,875 -0,0NN032 0.00005

32 102.964 0.00024 101.964 0.0N031 -0.002005

23 106,083 —0.00029% 105.107 =-0.00030 0.00005

34 109,250 0.0MN24 103.187 C.00020 -0.000C6

38 112.417 =C.00023 111.321 -0.00028 0.000C0N5

36 115.500 N.NCN22 114.437 0.00028 —-0.N0C06

27 118.650 —-0.0002]) 117.536 -0.00027 0.00006

38 121.8272 n. 00020 120.6A7 0.0N026 -0.00006

30 124.917 -—0N.00020C 123.750 =0.0N026 0.00006

40 128.050 0.NOC1Y9 126,827 C.0N025% -0.05006



EXTREMA NF
AMPLITURE FILTER TIX,5)

AMPLITUDFE

Table A5-27 Continued

IN THE DIFEFRACTINN PATTE?N FORMED BY AN
COMPAREN WITH THOSE NF THE DIFFRACT ION

PATTERM FORMED RY THE ASSNCIATED FLUX SELECTOR 49 (1R-A4=H)

60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4
75
76
T7
78
79
80
81
82
83
B4
85
86
.87
88
89
90
91
Q2
93
94
95
96

Q7 -

98
29
100
101
102

AMPLITUNE FILTFR

W

190,750
194 .000
127.083
200.250
207,500
206 500
209,750
212.917
216,033
219.250
222.250
225.500
228,500
231.583
234.917
237,750
241.250
244,250
247.500
250.500
253,582
256.617
260.000
2664250
269,250
272.500
?275. 790
278.750
282.000
285.N00
288.259
2G1.250
234 4,250
297.750
3INN.750
303,750
307250
310.750
213,259
316.500
319.750
227,060

A

0.00010
-0.NC0O10
0, 0010
=N,N0009
C.nNnCcon
-N.,00¢009
0.00009
-C.00009
0.00Q009
-0,00008
C.NGONON
-0.,0C008
0.N000"
-0, 00007
0.0CCONG
-0.00007
0.00007
-N,00007
0.00007
-0.0000C7
n.,oQ007
~-C. 0007
gc.00007
-N.00006
N, GO0CH
~-0.0C006
0.N0006
-0. 00006
N. 00006
- 0. 00006
N.000ON6
~-0.00005
0.00005
-0.NCN05
0.00005
-0, 00005
c.0C005
—-0.0N00%
0.00005
-0.0000R
nN.oeoNns
-0, 0N00NYS
0.0N005%

FLUX SELECTOR DIF. NF AMP,
W A NIF.
189,050 C.00021 ~0.N0011
192.167 =C.00021 0.00011
195, 250 c.0N021 -0.00011
198.350 —-0.00N21 0.00012
201,500 0.0N021 -0.00012
204.625 =—0.00021 0.00012
207.750  0.00022 -0.00013
210.833 —0.00022 0.00013
213,950 0.00022 -0.00013
217.036 -0.00023 0.00015
220.107 0.00023 -0,00015
223,250 =—-0.00024 0.00016
27264392 0.00024 -0.00016
229,450 =—0.00024 0.00016
232.583 0.00025 -0.00017
235,467 -0.00025 0.00018
233.821. 0.00026 -0.0N0019
241,893 -0,00027 0.090020
245.0%6 0.00028 -0.00021
248,125 —0.00029 N.N0022
251,250  0.00030 -0.00023
254,321 ~0.00021 0.,00024
2574437 0.00032 -0.00025
26N.562 —0.00034 0.00028
263,687 0. 00026 -0.00030
2660750 =C.00038 0.00032
269,250  0,00040 -0.00034
272.932 —C.00044 0.00033
276,042 0.00044 -0.00040
279,159 —0.00052 0.00046
287,250 C.00N055 ~0.00049
285.312 —0.00C64% 0.00059
289,363 0.00C068 -0.00063
291,455 =0.00086 0.00081
294,479 N.000RQ ~0.000CR4%
297.524 —0.001256 0.00121
3N0.NT72 0.00071 -0,00066
303.430 —0.00651 0.00666
207.773 0.02204 -0.02299
312.369 -0.0291? 0.02807
316.898 0.01l47C -0.014545
320,922 -0.00233 0.0N223
323,711 £.0N090 ~0.00085



Table A5-28

EXTREMA NE AMPLITUNF IN THE NIFFRACTION PATTLORM FORMED BY AN
AMPLITUDE FILTFR T(X41) COMPARED WITH THOSE OF THG DIFFRACT ION
PATTERM FARMED BY THE ASSOCTATEN FLUX SELFCTOAR 49(1B-A4—H)

A'.":T’LT.TU.T\.E FILTER FLUX SFLECTAOR Nir. NF Atip,

N

W A W A DIF.
] §5.876 =N.06240 5.826 =0.06235 -C.00005
2 f L ORT 0.0260% 2,393 N. 02607 0.00001
3 12.0N9  —0.N1597 11.919 -0.01598 N.N0001
4 15.088 001122 14.978 N0.0112% -N, 00003
5 18,100 —0,00846 18.057 ~-0.00850 0. 0N004
6 21.7212 De NQ6EL 21.151 0.00672 -0 NONCS
7 24,440  —=0,00544 26,254 =0D,0)548 0.00004
3 27.567 N.CC454 27.361 0.00450 -0.00005
9 20,697 -0.003286 304569 -0.00392 0.060N6
10 22 ,83%4 N.N0334 33.575 0.003241 -0.00007
11 36.972 -D.00293 36,609 —-0,002°99 0.00006
12 40.107 0.00259 39, 805 0.00266 -0.,N0C07
12 42,7461 -0.00232 42,915 —Q0.002726 0. 00007
14 48,300 n. Q0208 464022 0.00N216 -0.070008
15 49,522 -0.00189 49,140 -0.00197 0.00008
16 52 . 665 0.00172 52.262 0.00180 —-0.N0N0P
17 56,803 —0.00]158 55.384 -0.00166 0.70008
18 63,944 N,00146 58,500 0.00154 -0.00003
19 62.074 —0.00135 61.611 —0.00144 C.N0009
20 65.217 0. 0C1L25 64,721 0.00134 -0.00009
21 £8.,271 -0.00117 67.847 ~—0.00125 0.00008%
22 71.500 0.0010° 70,957 0.00118 -0.00009
23 74,606 =0.00102 74,078 -0.00112 N.00017
24 77.772 0.N00NN6G 77.192 0.00106 -0.00010
25 20.717 ~-0.00090 anp.312 -0.09101 C.00011
26 84 .NAD N.N008E 83,437 C.N0094 -0.N0010
27 P7.222 —0.00081 86 .542 —0.00092 0.N0011
28 an, 355 C.00077 89.659 0.00088 -0.N0011
29 93.485 -0.00072 972.775 -0Q.0N084 n.on0n11
30 06622 N.00070C 95,982 0.00021 -0.N0011
31 99,750 -0.00066 995.n017 -0.0N078 C.0N012
32 102,904 0.00NH2 102.125 C.0N076 -0.N0013
33 106,026 -0.00060 105,250 —0.00C72 Cc.00012
34 109,170 0.0005%3 108.348 f.0N071 -0,N"N013
35 117,227 -0.00056 111.425 —0.C00A8 0.NNN12
36 115.451 N.O0N53 114.594 C.0N066 -0.00013
37 118,594 -0.00N51 117.715 —0.00065 c.20014
2g 121,750 n,NO0LY 12N .344 C.0N0E3 —-0.N0N14
39 124.836 -0.70047 1232.950 —(0.00061 0.000V 4
40 128.0462 D.00NGA 127.062 C.000ED -0.00014




Table A5-28 Continued

EXTREMA RF AYOLITUSE TN THE NTFERAGTINY PATTERN FORMEN BY AN
AMPLITURE STLTER T(X,1') COMPAREN WITH THOSE OF THE DIFERACTION
PATTERN ENOMEN RY THE ASSOATATED FLUX SELECTOR 49(1B=A4-H)

AMPLITHNE FTILIER FLUX SELFCTOR DIF. NF AMP,

N W A Y A DIF.
60 190,893 N, 00025 189.417 L. NOOAC -0.00024%
61 194,050 —-0.0N0024 192.542 =0.00049 0.00025
62 197107 Q.nnN24 165.4A35 0.00049 -0.0002%
632 200,232 =0.00023 198,752 ~—0.00050 0.00027
6H4 203 4417 C. 00023 201.886 0.0004° -0.00026
65 206,550 -0.00022 205,000 -0.00050 0.00028
66 200,750 C.00022 208,125 0. 00050 -0.,0002%
67 ?12.850 -0.00021 211.250 -0.00051 0.00030
68 216.900 n,onn21 214,365 0.09051 -0.00030
€9 219.150 -0.00029 217.431 —0.00052 0.00032
79 222,250 c.0C020 220.596 C. 00057 -0.,00023
71 225.275 -0.N0019 223,712 -C.0005H4 0.00025 -
72 228,550 N.NNO1 226.827 N.0NC55 -0.N0036 1
73 221,750 -0.,00013 273.964 —0.00054 0.00038 »
T4 2744 RTS N.00018 233,071 0.000C57 -0.00039 o
75 238,000 —-N.,0N0018 236.193 —0.00059 0.00041 {
16 241,083 0. 00018 239,317 0. CNDOA0 -0.N0042 ;
77 267,250 —0.00018 242,406 —0.00062 0.00044 :
70 267,375 C. 00017 245,531 C.0NNES ~0.00047 :
79 250.550 =0.00017 248.656 =0, 0006C 0.00049 i
80 253.75%0 0.00016 251.750 0.00068 -0.00052 p
81 256,875 -—2.00016 254,889 ~0.00071 0.00055 '
82 250,000 N,O0DLA 258.0010 0.00074 -0.00053
23 263.023 —0.00015 261.113 -=0.0007R 0.00063
84 166,250 0.N00015 264,750 C.00081 ~0.00066
85 269,375 ~=C.00015 267.345 -—-C.00086 0.N0071
86 272.500 C.00015 270.458 0.N00092 -0.00077
87 275.750 —-D.00014 273.570 -0.00098 0.00084
88 278,875 N.00014A 276615 C.N010E —-C0.N0092
£9 202 .,0nN —=0Q.00014 279.802 ~-C.(0N115 0.00101
90 ?285.125 0.0N014 282.911 0.00125 -0.02111
91 200,250 —0.00017 286,021 ~-0.00140 D.0N127
92 2931417 0.00013 289.122 0.00157 -0.N0V 44
93 294,533 —=0,00012 292.227 -0.00184 C.N0171
94 297,425 NLGCNL3 205.312 0.CN215 -0.00202
95 100,750 =D.00N12 268.394 -C.00283 Q.N0271
96 304,000 N.00012 301. 423 N.NN4&GCA -0.00394
97 307.023 —0.0C212 304.835 =C.00278 0.N0864
98 210,250 N, 00012 308.736 Q.01787 -0.71775
Q9 313.417 =-0.00012 2172.316 ~C.02083 0.n2076
1N 3146.500 N.NNN12 316.923 0.01322 —0.01210
101 319.752  —0.00011 320,471 -0.00569 0.00%%3

102 322,750 0.00011 223,430 0.00224 —0.0Y313
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PART B - EXPERIMENTAL WORK

Introduction:

We now consider the problem of haking the flux selectors dis-

cussed in the previous chapters. What are some of the difficulties involved?

(1) Since the f]ux_se]ector and éssociated optics is an image forming system,
it must be made with a high degree of perfection: in the case of ordinary
plane diffraction gratings, which are used mainly for spectroscopic
purposes, slight jmperfections in the grating (apart frgm periodic
ones) are not criticé]; this is not the case for flux selectors, whose
purpose 1is to improve image quality; imperfections here would seriously
deteriorate image quality.

(2) In general, the widths of both opaque and transparent rings vary con-
tinuously from the center to the edge of the flux selector. At the 3
center, the opaque rings are very narrow and the 1light transmitting
rings are relatively very wide, whereas the reverse is true at the
edge. This variation in 1ine'width from one extreme to the other i
complicates the production of flux selectors, especially for a large
number of rings. For example, a 10 ring, 2 cm radius F.S. of the type

2-A2-H has an outermost light transmitting ring which is already only

.2mm wide, whereas the innermost opaque ring is only .054 mm wide.
what methods can one consider in order to make such flux selectors?
Befofe describing the method which we have used, we shall review briefly
other methods, and state why they have not been used for our work.
(a) Evaporat1on of aluminum through a suitable mask onto the plane surface
of the lens being used: Lansraux has used this method successfully in

order to produce a flux selector of the type 11(1a-B2-H). However,
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this method is not suitable to produce flux selectors having a larger
number of rings because of the difficulty in producing the mask: the
latter is‘produced mechanically and this allows a precision of the
order of *25u only; furthermore, as the number of rings increases, the
mask would become intolerably fragile.

(b) Ruling the desired rings'directly on the g]ass: impractical because .
each ring would require a needle of a different size, and these needles
would be difficult and expensive to make.

(¢c) Coating the lens with a thin layer of photographic emulsion, and then

contact printing a negative of the required F.S. directly onto the lens.

This would first require the production of a good negative of the F.S.

This is feasible but not easy (see below). The flux selector pfoduced

by such a method would probably give poor results because:

(1) The graininess in the photographic image, especially at the edges
of the rings, would scatter and diffuse Tight.

(2) The gelatin layer of the photographic emulsion would distort the
wavefront'of the light emerging from the lens.

The method which we have adopted for our work makes use of the
photoetching process. The lenses used have a diameter of 7.5 cm, a focal
1éngth of 160 cms, and are plano-convex. The flux selectors were produced
on the plane surface of the lenses and have a diameter of 4 cm.

| The procedure for making the flux selectors can be summarized as
follows:
First, a photographic reduction method is used to make a mask which
consfsts of a1 : 1 negative image of the flux selector desired. The plane

surface of the lens is coated with a very thin (=400 R) but opaque layer of

s
!
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copper. Then, on top of this layer is coated a thin layer (= 1 n ) of
photoetching emulsion. Then the mask is contact printed onto this emulsion
by means of a suitable 1light source. The lens is then immersed in photo-
etching developper, which removes all the unexposed emulsion, so that there
remains on top of the copper layer a positive image of the flux selector.
The portions of copper which are not covered by the image are then removed
by means of a suitable etchant, and there remains on the lens only the
required flux selector rings, covered by the resist image, which is then
removed wifh a solvent.

| In the following chapters, we shall describe in detail the main
steps of the above procedure. We shall then show thé effect of these flux

selectors in optical systems under various conditions.
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copper. Then, on top of this layer is coated a thin layer (= 1 u ) of
photoetching emulsion. Then the mask is contact printed onto this emulsion
by means of a suitable 1lighi source. The lens is then immersed in photo-
etching developper, which removes all the unexposed emulsion, so that there
remains on top of the copper layer a positive image of the flux selector.
The portions of copper which aré not covered by the image are then removed
by means of a suitable etchant, and there remains on the lens only the
required flux selector rings, covered by the resist image, which is then
removed with a solvent.
| In the following chapters, we shall describe in detail the main

steps of the above procedure. We shall then show thé effect of these flux

B

selectors in optical systems under various conditions.
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CHAPTER 1
PRODUCTION OF THE NEGATIVE

Wé need a 1 : 1 negative of the required flux selector; what
precision should we aim for in the negative? We have adopted the following
criterion: if an error in a F.S. causes the amplitudes of the secondary
maxima in the diffraction pattern that it forms to differ from those produced
by the true F.S. by no more than about 10'4, then this erfor is acceptable.
This value 10~% was chosen because: |
(1) It is_impossib]e to make lenses which produce a background intensity

of less than 10?8; this is due to the residual defects in the optical
glass (such as bubbles, striae), and on its surface (even after polishing).
(2) The flux selectors considered form diffractidn patterns whose extrema
differ from those of the corresponding amplitude filters by about this
value in the central and intermediate regions (which are the ones of %
interest to us).
An IBM computer program was written to introduce a random error of
1 micron max.%n the ring radii of a flux selector (i.e., a max error of 2
microns in the widths of the rings). A 49(1B-A4-H) flux selector was thus

‘modified, and its corresponding diffraction pattern calculated. It was ‘

found that this diffraction pattern agreed with that corresponding to the
original flux selector well within the "tolerance" stated above. We have
thus chosen +1 micron on ring radii, and £2 microns on ring widths as 6ur
goal as far as the precision of both the negative and the final flux selector.
(The above values also represent about the limit of precision with which
measurements can be que on a F.S. having the dimensions used).

In order to make the F.S. negative, various methods can be consi-

dered. Only two of these have been studied in detail and will be described



-69-

here: although only the photographic reduction method was finally used,
 the glass cone (axicon) method will also be described because of the amount
of work devoted to its study and the interest this method can have in other

applications.
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(a) Glass cone or Axicon method.

This method for making the mask negative results from the following
observation: if a point source, a glass cone (so-called "axicon"), and a
lens are set up, in that order, so that the cone axis coincides with the
optical axis, then a well-defined ring image is formed by the lens in the
jmage space. (Fig. B1-1) Furthermore, it is found that the radius of the
ring varies approx. linearly with the distance between the point source
and the axicon. Similarly, but independently, as the size of the source is
increased or decreased, the width of the ring varies proport1ona11y The
above behaviour results from the fact that the beam emerg1ng from the axicon
appears to come from a virtual ring source situated near the plane of the
source. For very small angles o, the radius of this r1ng is R=(n- 1)aZ/cosz(e) :
(see Fig. B1-2 for symbols). Also, for small source‘s1zes, the width of the
virtual ring = the width of the source. The above ogservations suggest the
use of such a set-up to produce the flux selector maek negative on a photo-
graphic plate. (Again, see fig. B1-1 for a possible exper1menta1 arrangement.)
The iris diaphragm controls the width of the ring, whereas the distance Z
controls its radius. A shutter is situated in the 1qage plane of L] to cut

i

off the 1ight beam while changing the position of the axicon and varying “

the opening of the iris. A method based on the above would have the advan- ..

tages of requiring more compact apparatus, of not requ1r1ng the construction

of a lucite enlargment, and hence, could be used for many different types

of flux selectors. é
However, before developping this method, i€ was necessary to inves-

tigafe in detail the properties of the axicon. Cons{der an ideal point source

on the axis of an axicon oriented as shown in Fig. B1-2. The Tlight beam

emerging from the axicon appears to come from a virtual ring: how well defined
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is this ring and where is it located? To answer these questions, an
accurate ray-tracing was done of rays incident on the axicon at various

angles: the parameters considered are shown below (Fig. B1-2).

o

- e e e .

n

“refractive
] index

Fig. B1-2
The ray tracing was carried out for the following values of these parameters:

6= 0,.10,.20,

5,10,15,20,25 Deg. (h = 4,8,12 cm. (Z = 2,25,75,100 cm. !
...,0 where :

R
1

o=tan~!(H/Z) {

o= 4,3,2,1,.5,.4,.3,.2,.1 Deg.(H =14 an.< mowow oo wen

1

where a bracket indicates that everything that follows was executed for each
one of the parameters immediately preceding the bracket.
In Fig. B1-3 to B1-18, we give the ray tracings corresponding to :

H=4cm and to & = 5,10,15 and 25 degrees. These ray tracings were done ‘

by an IBM Plotter, and are accurate to about the line width. The ray tracings

corresponding.to other values of H are very similar; Zpax Was chosen to be

1 m. because this represents about the largest value that would be practical
for the optical bench available.The fay tracings show only the virtual rays,
i.e.,the dotted Tine in Fig B1-2.The source is located at the point 0.As can
be seen from the ray tracings, as o increases, for a given Z, the.virtua1 ring

plane moves closer to the axicon, the astigmatism in the virtual ring increases,
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and the radius of the ring increases. Note, in particular, that for any q,
for small Z, the astigmatism is very large. This results from large angles
of incidence encountered at low Z. Tuis would not occur in practice (in

an arrangement‘of the type shown in Fig. B1-1) because of the type of point
source\that would be used. We can say that, in a typical case, the pencil
of rays diverging from the point source would have an angle of about 5° max.
(to completely cover the axicon at max. Z). ﬁay tracings were done for this
case (i.e., pencil of rays such that axicon is completely covered with 1light
at max. Z). For a given o, the astigmatism increases with Z, and is then
max. for max. Z. (This astigmatism, as well as the exact position of the
virtual ring, was determined accurately by a separate program.) Hence, with
the type of arrangement above, with an infinitesimal point source, the (geo-
metrical) width of the ring produced in the image plane of the lens would
increase with the radius R, and the (geometrical) limit of the axicon method
can be represented as the width of a 2 cm. radius ring produced with this
arrangement; this would correspond roughly to the narrowest outermost
transparent ring that could be produced . This width can be written

Nc =2 W(Zmax,a) /R(Zmax,a) where R(Zmax,a) is the mean radius of the virtual
ring produced by an axicon of angle o located at a distance Znax (here 1

meter) from the point source, and W(Zmax,a) is the width of this ring in ﬁ

jts focal plane. (Note: since W(Z,0) (= focal dispersion, or astigmatism in
virtual ring) increases with Z, it is not obvious that wc, for a given a,

would decrease with Z,i.e., would be optimum for max. Z, as we have tacitly
assumed above; however, this point was verified carefully, and it is found
to Eé so.) Calculating WC for various values of a, it was found that Wc de-

creased with o down to a value of about 20p at a=50, and then remained constant
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with decreasing a. This behaviour can be predicted, using the small
angle approximation to R stated earlier, if one assumes that the virtual
ring is in the plane of the point source. This then appears to be the
geometrical limit of this‘type of system; (in practice, if would be
worse than this due to the fact that as soon as one departs from a
true point source, other aberrations will be introduced by the axicon )s
this 1imit could be decreased by increasing Zmax’ or by using a smaller
pencil pf rays (not comp]ete]y covering the axicon at zmax) but both
of these modifications are impractical, and both would deteriorate the
diffraction 1imit of this method: a 5° pencil already produces a minimum
point source size of about 12u (central spot size of Airy pattern).
Decreasing the angle of the pencil of rays would make this worse (in-
creasing diameter of axicon would increase the geometrical aberration);
furthermore, the diffraction‘at the axicon and in L2 (Fig. B1-1) (diffi-
cult to analyze theoretically) would impose a higher 1imit to the width
of ring which can be produced in the image plane of L2 even with an
infinitesimally small point source and an aberration-free axicon. It
appears, then, as if the axicon method would be fairly Timited in pre-
cision. As a result of the above facts, as well as other considerations,
guch as vignetting of rays emerging from the axicon, displacement of the
focal plane of virtual ring with Z, etc.... which complicate the practical
aspect of the problem, the axicon method was temporarily set aside.
Note: In Fig. B1-2, the axicon could have been oriented the other
way, i.e., with the vertex facing the source; the ray tracing analysis
was repeated with this orientation; the results, for small angles spe-
cially, are almost the same as before, and lead to the same conclusions

as above.
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Fig. B1-4

Ray tracings for a 5 deg. axicon situated at distances of 2 cm.(B1-3)

and 25 cm.(B1-4) from a point source 0.R axis divisions = 1 cm.



ALPHA= 5 DEG. H= & CM. 7= 75 oM.

ALPHA = 5 DEG. H=4 CM, Z= 100 CM.
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Ray
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Fig. B1-6

tracings for a 5 deg. axicon situated at distances of 75 cm. (B1-5)

100 cm.(B1-6) from a point source 0. R axis divisions = 1 cm.



ALPHA= 10 DEG. H= 4 (M. 2= 2 M.

ALPHA= |0 DEG. H= 4 (M. Z= 25 CM.

Fig. B1-8

Ray tracings for a 10 deg. axicon situated at distances of 2 cm.(B1-7)

and 25 cm.(B1-8) from a point source 0. R axis divisions = 1 cm.



ALPHA= 10 DEG. H= 4 CM. 2=.75 (M.

ALPHA= 10 DEG. H= 4 CMm, = 100 CM.
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Fig. B1-10

Ray tracings for a 10 deg. axicon situated at distances of 75 cm. (B1-9)

and 100 cm.(B1-10) from a point source 0. R axis divisions = 1 cm.
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Fig. B1-12

Ray tracings for a 15 deg. axicon situated at distances of 2 cm.(B1-11)

and 25 an.(B1-12) from a point source 0. R axis divisions = 1 cm.




ALPHA= 1S DEG. H= 4 O4. 2= 75 CM.

ALPHA= 15 DEG. H= 4 OW. 2= 100 M.

Fig. B1-14
Ray tracings'for a 15 deg. axicon situated at distances of 75 cm. (B1-13)

and 100 cm.(B1-14) from a point source 0. R axis divisions = 1 cm.
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Fig. B1-15
ALPHA= 25 DEG, H= 4 CM, I= 25 OCM.
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Fig. B1-16

Ray tracings for a 25 deg. axicon situated at distances of 2 cm.(21-15)

and 25 cm.(B1-16) from a point source 0. R axis divisions = 1 cm.
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Fig. B1-18

Ray tracings for a 25 deg. axicon situated at distances of 75cm.(B1-17)

and 100 cm.(B1-18) from a point source 0. R axis divisions =1 cm.
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(b) Photographic Reduction:-

This method can be summarized as follows: a large scale
model (positive) of the desired flux selector is cut into a lucite
plate which is photographed (with the proper reduction) onto a high
resolution plate to produce the required mask negative. (See fig. B1-19
for a schematic diagram.) At first glance, this method seems duite
simple, but a closer inspection reveals many difficu]fies.

(1) Construction of the lucite (plexiglass) model:-

The high pfecision desired in the ffux selector requires a
reduction ratio of about 10:1 since with the lathes available,
the tolerance on the widths of the rings cut into the lucite plate
would be on the average 25 microns (i.e. .001“)f Hence, the lucite
flux selector has to be about 40 cm in diameter. For preliminary
work, a lucite model (10:1) of flux selector 11(1a-B2-H) was made.
The grooves (opaque rings) were about .030" deep and fillaed with
black paint: painting the grooves was necessary because the de-
po1i$hing effect produced by the tool does not make the grooves
sufficiently opaque for the photographic process, even when using
high contrast plates. The results obtained with this lucite model
were unsatisfactory: the fact that the grooves were relatively deep
caused a sort of shadow effect on the rings which, when photogra-
phing the work, introduced a systematic error in the radii of the
rings on. the negative: the resulting error in the ring widths
increased from about O at the center to about -7 to-10 microns at
the edge. In order to avoid this error, the following Tucite flux

selectors were cut with the minimum groove depth possible (about




monochramatic
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) ‘wa flux selector pattern,lucite
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lamp L F aerial camera lens
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.m*o. B1-19 Schematic diagram of the photographic reduction method for making the flux

selector negative.
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.005"). This measure was effective, but it complicated the construc-
tion because it imposed severe tolerances on the flatness of the pieces

of lucite used, and it also rendered the filling of the grooves with

black paint much more difficult.

~

For our experimental work, we have decided to make flux
selectors of the type 49(1B-A4-H) corresponding to the amplitude filters
T(x,5) and T(x,M). A brief inspection of the ring radii of these two
F.S.'s (tables A5-24 and A5-25) shows that the opaque rings at the
center are very narrow. Since narrow grooves are Very difficult to cut,
and since the opaque ringé at the center do not affect the diffraction
patterns very much, we have decided to de1ete.opaque rings at the center
so as to simplify the construction. The number of rings to be deleted
was determined as follows: the difference between the extrema of
amplitude in the diffraction pattern formed by the flux selector and
those of the diffraction pattern formed by the same flux selector in
which successively 1, 2, 3, etc... opaque rings are deleted was cal-
culated: the maximum number K of rings which can be thus deleted without
jntroducing a difference greater than 10-3 (central region) or 10'4
(intermediate and far regioﬁs) in the diffraction patterns was thus
determined and the flux selector was constructed with K opaque rings
deleted at the center. For the flux selector corresponding to T(x,5),

K was found to be 5, whereas it was found to be 9 for that corresponding
to T(x,M).

(2) Optical system used for photographic reduction:

We require a lens which will:

(a) form an image free of distortion within 1 or 2 microns over a surface
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4 cm in diameter.

(b) have a depth of focus of at least 50 microns: it is essential
that the image be correctly focussed throughout the thickness of
the photographic emulsion; although the latter has a thickness of

_only 4 microns, the glass plates themselves are flat to about 10

microns per cm; hence, for an image 4 cm in diameter, the depth
of focus should be at least 50 microns. The focai tolerance for
an aberration-free lens is about ZAF? (F= F{number)._ Hence, we
should have a nominal focal ratio of at least F7. Note that, in
addition, the lens should form an image flat to at least 25 microns
(in a 2 cm radius) in order to ensure propef focussing everywhere
on the photographic plate.

(¢) On the other hand, the larger the F number, the more diffraction
limited the system becomes. Therefore, we must keep the F number
as low as possible compatible with the considerétions in (b).

(d) Assuming an uniformly i1luminated object, the illuminance in the
image'plane will vary roughly as cos4e, where g is the angle which
a point in the image subtends at the center of the lens wifh respect
to the optical axis. To minimize this variation, one requires a
relatively long focal length lens.

The above considerations have led us to choose a 36" focal
length, 5" diameter, 7 component aerial camera lens, with a 4" diameter
diaphragm in the entrance pupil. (See fig B1-20 for a photograph of the
A]ens). Observations have shown that the image formed by such a lens fs
distortion free and flat over a suitably extended range in the image

plane, and has a depth of focus of at least 100 microns; however,
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the large size of the lens has introduced other difficulties, which
we shall now briefly discuss.

First, because of the 10:1 reduction, the object-image
distance is almost 33 feet, énd over such a distance, air turbulence
can introduce distortions in the image. To avoid this, the optical
system was set-up in a temperature controlled tunnel. Then comes
the problem of optical alignment: the F.S. lucite moae1 must be mounted
exactly perpendicular to the optical axis of the lens and centered with
respecf to it: fai]ufe to satisfy this requirement introduces distortions
in the image, as shown in appendix A. An accurate method of alignmént
was found to be the following: a small laser is mounted on a tripod
about 40 feet away from the lens (on the objecf side), and the beam
allowed to fall on the entrance lens. There are many beams of light
reflected by the lens, corresponding tb the different components of the
lens. The laser beam was adjusted so as to coincide with the optical
axis.of the first component lens: the latter reflects two beams of light,
and when.the 1aser beam coincides with the optical axis, these two beams
overlap and produce a set of Newton-like interference fringes whose
center is on the axis. The fringes are viewed»in the exit window plane
of the laser. Aftef this adjustment is made, ;he Tucite F.S. is mounted
in front ofithe lens, at the proper distance ffom'it (33 feet). Its
position is adjusted so that the laser beam pa;ses through its center,
and is reflected back upon itself. The FTS. wgs thus adjusted so as to
be centered on the optical axis to within abou? 1 mm and normal to it to

within about 1/10 of a degree.



Fig. B1-21 Opticél system used for making the flux selector

negative by photographic reduction of a large

scale model.

Fig. B1-20 Aerial camera lens,front view: the 4" diaphragm

shown is placed in front of the lens to reduce

aberrations and increase the depth of focus.




Fig. B1-21 Optical system used for making the flux selector

negative by photographic reduction of a large

'

scale model.

Fig. B1-20 Aerial camera lens ,front view: the 4" diaphragm
shown is placed in front of the lens to reduce

aberrations and increase the depth of focus.
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It would seem at first glance that the optical system
used would give poor edge definition in the image due to diffraction:
the Airy pattern formed by the lens has a central disc of 13 microns
ih diameter. However, because of the type of photographic plates used,
the actual precision achievable is abaut 1 or 2 microns.

(3) Photographic plates used:

The plates chosen were 2" X 2" Kodak High Resolution plates
( .060" thick, standard grade flatness). The principal reasons for this
choice were: '

(a) They have extremely high contrast (gamma = 10 typically): this efimi-
nates troublesome secondary reflections in the lens; also, it allows
the photographic image to have sharper edges than those in the aerial
jmage (where diffraction causes an intensity gradfent at the edges).

(b) They have extremely fine grain: this is necessary in order to have
edges as sharp and smooth as possible in the negative.

(c) They have extremely high resolution (about 2,000 lines per mm) : . “i
this is necessary in order to obtain good image quality with images
having line widths as small as 15 microns (and ultimately as small
as 4 microns).

On the other hand, these plates have one serious disadvantage:
they have a very low sensitivity. Their A.S.A. speed is .025 (compared
to 125 for'Plus-x Pan, for example). Hence, an intense 1light source is
required to illuminate the object (see next section). Focussing of the
aerial image on the emulsion of the plates is done as follows: a special
piate holder was built which incorporates a.removab1evx and y travelling
microscope and which is mounted on the lens back.Fig. B1-22 (a) and (b)

shows the lens back without and with the travelling microscope attachment



(b)
Fig B1-22 ferial camera lens:back view,showing (a) the photographic
plate holder and (b) the removable x-and-y travelling

microscope.



(b)

Fig B1-22 Aerial camera lens:back view,showing (a) the photographic

plate holder and (b) the removable x-and-y travelling

microscope.
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respectively. A grid network has been ruled in the emulsion of a high
resolution plate, which is mounted in the plateholder, emulsion side
towards the lens. By means of the travelling microscope, the image is
viewed at 100x and the lens moved forward or backwards to bring the
image in coincidence with the grid network. The travelling microscope
js then displaced along the x axis to see if the image remains in the
same plane as the grid everywhere.. If not, the plate ho]der is tilted
in the proper direcfion, and the procedure repeated until the focussing
is good all a]png the x axis. The procedure is then repeated along the
y axis. To take a photograph, the focussing grid is replaced by a |

photographic plate.

(4) Light source:

’ From the foregoing discussion, it is evident that an intense
light source is required; it also has to be monochromatic in order to
eliminate chromatic aberrations in the lens. Such a Tight source was
built and can be described as follows: a 700 watt mercury lamp is located
on the optica1 axis of a 30" focal length, 40" dfameter Fresnel lens,
whose purpose is to condense the Tight onto the lucite pattern. The
lamp is mounted on a series of movable platforms which allow the lamp
to be moved horizontally, vertically, and along the axis in order to
center the beam on the aerial camera lens. A monochromatic filter con-
sisting of Wratten No. 77 and No. 58 10" x 10" filters is used to isolate
the green line at 5461 R. this line was chosen because it is the most
jntense one emitted by the lamp, and the sensitivity of both the human
eye and the high resolution plates are almost maximum at this wavelength.
A 20" diameter shutter, which can be operated by remote control, is in-

terposed between the Fresnel lens and the lamp. The lamp and fiiter
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are cooled by means of three fans, two of which have the specific task
of cooling the heat sensitive filter assembly; the latter is further
protected by a thermoregulator which automatically turns off the lamp
if the filter overheats. The lamp house is completely enclosed, i.e.,
no air is exhausted from the housing by means of fans or chimneys: such
streams of air could cause unwanted turbulence in the air, whereas
natural convection from the whole surface of the lamp ﬁouse would not
have a tendency to do this.Fig. B1-23 (a) and (b) shows photographs

of the lamp house. . .

The lamp house is located about 15 feet behind the 1ucite.
pattern: it is not placed closer than that in order to produce a more
uniform illumination in the.image plane of the aerial camera lens.

Fig B1-21 shows a photograph of the optical system used for photographic
reduction. The beam of 1light emerging from the lamp house is centered

" on the opticé] axis of the system as follows: a small cross-1like dia-
phragm is mounted in front of the lamp, and centered on the optical axis
of the Freéne] lens. The position of the lamp is adjusted so that the
latter is also centered on the optical axis of the Fresnel 1ens; The
lamp house is displaced horizontally and vertically so that the image

of the Fresnel lens be centered on the optical axis of the aerial camera
lens in thg ihage plane of the latter. The lamp plus cross-diaphragm
are thendisplaced along the axis of the Fresnel lens so that the primary
jmage of the cross be formed in the entrance pupil of the aerial camera
lens. The lamp house is then tilted horizontally and vertically so that
the cross image be centered on the entrance pupil of the lens. This

completes the adjustment of the lamp house.
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In the image plane of the aerial camera lens, the i1lumi-
nation produced by the above system js not uniform: it is maximum at
the center gnd falls off to about 60% at the edge of the image. In
order to correct this, a rotating sector was mounted between the shutter
and the Fresnel lens to compensate for the intensity variation. (This
rotating sector is not shown in Fig. B]-237$ee Fig.B1-24 for a schematic
diagram)- Since the exposure time is of the order of 3 to 4 minutes, a
speed of rotation of about 100 rpm.was sufficient. The shape of the
sector was determined empirically as follows: starting with a tear
shaped sector, and with the lucite flux selector removed from its ho]ﬁer,
a photograph was taken of the illumination field in the image plane of
the aer1a1 camera lens. The processed plate was not uniformly darkened,
but showed a variation in density which paralielled the variation in
intensity in the image plane. The plate was scanned with a densitometer
to determine quantitatively the variation in intensity. 'The sector was
then trimmed accordingly, and the process repeated until the uniformity
of the illumination was deemed satisfactory (i.e., a variation of 10 to
15% max., with the high intensity point in the intermediate region).

The photographic plates used for this work were 2" x 2" Kodak projector
slide plates (medium contrast type). These plates are blue sensitive
and, thus, aTthough they are much faster than high resolution plates
when exposed to tungsten 1ight, they are of comparable speed when exposed
to 5461 R radiation. Thus, they had a suitably long (about 2 min.) ex-
posure time for the rotating sector to be effective. The characteristic
curve for these p1ates was determined by exposing a plate through a

5461 R interference filter and a photographic step tablet to a uniform




| (b)
Fig. B1-23 Light source used in the photographic reduction

method for making the flux selector negative:

(a) Side view (b) Front view (Fresnel lens removed)




(b)
Fig. B1-23 Light source used in the photographic reduction

method for making the flux selector negative:

{a) Side view (b) Front view (Fresnel lens removed)
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Fig. B1-24 Schematic diagram of the rotating sector used in the lamp house.
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collimated beam; the plate was then processed, and scanned with a
densitometer. From the density vs exposure data thus obtained, the
characteristic curve, hence the gamma (= 2.3) was determined.

(5) Measurements on_the negatives:

~

The flux selector negatives produced by the above method
required exposure times of about 4 minutes (with rotating sector) and
were processed as recommended by Kodak. Measurements were made on
these negatives (using a Jena comparator) in order to compare the actual
ring radii and widths with the theoretical values. The measurements
were done as follows: The position of the negative on the comparator
table was adjusted so that the scan axis coincided with a diameter.

The negative was then firmly clamped, and the positions of all the edges
of the rings carefully measured as the negative was scanned from one

side to the other. The measurements were reproducible to 1 micron or
better. This data was then processed by an IBM program, which computed
the inner and outer radii and the width of each ring. The program also
ca]cu]éted the center corresponding to the inner and outer edge of each
ring: this is necessary in order to check that the rings are truly con-
centric. Before being compared to the theoretical values, the ring radii
were normalized with respect to the outer radius.of the last ring, because
the reduction ratio of the aerial camera lens was not exactly 10, but was
about 9.95. The above measurements were made along two mutually perpen-
dicular axes. These measurements have shown that the negatives produced
had the following precision: '

a) Ring radii (inner and outer): =1 micron in general, 2 microns maximum.

b) Ring widths: 1 micron in general, *2 microns max.
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c) Concentricity: *1 micron maximum from the mean center.
d) Ellipticity: 1 to 2 microns difference between the major and minor

axes.

The worst imperfection in the negatives consists of the

smail defects due to occasional dust particles or small scrapes or
scuffs on the lucite flux selector, which are reproduced on the negative.
However, it is felt that these defects have a negligible effect on the
diffraction patterns formed by the flux selectors. In Fig. B1-25 (a)

and (b) are shown prints made from the flux selector negatives.
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(b) Flux selector 49(1b-A4-H) corresponding to
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the amplitude filter T(x,M),and having 9
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F.S. is shownat 3 times the actual size.
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Flux selector 49(1b-A4-H) corresponding to
the amplitude filter T(x,5),and having 5
opaque rings deleted at the center.The
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the amplitude filter T(x,M),and having 9
opaqgue rings deleted at the center.The

F.S. is shownat 3 times the actual size.
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CHAPTER 2
PHOTO-ETCHING PROCESS

The phoio—etching process, as we have outlined earlier,
consists (for our work) essentially of 5 steps: coating the plane
side of a plano-convex lens with a thin metallic layer; coating this
metallic layer with a thin layer of photo-etching emulsion; contact
printing the flux selector negative onto this emulsion layer; develop-
ping the latent image of the flux selector thus formed in the emulsion
and then etching the_work. This procedure will now be described in
detail. |
_(1) Coating the work with a metallic layer: -

The metallic Iayer is to be depositéd on the lens by evapor-
ation in a vacuum. What metal should be used? In order to answer this
questién, we must first list the desirable properties of the metallic
Tayer.

a) It must be tough,_optica]]y thin, uniform, opaque, and free of
pinholes. _

b) Ideally it should be black in order to minimize the reflectjons
inside the lens.

c) It must be easily etched, and the etching solution should not
damage the surface of the lens.

The metals mqst commonly used for this type of work are
chromium, aluminum, and copper. Of these, chromium yields the toughest
layer, but because of its relatively high melting point, it is much
more difficult to obtain a suitably uniform and opaque layer, free of.
pinholes. Because of this, we have rejected it for our work.

Aluminum and copper both give layers which are thin (circa

500 R ), uniform and opaque, and which can be made virtually free of
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pinholes if special precautions“are taken. The layers are also
suitably resistant to abrasion for the type of treatment they are
subjected to. Apparently, evaporated films of these two metals cannot
be chemicai1y blackened without damaging, or altogether destroying the
meEa11ic coatings. for aluminum, we have tried the familiar anodizing
process, but the latter completely destroyed the metallic layer; other
processes exist, but since most of them réquire hot solutions and/or the
presence of acids, it is very doubtful that these would be more succéss-
fu].‘ For copper, we have tried a simple reaction, in wh}ch the work

is dipped in a solution of potassium sulfide at room temperature; the
copper is transformed into copper sulfide, but the lattér is too porous,
and fails to adhere to the glass surface. Again, it is doubtful whether
other processes would be any more successful. Hence, both copper and
aluminum films would have to be used as such, without blackening. From
the point of view of minimizing reflections, then, the copper would be
preferable to aluminum, since it has a much lower reflectivity than
aluminum, except in the red part of the spectrum. There are more impor-
tant reasons for choosing copper, however. Consider a collimated beam
of light impinging at normal incidence on an emulsion coated aluminised
surface during the contact printing step. The jncident and reflected
beams will interfere to form standing waves inside the emulsion layer,
and the nodes corresponding to a given wavelength will have almost zero
amplitude due to the high reflectivity of the aluminum. It can be showrt ®
that the positions of the nodes, measured from the aluminum surface, are
given by x= (k+%'- %;) %- where k = 0, 1, 2, ... ,and ¢ is the phase

o
change upon reflection, and is close to w (e.g. about .82m at 4,500 A).
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Thus, there will be a node (k=0) very close to the aluminum-emulsion
interface for all wavelengths. At that point, the emulsion will be
under-exposed relative to the rest of the emulsion layer, and this can
cause the resist image to Tight off in the etching bath. In order to
correct this, one has to use very diffuse i1lumination, which impairs
resolution in the contact printing, or use excessively long exposure
times. This problem does not present itself, or at 1éast,'not nearly
to the same extent, with a copper coating, because the reflectivity
of copper is re]ativeiy Tow (about .45 at .5 microns) in the spectral
range to which the emulsion is sensitive. As far as etching is concérned,
‘copper is again preferable to aluminum for the following reasons:
the usual etchants for aluminum are hydrochloric acid, potassium hydro-
xide, or sodium hydroxide. These etchénts react violently with aluminum,
and hidrogen ijs evolved in the form of small bubbles; the formation of
the latter at the edges of the resist image éan cause the emulsion to
be uplifted, and even detached from the metallic layer. On the other
hand, copber is etched easily with a ferric chloride solution, and no
gas is evolved to detach the emulsion. (In theory, it should be possible Q‘!!
to etch aluminum with ferric chloride, but in practice, the etch is
very irregular, and the metal is detached in flakes more than it is
disso1ved.)

For the reasons outlined above, then, we have chosen copper
for our work.
(2) Coating the metallized surface with photoetching emulsion:
| After the plane side of the lens has been coated with a thin

copper film, it must next be coated with a layer of photoetching emulsion.
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We shall discuss briefly the desirable properties of this coating:
(a) It must adhere well to the copper film, and be unaffected by
the copper etchant.

(b) It must be very thin, and free of pinholes, globules, dust par-

<~ ticles, etc.

(c) It must be uniform in thickness so as to have uniform exposure
of the emulsion layer. ‘

Conditions (a) dictate the kind of photoetching emulsion to
use. For a copper substrate, Koqak recommends KPR or KOR. We have
tried both emulsions, and have found that although KPR requires longer
exposure times than KOR, it produces a cleaner image than KOR, and
undercutting in the etching solution is less severe;_because of this,
we have used only KPR for our work.

The layer of emulsion must be very thin in order to achijeve
maximum resolution. A thin layer also decreases exposure times, is
easier to dry, and can be made more uniform than a thick layer. The
ideal 1ayér, then, is the thinnest one which is free of pinholes, and
resists the action of the etchant. The actual thickness to use is
determined by'trial and error. Dust particles and globules in the
layer must be eliminated because these prevent a good contact between
the negat1ve and the emulsion coated surface.

The metallised surface of the lens is covered with emu1s1on
as follows: a special cabinet was constructed which incorporates a
two-speed fan and an air filter assembly; the latter produces a laminar
flow of dust-free air over a spindle which is activated by a variable

speed motor under the desk top. The lens is mounted in a special holder




(@)

(b)
Fig. B2-1 Apparatus used for coating the lens with a thin layer

of photo-etching emulsion.
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(b)
Fig. B2-1 Apparatus used for coating the lens with a thin layer

of photo-etching emulsion.
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.. which screws onto the spindle head. See f%é. B2-1 (a) and (b).

While the spindle is rotating, the emulsion is injected by means of

a syringe gnto the rotating lens: the syringe incorporates-a Millipore
filter attachment which retains all particles 1 micron or larger in
size. The cabinet is j1luminated by means of a 35 watt tungsten lamp
equipped with a Kodak type OC safelight filter. This prevents the
emulsion from being exposed during coating. '

The thickness of the emulsion layer thus produced depends
on the viscosity of the emulsion and the speed of rotation of the
spindle. We have found that using un-diTuted KPR, a speed of rotatibn
of about 900 to 950 rpm produces a clean, uniform emulsion layer having
a thickness of about .6 to .7 microns. The uniformity of the layer 1is
easy to check by viewing the layer briefly under a 16w-power mercury
vapour lamp. Because the layer is very thin, it appears coloured due
to interference of the light inside the layer, and a variation in thick-
ness produces a variation in colour. For example, in our case, the
layer appears uniformly greenish when viewed at normal incidence, and
when the coating has been properly done.

The interferential colours ine no information about the
thickness of the layer, on which depend the proper dryfng time, exposure
time, and development time of the photoetching emulsion. Therefore,
it became necessary for us to develop a method which would enable us to
determine approximately the thickness of the emulsion, and to detect
accurately a change in this thickness, without destroying or exposing
the.emu1s1on. The method we have developped is based on the observation

of the channelled spectrum formed by a collimated beam of white light
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(tungsten) reflected from the layer at grazing incidence. Although

the interference fringes formed under these circumstances are of the

multiple reflection type, the facts that the emulsion layer is bounded

by only one metallic interface, and that the angle of incidence is

near grazing have given a few interesting properties to‘the fringes

thus formed. Because of this, we have given a theoretical derivation

in Appendix B. This derivation shows that in order to have fringes

of good contrast (or‘visibi1ity), it is necessary that the angle of

jncidence be near-grazing; this condition will also optimize the

finesse of the fringes. Furthermore, since the positioné of the fringes

depends cn-the state of polarization of the 1ight beam, it is necessary

to polarize the latter either parallel or perpendicular to the plane

of incidence in order to have good fringe visibility, and to be able

to estimate the thickness of the layer from measurements on the fringes.
The experimental set up used for observing the channelled

spectra is shown schematically in Fig. B2-2. The positions of the dark

fringes are given by _ ﬁ
2 nd cos 8' = (m - ¢") A m=0,1,2, ....

where n is the refractive index, 8' is the angle of refraction inside

the emulsion, d the thickness of the emulsion,X the wavelength, and

¢' the phase change produced by the copper layer. If we denote by

subscripts 1 and 2 the positions of two successive fringes, we have
2 nd cos 6' (Az2 - Aq) = 65 - 9 +]

A,

(where we have assumed that the variation of n and 8' with A is negligible)

Now; according to theory and experimenta] measurements, the phase change
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at normal incidence for an‘opaque copper layer (covered with a die-
lectric having a refractive index n = 1.5) varies by about .35 radians
maximum from about A = .4 microns to A = .65 microns; if we suppose
this variation to be no greater for angles o' g 40° (corresponding to
grazing incidence on the emulsion), then ¢é - ¢{ represents a correction
term of only 5 to 10% compared to 1 . Thus, we can wqite'approx.
Cd= aq, JEmcos el Og =)
The angle of 1nc1dence was adjusted to give max. visibility around
2 = .5 microns. Using the above method, we have determ1ned the

thickness of the emulsion coatings to be .66+ .1 microns.

© iris d1aphragm _ l, #Kﬂfg:fii\ A te]escbpé‘

collimator

\\\\\\. prism
L

Q\l _emulsion coated lens

15 watt Tight bu]L
Fig. B2-2
(3) Contact Printing:
The apparatus ﬁsed for contact printing the flux selector
negative onto the emulsion coated lens is shown in Fjg. B2-3 (a), (b),
and (¢). The negative is clamped onto a supporting plate having a
1% »  clearance hole bored into it. The emulsion coated lens is held
By me;ns of an O-ring in a metallic ring which screws onto a set of
_gimbals attached to a tube which slides up and down above the negative

mount: the lens is allowed to rest on top of the negative, and the
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contact assured by the weight of the lens and support; the gimbals
give the lens freedom of rotation about two mutually perpendicular
axes in a horizontal plane, thus permitting a good contact between the
lens and the negative. The 1/2" thick glass plate separating the Tamp
source compartment (not shown) from the top compartment serves as a
dust shield, and a heat shield: the 650 watt lamp used for the exposures
evolves much heat; consequently, the air surrounding the lamp becomes_.
hot, and it is necessary to prevent that air from getting into the top
compartment and increasing the ambient temperature, which could cause
the gelatin of the negative and the emulsion on the lens to stick to-
gether. The lamp also emits a large amount ofiinfra-red radiation,
which could also cause over-heating of the negative or the lens: the
glass plate absorbs most of the infra-red radiation emitted by the
lamp and thus protects the negative and lens. .
The 1ight source used is a 650 watt tungsten halogen lamp
having a filament temperature of 3400° K, and mounted in a reflector
which produces a relatively diffuse illumination on the negative.
Although in theory it is preferable to use a collimated beam of light
in order to achieve maximum resolution, this is not so desirable in
practice because the least scratch or particle of dust on the negative
would project a shadow on the emulsion. Furthermore, the standing
wave effect discussed earlier would be much more important with a
collimated beam. With the set-up used, we have obtained satisfactory
results: line width broadening due to diffusion of illumination does
not exceed 1 or 2 microns, which is deemed acceptable at the present

stage; exposure times are relatively short (1 1/2 minutes). The
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Fig. Bz-3 Apparatus used for contact printing the flux selector negative onto




the flux selector nagative onto the emulsion coated lens

Fig. Bz-3 Apparatus used for contact printing
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iptensity in the plane of the negative decreases from the center of
the opening to the edge by about 15%, but the photo-etching emulsion
has sufficient exposure latitude to make this variation un-important.
The intensity of the illumination is controlled as follows: a photo-
sensitive probe, consisting essentially of a photo-conductive cell and

its associated electric circuit, was assembled as shown schematically
below: B 1.35 volt

_ : battery
blue filter

i CrosCo | T ' variable
slide pe\\ o | »resistance
5 Bﬂ: photo-conductive ' " micro-ammeter
WY et | \

. A - . . .
iff
b . g1azz1ng ;;Eoff switch

lane of the-negative. .
Fig. B2-4

(Only the blue portion of the spectrum is used because thfe matches
roughly the Spectra1 sensitivity of the photoetching emulsion). The
probe measures the Tight intensity in the plane of the negative. The
variable resistance is adjusted so as to'get almost full scale deflection
on the ammeter at the operating 1ntens1ty of the Jamp. The probe was
ca11brated (at a fixed resistance) by introducing successively var1ous.
neutral density filters in front of the cell and not1ng the current
corresponding to each. From the calibration curve, we have determined
that a change in intensity of 2% is ea511y detectable. Th1s simple
device provides an easy and sensitive way of mon1tor1ng the 1ntens1ty

of the lamp.
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(4) Development and etching of the photoresist image.

After the exposure, the lens is-removed from its mount,
and immersed into a large beaker containing the developper. It is
allowed to stand vertically without agitation for about two minutes,
aftgr which it is removed, rinced with a 2 to 1 mixture of developper
and acetone, then rinced with a 1 to 2 mixture of the same solvents.

It is allowed to dry for about 3 hours. Bécause the clearance hole

in the negative support is only 1 7/8", the emulsion layer outside of
this diameter has not been exposed, hence has been removed in the de-
velopper. Since this portion of the copper surface must not be etched,
it is now covered with a layer of unexposed photoetching emulsion,
which is then allowed to dry. The work is then etched in a ferric
chloride solution at room temperature. The concentration of the etchant
is about 100 grams per liter, which is dilute enough to allow the etching
action to proceed siowly, i.e., controlably. To remove the residual
photoresist image after etching, the surface of the work is swabbed with
a soft cloth saturated with trichloroethylene.

In order to check the quality of the etch, the work is examined
under a microscope at 600x. The microscope is equipped with a micrometer
ocular (Tesa) which allows measurements to be made on the flux selector
with an accuracy of #1 micron. The precision in the flux selectors pro-
duced was determined to be + 1 u on the ring widths for most of the rings;
at the edge, the precision is slightly less, i.e., about + 2 y . There
are small defects in these etched flux selectors (due to small defects in
fhe negatives, occasional pinholes 1in the metallic coating, etc...) but
these do not seriously affect the diffraction patterns formed by the flux
selectors. In Fig. B2-5 is shown a photograph of a flux selector produced

by the method described in this thesis, and mounted in a lens holder.



Fig. B2-5 Flux selector produced by the photo-etching of a copper
" film deposited in vacuum on the plane surface of a lens;
the latter is mounted in a special holder for use in the

rotary lens mount.
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CHAPTER 3
EXPERIMENTAL WORK DONE WITH THE FLUX SELECTORS

In this chapter, we shall describe the experimental work
done in order to compare the diffraction patterns formed by the flux
selectors with those formed by the uniformly transmitting pupil. The
diffraction patterns were recorded photographically; a study of the
photographs obtained allowed us to compare the various cases studied
with the theoretical ca]cu1ations; and, in parti¢u1ar; to show the
remarkable improvement that flux selectors bring to the images formed
by lenses.

The optical system used is shown schematically in Fig. 83-1;
A helium-neon laser is used as a monochromatic 1ight source (A= 6328&).
The 1ight beam is focussed by a microscope objective onto a 32 microns
pinhole, which acts as a point source for the optical system. Three
lenses, one with the 44 rings F.S. [T(x,5)], another with the 40 rings
F.S.[T(x,M)], and the third one with a 4 cm. diameter circular diaphragm,
are mounted in a rotary lens mount located 20 meters from the pinhole.
The lens mount can rotate about an axis parallel to the optical axis of
the system, so that each lens, in turn, can be brought into position on
the optical axis; this allows quick interchangeability of the lenses,
without necessitating re-adjustment of the latter. The individual lenses,
and the rotary lens mount as a whole, can be displaced in a direction
parallel to the axis of rotation in order to focus the images. The image
formed by each lens is much too small to be photographed directly; for
example, the Airy pattern formed by the lens with the 4 cm. diaphragm
hés a central spot only 63 p in diameter. A Barlow lens having a focal
length of 10 cm. is used to magnify the image about 17 times. The magni-

fied image is projected in the film plane of an Hasselblad camera. The
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Fig. B3-1 Schematic diagram oﬁ the optical system used for the study of the diffraction cmﬁﬁm1=m

formed by flux selectors.
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part of the optical system between the laser and the Barlow lens is
contained inside a cylindrical metallic tube having a diameter of about
60 cm.; this greatly reduces image degradation due to air turbulence

and vibration. The optical system is aligned as follows: The rotary
lens mount was built so. that the lens being studied is centered on the
axis of the cylindrical tube; with the pinhole and microscbpe objective
removed, the laser is adjusted so that the beam is centered on this lens.
The rotary lens mount as a whole is then adjusted so that the lens is
perpendicular to the laser beam (as well as centered on it),and the axis
of rotation‘of the lens mount is parallel to the optical axis (= laser
axis). The microscope objective (4X) is then pﬁt into place and adjusted
so that its optical axis coincides with the laser beam. The pinhole is
adjusted so as to be centered on the optical axis, and such that the
light beam emerging from it has maximum intensity. The Barlow lens is
then set up as shown in Fig. B3-1, and the position of the camera adjusted

so that the magnified image is centered and focussed in the film plane.

The other lenses in the rotary lens mount are then brought, in turn, into Q!!g!
the 1ight beam, and are adjusted individually so that the resulting magni-
fied images are-also centered-and focussed in the film plane.
With this optical system, we have studied the following cases:
(1) Aberration-free optical system, correctly focussed. (¢(x)=0)
(2) Aberration-free optical system, with defect of focus of n/2, w, 31/2,
om.(6(x) = mx2/2, mx?®, 3mx*/2 and 2mx* resp.)
Also, we have studied the images formed by the three lenses (correctly
focussed) when an object consisting of a group of randomly distributed

small points replaces the pinhole; the object is illuminated by means of
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a mercury vapour lamp equipped with an interference filter which isolates

o
the 5461A 1ine; thus, an incoherent but monochromatic illumination is

provided.

~

The images were recorded on Agfa Isopan Record film. We have
cho§en this film because its associated characteristic curve is linear
over a wide range of exposures (= 10*:1) and it is quite sensitive to
Tight (ASA speed = 1250 at 5500 R) yet has.adequate resolution for our work.

The characteristics of an emulsion can vary slightly from one .
roll of film to another; furthermore, it is difficult to brocess identi-
cally two different rolls of film. In order to avoid these small variations,
and so, make a completely objective comparison between the images formed
by the three 1enses; we have always recorded the images corresponding to
the three lenses, for a given case, on the same roll of film; furthermore,
the rotary lens mount enabled us to take the three corresponding exposures
in a short interval of time. Thus, the correctly focussed series was
recorded on one roll of film, all the defect of focus sef{es on a second
roll of film, and the images of the group of points on a third roll of film.
| When the optical system is correctly focussed, the intensity at
the center of the diffraction patterns formed by the lenses equipped with
flux selectors is T2 smaller than the intensity at the center of the Airy
pattern. (T = transmission factor. See chap. 5) This has been verified
experimentally with a photometer. Consequently, in order to have eduiva-
lent photographic exposures, the photographs corresponding to the 44 rings
and 40 rings flux selectors were given 6 times and 2.8 times resp. the
eXposure given to the photographs corresponding to the uniformly trans-
mitting pupil.

The negatives were developped with a solution consisting of 10

parts Pota developper, and 1 part Atomal developper. Pota is a very low
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contrast developper. Diluted with Atomal in the above proportions, it
gives a Y of about .3. With such a low gamma, it is possible to record
the wide range of intensities (= 107:1) encountered in the diffraction
patterns in a relatively short density interval (= 2) on the negative.
This is necessary because the range of éxposure of a photographic paper
for which it is usable without loss of information is at most 100:1.
Furthermore, if we represent by I'the variation of infénsity in a
diffraction pattern, say, then the intensity re-radiated from the corres-
ponding print will vary roughly as I YpYf » provided the paper and f11m'
are used in the linear regions of their associated characteristic curves.
(Yp and v¢ refer to the vy of the paper and film resp.) Hence, in order
that a print give approximately the same visual impression as the original
diffraction pattern (for the central region at least), we should have
Ybe =1, i.e., in our case, Yp = 3,3. In order to achieve this condition,
we have printed the negatives on F4 paper, which has a gamma of about 3
when processed normally.

The prints made from the negatives corresponding to the cases

studied are given in the following pages. For a given case, the prints ‘

associated with the 3 lenses were made at the same magnification, and
were given the same eXposure times and processing.

The diffraction patterns formed by the two flux selectors and
the uniforﬁ]y transmitting pupil in the case of a correctly focussed
optical system are shown in Fig. B3-2. The magnification relative to the
primary image is about 53X. As predicted theoretically, the flux selectors
form diffraction patterns in which the intensities of the secondary maxima
have been greatly reduced relative to those of the Airy pattern, but in

which the central spots are wider than that in the Airy pattern. The



Fig. B3-2
Diffraction patterns formed
by (a) the 40 rings flux
selector [corrqsponding to
amplitude filter T(x,M)],
(b) the uniformly transmit-
ting pupil, and (c) the 44
rings flux selector[corres-
ponding to amplitude filter
T(x,5) ], for the case:

¢(x) = 0

(c)

(b)




Fig. B3-2
Diffraction patterns furied
by (a) the 40 rings flux
selector [corvesponding to
amplitude filter T(x,M)

(b) the uniformly transmit-
ting pupil, and (c) the 44
rings flux selector{corres-
ponding to amplitude filter
T(x,5) ], for the case:

$p(x) =0




Fig. B3-3 Diffraction pattern formed by the 40 rings flux selector

[corresponding to amplitude filter T(x,M)] for the case '
o(x) = 0. (Same as Fig. B3-2(a),but the magnification is
3.5 times smaller, in order to show the first two princi-

pal maxima.)






Fig. B3- 4 ‘Diffraction pattern formed by the un1form1y transmlttlng

pupil for the case ¢(x) = 0, (Same as F1g B3- Z(b) but

the magnification is 3.5 times smaller.)






Fig. B3-5 Diffraction pattern formed by the 44 rings flux selector

[corresponding to amplitude filter T(x,5)] for the case
¢(x) = 0. (Same as Fig. B3-2(c),but the magnification is
3.5 times smaiier, in order to show the first two princi-

pal maxima.)






Fig. B3-6
Diffraction patterns formed
by (a) the 40 rings flux
selector [cqrresponding to
amplitude filter T(x,M)],
(b) the uniformly transmit-
ting pupil, and (c) the 44
rings flux selector [corres-
ponding to amplitude filter
T(x,5)], for the case:

o(x) = .5mx?

(a)

(6)




Fig. B3-6
Diffraction patterns formed
by (a) the 40 rings flux
selector [corresponding to
amplitude filter T(x,M)],
(b) the uniformly transmit-
ting pupil, and (c) the 44
rings Tlux selector [corres-

ponding to amplitude filter

T(x,5)], for the case:

d(x) = .5mx?

(b)




Fig. B3-7
Diffraction patterns formed
by (a) the 40 rings flux
selector [corrgsponding to
amplitude f{lter T(x,M)],
(b) Ehe uniformly transmit-
ting pupil, and (c) the 44
rings flux selector [corres-
ponding to amplitude filter
T(x,5)], for the case:

o(x) = mx?

(a5

(b)




Fig. B3-7
Diffractivn patierns Tormed
by (a) the 40 rings flux
selector [corresponding to
amplitude filter T(x,M1)],
(b) the uniforily transmit-
ting pupil, and (c) the 44
rings flux selector [corres-
ponding to amplituae filter

T(x,5)], for the case:

(a)




Fig. B3-8
Diffraction patterns formed
by (a) the 40 rings flux
selector [corresponding to }
amp1itude ff]ter T(x,M)],
(b) Ehe uniformly transmit- (=)
ting pupil, and (c) the 44
rings fTux selector [corres-
ponding to amplitude filter
T(x,5)], for the case:

¢(x)=1.5mx2

(b)




Fig. £3a-8

Ditireciion votterns forned

by (a) the 40 rings flux

selector [corvesponding to
amplitude filier T(x,M)],

‘ _ (a)

(b) the uniforily transmit-

ting pupil, and (c¢) the 44

rings flux selector [corres-

ponding to amplitude filter

T(x,5)], for the case:

d(x)=1.5:x°




Fig. B3-9
Diffraction patterns formed
by (a) the 40 rings flux
selector [corrqsponding to
amplitude filter T(x,M)], :
(b) the uniformly transmit- (@)
ting pupil, and (c) the 44
rings flux selector [corres-

ponding to amplitude filter
T(x,5)], for the case:

d(x) = 2mx?2

(b)

(c)




Fig. DB3-9
Diffraction patterns formed
by (a) the 40 rings flux
selector [corresponding to
amplitude filter T(x,M)],
(b) the uniformly transmit-
ting pupil, and (c) the 44
rings flux selector [corres-
ponding to amplitude filter
T(x,5)], for the case:

d(x) = 2ax?




Fig. B3-10
Images(correctly focussed)
formed by (a) the 40 rings
flux selector [corresponding
to amp]itude\f{lter T(x,M)],
(b) the uniformly transmit-
ting\bupil, and (c) the 44
rings flux selector [corres-
ponding to amplitude filter

T(x,5)], of an object con- |

sisting of a group of points

of various intensities.

(2)

(b)

‘, (c)




Fig. B3-10
Images (correcily Tocussed)
formed by {a) ithe 40 rings
Tlux selector [correspoading
to amplitude f{iter T, M7,
(b) the uniforaly transuit-
ting pupil, and {c) the 43
rings flux selector [corves-
ponding to amplitude filter
T(x,5)], of an object con-
sisting of a group of points

of various intensities.

C \‘,\;‘/..\k.‘f\' ) —'__(3 \
(7)—¢ ~”ifg“‘kjﬂ’ﬂ !

(c)
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theoretical ratios of central spot width in the F.S. diffraction pattern

to that in the Airy pattern are 1.25 and 1.53 for the 40 rings and 44

rings flux selector resp. The corresponding ratios as determined from

measurementé made on the photographs are 1.19 *.08 and 1.47 +.08 resp.

The agreement between theoretical and experimental values is good, within

the estimated uncertainty in the experimental values.

In Fig. B3-3, B3-4, and B3-5 are shown the diffraction patterns
corresponding to thé same case as above, but in which the magnification

is 3.5 times smaller in order to show the first two principal maxima in

the diffraction patterns formed by the flux selectors. From these pﬁoto-

graphs, the improvement in the concentration of energy towards the center

brought by the flux selectors can be readily seen. If we compare the

first principal maxima in the diffraction patterns formed by both flux

selectors with the corresponding theoretically calculated maxima given

in Tables A5-27 and A5-28, we note that: o b |

(1) The general aspect of these maxima agrees very well with the theore-
tical calculations as far as the number of rings and their relative
intensities are concerned.

(2) The diameters of the rings relative to the diameter of the central
spot agree to about 1% with the theoretical calculations.

(3) As expected, the principal maxima in the diffraction pattern formed by
the 44 rings F.S. are more intense (relative to the intensity at the
center of the pattern) than the corresponding maxima for the 40 rings F.S.

In Fig. B3-6 to B3-9 are shown the photographs of the diffraction
patterns corresponding to a defect of focus of about m/2, m, 3n/2, and

2w resp. These photographs were made at the same magnification as those

of Fig. B3-2. Generally speaking, the aspect of the diffraction patterns
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agreeé well with the theoretical calculations. In particular, the
photographs show the improvement in the depth of focus brought by the
flux selectors: as the defect of focus increases, the intensity at the
center of the pattern does not drop as fast for the flux selectors as for
the\uniformly transmitting pupil; also, the concentration of energy
towards the center does not deteriorate as fast for the flux selectors
and is always much higher than it is for the other pupil. Furthermore,
beyond a defect of focus of about 3n/2, the diameter of the central
spot" in the diffraction pattern is actually greater in the case of the
uniformly transmitting pupil than in the case of the flux selectors.
(This can be best observed by 1ook1ng at the d1ffract1on patterns from
a distance of about 6 feet).

The photographs of the images of a group of points are shown in
Fig. B3-10. The magnification is about 50X. The points are very close
together; for example, the points (6) are separated from each other by
a distance which is almost equal to the Rayleigh resolution limit. The
remarkable improvement brought by the flux selectors can be readily
appreciated in these photographs. For example, the points (2), (3),
(4), and (5) are almost invisible in (b), whereas they can easily be seen
in (a), and specially in (c). Furthermore, in (b), the interactions of
the diffraction rings associated with the indiyidua] points create a
confusing background, which sometimes introduces spurious points. (See
for example the intersticial region (7) in the photographs). Such a
background greatly impairs information retrieval from an image. This
background is either greatly reduced [(a)] or eliminated [(c)] with flux
selectors. Furthermore, the use of flux selectors does not seem to se-
viously impair resolution, even for objects which contain fine details,

which is the case in Fig. B3-10.
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Conclusions

From the photographs shown in Fig. B3-2 to B3-10 resp., we
conclude that flux selectors can be used to improve the quality of images
formed by obtical systems. The improvement brought by flux selectors to
opti;a] systems in the presence of spherical aberration has not been
verified; however, the work done with aberration-free optical systems
with and without defect of focus has shown that the flux selectors form
diffraction patterns which are in good agreement with the theoretical
calculations. Hence, we expect that the flux selectors w%]] also improve
the images formed when spherical aberration is present, as was predicted
theoretically in chapter 3. | .

What type of flux selector is best, i.e., corresponding to
filter T(x,M) or T(x,5), would depend on the particular application
considered. 1In our work, we have found the F.S. corresponding to T(x,5)
better. However, in other applications, where maximum image intensity
would be desired, or where a compromise would be sought betwéén the
reduction of the intensity of the diffraction rings and the increase in
the central spot diameter, the F.S. corresponding to T(x,M) would be
better.

The only practical Timitations of the flux selectors are the
presence of the principal ﬁaxima and the reduction of image illuminance.
By constructing flux selectors with a sufficiently large number of rings,
the principal maxima can be rejected far enough from the center so that
they do not 1imit the useful image field of the optical system. A flux
selector having 500 rings, for example, would give an image field of
about 2°, which is sufficiently extended for many applications; making
such a flux selector is by no means imbossib]e.

The reduced intensity in the images formed by flux selectors
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would probably not be a serious limitation in the applications where

flux selectors could be used; with modern research tools, such as imagé

intensifiers, high-gain photomultipliers, high-sensitivity phbtographic
emulsions, etc..., the most serious Timitation in an image is not so
mucQ~a low intensity as a Tow signa]-to;noiSe ratio. As can be seen in

Fig. B3-10, flux selectors can be used to improve this ratio.

We conclude this thesis by giving a few examples of possible
applications of flux selectors.

(1) Plasma Physics: The study of small angle forward scatiering of light
by a plasma in which a laser beam is focussed; the amount of Tlight
in the diffraction rings seriously impairs the signal-to-noise ratio;
flux selectors greatly reduce the amount of light in the diffraction
rings, and hence could be used to improve the signal to noise ratio.

(2) Astronomical observations: Flux selectors could be used to detect
faint stars in star clusters; to improve the accuracy of brightness
measurements of faint stars, when they are surrounded by relatively
bright stars; in a coronograph, to improve ‘observations .and measu-
rements made on the solar corona.

(3) Storage of information, microfiim and microcircuits industries:

Flux selectors could be used to enhance the contrast and reduce the
background noise in the micro-images.

(4) Microscopy: Flux selectors would be useful not only to improve the

contrast but also to increase the depth of focus of the images.
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APPENDIX A

Distortion introduced in the image of a plane object formed by a

thin lens when the object is not perpendicular to the optical axis.

\We introduce a cartesian co-ordinate system having its
origin at the optical center 0 df a thin lens L, the x-axis coinciding
with the optical axis. A linear object of length 22 is centered on
the optical axis and tilted to it at an angle 0. Let Xo Be the abscissa
of the center Q of this object, and xé the abscissa of the image point
Q'. The image of the object formed by the lens will not—be Tinear;
however, if the lengths of the object and image are small compared to
X, and x; resp., then the curvature of the image will be small; further-
more, if the depth of focus of the lens is sufficiently large, then it
is possible to record by means of a flat photographic plate, or observe
by means of a travelling microscope, a linear image. (This was the case
in our work, where no curvature of the image plane could be detected.)
However, if the object is not perpendicular to the optical axis, this
jmage will be distorted, as we shall now show.

Following the comments made above, we assume that the image
js linear and tilted with respect to the optical axis at an angle 6'.

See diagram below:
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We have PQ = QR = &. What are the corresponding lengths P'Q' and
Q'R' ?

From the triaqg]es PQ0 and P'Q'0, we have

sinu =sin ® and §in u = sin (w-8')
PQ PO PQ’ i
from which P'Q' = PQ P'0 siné
P sing'

Since P and P' are conjugate points, i

1+ 1= 1 (f = focal length of L)
PO PO T ]
P00 = _f . Putting PO = p ,we have
PO PO-f

piQ'= & _f sin 6
p-f sin 6'

Similarly, Q'R' = &f sine withr =RO .
r-f sing'

Drawing QM and QN so that MO and NO are equal to q,

we have p=q-PM = q- 2 cos 8
r=q+RN = q+2cos®
so that
P'Q' = £ . sine g ~ _f_ _sine & (1 + Lcose)
q-2cos8-f sing’ g-f sind’ q-f
Q'R' = f sind & ~ _f sind 2 (1 - 2cos8)
q*icosb-f sine’ q-f sind’ q-f

Hence, the total length of the image, P'R', is

2f sinog.If @ and, hence, 6' are equal to m/2 (object and 1mage

q-f sind’ ' .
perpendicular to the axis), there is no distortion: P'Q'= Q'R' =
fe = Q048 , as expected. If o # 7/2, then distortion is intro-
q-f Q0

duced as follows:

(1) the image is uniformly contracted or expanded by the factor s1ng'
sin
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(2) to an object of length 2% centered at Q corresponds an image

whose center is shifted a distance

A = f sin 6 cos 6 &2 above or below the axis; note that
(q - f)° sing’

A depends on 2 .

~

| For example, consider an object consisting of a series of
concentric circles centered at Q, in the above diagram, ahd Tocated
in a plane perpendicular to the page and passing through the line PR;
the image will consist of a series of distorted circles whose centers
progressively move away from the optical axis (along P'R') as the
radii of the circles increase. Also, the diameters of the circles
measured along P'R' will differ from the corresponding diameters
measured along an axis perpendicular to the page by a factor sinf

SICH

However, if the diameters measured along P'R' are normalized and compared
to the true diameters, no difference will be noted.

Thus, in the case of a flux selector negative, when comparing
the measurements made on the photographib plate with the actual values
in order to see if there is any diétortion, one must:-

(1) calculate the actual diameters and the centers of the inner and outer q'!!
edges of the rings, and check that there is no shift of the center.

(2) compare the actual diameters measured along one axis with those

measured along an axis at 90° to that one.

(3) normalize the diameters and compare these with the theoretical values.
NOTE: In the above analysis, we have assumed that the lens was thin;

however, all the equations used are equally valid for a compound lens,
provided that object and image distances are referred to their respective

nodal planes. Hence, the conclusions drawn from the above analysis are

valid for our work.
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APPENDIX B

Channelled spectrum formed by a collimated beam of white light re-

flected from a thin film bounded on one side by air and on the other

by an opaque metallic coating.

< Consider a collimated beam of 1ight of wavelength A incident
at an angle 6 on a uniform layer of refractive index n and thickness d,
bounded on one side by air, and on the other by an opéque metallic
layer having a reflection coefficient re Tet the phase—change;on
reflection from the metal be g (a function depending on X, n,6', and
the state of polarization of the light beam). Assume the light beam
to be polarized either parallel or perpendicular to the plane of inci-
dence. Let the reflection coefficient of the medium be rn (including

phase term) for an air-medium reflection.

\
\

A aANNEENNE
If Ai js the amplitude of the incident beam, then in the focal plane of
a collecting lens, the reflected beam will have an amplitude Ar deter-
mined by summing the contributions of all the multiple reflections inside
the layer. Thus we have

i(¢g + 6) . i(2¢g + 26)
‘Ar = Ai rn t AiTrS e - AiTrs r, e
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i3¢.+36 i(¢_+6) i(¢ +8)
s
+ AiT rg rﬁ e = oo = Ajrp # AiTr's e S [1-rnrse S 4

where T = transmissivity of the film surface and § = phase difference

arising from the path difference between two successive reflections

i.e., 8§ = 4mnd cos6'/)

Assuming an infinite number of terms, we have
A= A [r, +r. e ]

1(¢g+6)
1+ rprs © S

where we have assumed no absorption by the medium, j.e., T=1- r;=1-R
where R is the reflectivity of the medium n. Therefore, the intensity

of the reflected beam is:

i ¢g +6

Ir = I_i (r, + rs)2 - dr v sin? (- 7 ) )
) ’ ¢ +6
‘(] + rnrs)2 - 4, sin? Lf%?)

Now, if instead of a monochromatic beam, we have a béam of
white 1light, and if the reflected beam is dispersed by a prism (or grating) q‘
and observed with a telescope, the spectrum will be crossed by dark bands,
corresponding to wavelengths for which (1) is a minimum. In order to
find the position of these minima (and the maxima) we write (1) as

1 =1. (a-bsin’x)
r 1 ¢ - b sin’x

or a minimum or a maximum, di /dx = 0 i.e., (a-c) b sin2x =0
F r {c-b sin®x)*

Since the denominator cannot -be equal to zero (rnrs # 1 in practice)
we have that either a = ¢, orb=20,0rx*= m%-., m=0,1,2, ...
The case a = ¢ is impossible 1in practice since it requires_both n

and re to equal 1. The case b=o (ie r, and/or r¢ equal to zero) does
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not apply to the problem we are considering. When m is odd, we have

I =.a-b andwhenmis even I = a/c. Which case corresponds to
" ¢c-b r

a maximum,\ana which to a minimum depends on the angle of incidence 8.
If the latter is adjusted so that a = 0, i.e. rp = Ts» then odd values
of‘h will correspond to maxima, and even m to minima; it is desirable
to have rp = T because the visibility of the fringes,'&éfined as

V=1Imx-1Imin , is unity in that case. In practice, this condition
I max + I min

can be realized for oh]y one wavelength, but if the medium n is not
too dispersive, and if rsmdoes not vary too rapidly with wave]ength,.
then one should be able to find a spectral region where the visibility
of the fringes would be a]mdst optimum. For metals having a relatively
high reflectivity, the conditions above will be realized for a near-
grazing ang]élof incidence on the medium. The positions of the minima
are given by § + ¢g = 2mm m=0,1, 2 5eee

j.e., 2ndcosd'= (m-p&)A where ¢g = ¢s/2m

Now, ¢ dépends onn ,8' , A,and the state of polarization of the
light beam. Because of this latter dependence, the 1light beam'has to be
polarized either parallel or perpendicular to the plane of incidence in
order to have fringes of good visibility; otherwise, if the beam is un-
polarized, say, then the resulting fringes will consist of two sets of
fringes: those corresponding to the parallel component, and those corres-
ponding to the perpendicular component; since these two sets of fringes
do not have their minima at the same wavelengths, the resulting fringes

will have poor visibility.
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APPENDIX C

IBM Computer Programs

~ The-main programs which have been used to perform

the calculations described in this thesis are listed on the following
pages. The programs are listed in the order in wh%ch the associated
calculations appear in the thesis. A small paragraph at the begin-
ning'of each progrém listing identifies the particular calculation
performed by the program. The programs are written either in Fortran

II (for the IBM 1620) or in Fortran IV (for the IBM 360).

N.B. The symbols > and < are to be interpreted as meaning =

and + respectively.



H

PROGRAM TO DETERMINE THE PUPIL FUNCTION T(XsM) WHOSE CORRESPONDING
ENGIRCLED ENERGY CURVE IS THE BEST APPROXIMATION, IN THE LEAST SQUARE
SENSE, AND FOR A GIVEN DOMAIN OF W, TO THE ENVELOPE CURVE OF THE
ABSOLUTE MAXIMA OF ENCIRCLED ENERGY FACTORS L.P. BOIVIN 8/3/68
DOUBLE PRECISION W(16):5P(5,5,16)sPX(5,5),A(5),EMAX(16) X 3DEL 4 AG,
1 595045PsSMS ALPHA, QN4 QD
OQUBLE PRECISION DABSySIT(10y5)sAIT(10551s0ER1,DER2,0

READL1,1) (WU1),I=1,M)

READ(L1+2) (L(PiieJeK)sd=125)9d=195)K=1yM)
READC1¢3) C(PX(I¢d)el=145),d=l,5)
READ(1:4) (EMAXCEI)oI=15M)

READC195) (ALI) oI=1,5)
R= ,1000
D8 50 JJI=14N1

¢_FIN

T 00 9 Liwl.KK
WRITE(3,21) 11

. _RENVERSEMENT DE L'ORDRE DES ITERATIONS VERSION 2

D0 9 1J=1,4

I=6-14

HNUM=Q

OEL= DABSCA(])*X)
10 AG=A(1]}

KNUM=NUM + 1

S$S=04.0D0

QD = A(L)®A(1)2PX(1ls1.) + A(2)%A(2)%PX(2+2) + A(3)¥A(3)¥PX(5,3) +

1AC4L)*AL4) X PX(444) + A(SIFALSI¥PX(5,5) + 2.000%(A(1)*(A(2)*PX(1,2)
2% A(3)IFPX(1,3) + A(4)%PX(1e4) + A(S)*¥PX(1+5}) + A(2)%(A(3)*PX(2,3)
3 + AL4)IPX(294) + ALS)3PX{2+5)) ¢+ AL3I*(A(4)EPX(3,4) + ALS)I*PX{3,

peygeaeieel

Rt A W4

% 5)) + AlL4)*A(5)%PX(4+5))

DO 32 L=1,M ‘ o

GN= A(1)®ALL)I*P(Lylel) + A(2)%A(2)%P(292,L) + A(3)*AL(3)%P (39 34L) +
1 A(G)*A(G) *P(apasl) + ALSIX®ALSI®P(5,5,L) + 2.,0D0% (A(1)*(A(2)*P(1,
2 2400 + A(3)%P(1935L) # A(4)RP(1e&eL) + A(SI%P{1y5,L)) + A(2)%(
3 A(3}MP(2939L) + Af4I*PL2,4,L) + A(SI¥P(2,5,L)) + A(3)*(AL4)*P(3,
& 4ol) + AL(SIF¥P(3:5:L 1) + AUGI*A(S)¥P(445,L))

32 S # S CLEMAXILS — QN/QD )*(EMAX(L]) - QN/QD)

§0=S

AtI) = AO + DEL

$=0.0D0 a

QD = A(LI*AC1)OPX(1,1) + A(2)*A(2)%PX(2,2) + A(3)%*A(3)#PX(3,3) +
TA(4 1% A(4) *PX(4s4) + A(SI®A(S)I*PX(5,5) + 2.0D0%(AC1I*(A(2)*PX(1,2)
23 A(3)%PX(1931 + A(4)*PX(1s4) + AISIFPX(1,5)) + A(2)*(A(3)%PX(2:3)
3 + A(4I¥PX(2:4) + A(S)IFPX(2,5)) + A(3)*(Al4)%PX(3,4) + AL5)%PX(3,
4 511 + Al4)1%A(5)1%PX(445)) '

2

e

=T

e il mpure———
T AR

T ]

1 A(&)*A(4)*P(%4r4,L) + A(SIFA{S)*P(5+5,L) + 2.0D0%(A(1)*{AL(2)*P(1,

2 2,L) ¢ AU3IEP(1,y3¥L) # A(4)*P(1e4sL) ¢ ALSI5PU1,5,L)) + A(2)%(

3 A(3)¥P(203sL) + A(4)*PU2949L) + A(SI*P(295-L)) + AL3)*1AL4)*P(3,
4 49L) + A(SI*P(3;5,L) ) + At41*A(5)*P(445,L))

33 8§ # S G(EMAXSL<S - QN/QD )*(EMAX(L) — QN/QD)




§P=S

A(I) = AD - DEL

$=04,0D0

Q0 = A(1)#A(1)*PX(1e1) + A(2)*A(2)#¥PX(292) + A(3)F*A(3}*PX(3y3) +
AL&)HAL4) ¥PX(4o4) + A(S)XRA(S)*PX(5,5) + 2,000*IA(1)*(A(g}*?i(l:g)

2+ AL3)3PX(1e3) + A(4)EPX(1s4) + A(S)I*PX(195)) + A(2)*(A(3)*PX(2

3)
3 * A(QI*PX(294) + A(SI*PX(255)) + A(II*(A(4L)¥FPX (344 * 3
% 5)) + AL4)BA(SI*PX(445)) ’ (3041 + ALSIEPRI3,

00 34 L=1.M
ON= ACL)I®ACLI®P(1,14L) 4+ A(2)FA(2)%P(292,L) + A(3)XA(3)*P(343,L) +
g & L 4 * %xp + ] *{A %= p

2 ZvL) + A(3)%P(1,3)L) + A(4)¥P(1e4eL) + A(S5)¥PL1,5,L) ) + A(2)%(
3 AL3)RP(2,34L) + AL&I*P(2444L) + A(S5)*P(2954L1)]) 1 3131*(A(4)*P(3’
& 4ol.) ¢ A(SI®PI3,5,0L)) + A(S4)*A(S)*P(4954L))

T34 5 # S GIEMAXTLS - QN/QD J*(ENAX(L) - QN/QD)

SMS=S
ALPHA = (SP - 2,000%S0 + SMS)/(2, ODQ*DEL*DEL)

SF(ALPHA) 11911412
11 IF(SP - SHS) 13,13,14
/13 4€1) = AO + 3.000%DEL

o

80 70 10 '
34 A1) = AD - 3.0D0%DEL

12 A(1) = AQ - (SP=SMS)/(4.0D0*DEL*ALPHA)
EF(DABS(A(T) ~ AOQ) = o1D-05 ) 15416416
6 IF(DABSTA{I) ~ADGI - 2.0DO*DEL)} 17,17,18

17 DEL = OEL%.2D0
6o 70 10

15 S=0.,0D0
QD = A(LI®A(1)*#PX(1s1) * A(2)SAL2)}%PX(292) + A(3)*A(3)*PX(343) +

1AL )*A(4)*%PXL4y4) * A{S)*A(5)*PX(5:5) + 2.000%(A(L)*(AL2)*PX(1,2)

28 A(3)#PX(1s3) + A(4)MPX(1,4) + A(S)*PX(1,5)) + AL2)¥(A(3)*PX(2,3)
3 + ALS)®PX(2:4) + A(SIFPX(2,5)) + A(3)CA(4)¥PX(344) + ALSI¥PXI3,
4 5)) ¢ AL)*ALS5)*PX{4s5])

DO 35 L=1oM
Q= ACLI*A(L)*P(1s1l,L) + A(Z)SA(2)%P(2929L) + AL3)%A(3)%P(3,3,L) +
1 AL&)*AL4)%P(4obol]) + A(S)1*A(S)FP(5,5,L) + 2,000%(A(1)*(A(2)*P(]1,

2 29L) + A(3)}%P(1s34L) + A(4)¥P(1e4sl) + AUS)I¥P(1,5,L)) + A(2)%(
3 AL3)*PE2934L) + ACGIAPE2o4o ] + A(S)EPL2,5sL)) + A(SIE(A(4)*P(3,
& 4el) + ALSI*P(3,5,L)) # AL4)*A(5)%P(49501L))

35 5§ # S G(EMAXILS ~ QN/QD )*(EMAX(L) - QN/@QD)
SIT(LI,I) = 5
AIT(11,1) = AL1)

9 WRITE (3420119 NUMyS,ALI)

DO S0 J=1+5
50 Af{J)} = SDO*CAIT(L1.J) + AIT(L3:sJ) )=o500%(SIT(L3,J) —-SIT(L1,J)}/0

1 SIT(L3eJd) - SITILZ s JIV/(AIT(L3,J) = AIT(LZ2,40) - (SITIL24d) -
2 SITLLL9J))/(ALTIL2,d) - AITE(L1ed)))
1 FORMAT(S5F16.8)

e

R

2 FORMAT(18XsD24. 16)
3 FORMAT{13X¢D22.16}
4 FORMAT(2025.16)

T

5 EORMAT(5D16.8)
6 FORMAT('1 VALUES OF W ARE °* //5F10.2//77 * INITIAL VALUES OF A(Il)

1 ARE %//5016.8//7/% INITIAL VALUE OF S IS %//D22.16 ////1)

21 FORMAT(//777% 1TERATION # °* 12//77)
20 FORMAT(®* I= * 12, °* NUMe OF ITER.= %13, VALUE OF S = "D22.16,

\




1 * VALUE OF A(l) = * D16.8)

sIOopP

END

-
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-

T ey

o sy
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PROGRAM TO DETERMINE T(X,M) USING THE IBM DFMFP LIBRARY SUBROUTINE
L.P. BOIVIN 10/6/68

EXTERNAL ENERG
COUBLE PRECISION P{595520)sPX(595)9A(5) S ,F yGRAD(5) sENERGyW(10),

Y

‘1 H(30}
OQUBLE PRECISION EMAX(20)
CCMMON P,y PX

A

COMMON EMAX
CONMON M
M>10

"READ(151) ( W(I)eI>1l,M)
READ(192) (((P{I9JeK}sI>135)9J>145),KD>14M)
READ(1+3) ((PX{I9J) sl>1+5) 2J>125)

3

s

READ(1les4) (EMAX(I)9I>1eM)
4 FORMAT(2D25.16)

_AJUSTEMENT DES COEFFICIENTS

00 44 J>1,5
$>J
44 A(J) > ALJI/S

L FIN

N>5S
EPS > .1E-10

TIMIT > 400
EST> .4300 L . .
WRITE(3¢24) ( W(I) oI>14M) /s

WRITE(3,25) ( A(I).1>1,5)
24 FORMAT(:1 W(I) SONT : //(5F16.8)//7)

_25 FORMAT(: INITIAL VALUES OF COEFFICIENTS ARE: //5016.8///)

T LIMIT> 200
DO 9 K>1,.8
READ(1s5) (A(I),1>1,5)

LIMIT > LIMIT < 25 ' 4
CALL DFMFP(ENERGvN:AoF:GRAD,ESToEPS,LIMIT’IER H)
WRITE(3s7) AsFsGRAD,IER

-

WRITE(2,10) A
10 FORMAT(SD16.8)
9 CONTINUE

T FORMAT (/77 COEFFICIENTS A SONT 2// SD16.8/// 3 VALEUR DE S ® 7/
1 D22.16///% GRADIENT 5 // 5D16.8///: PARAMETRE D ERREUR ://12///)
FORMAT (5F16.8)

" FORMAT (18X 5024 .16)
FORMAT(13XsD22.1¢)
FORMAT (5D016.8)

V) N

STQP
END
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SUBROUTINE DEMFP

t
PURPOQOSE T
TO FIND A LOCAL MINIMUM OF A FUNCTIGN OF SEVERAL VARIABLES

BY THE METHOD OF FLETCHER AND POWELL p

»

_USAGE b

CALL DFMFP(FUNCT ¢NyXyFyGy ESToEPSoLIMITy IER,H)
DESCRIPTION OF PARAMETERS K

FUNCT =~ USER-WRITTEN SUBROUT INE CONCERNING THE FUNCITION TO
BE MINIMIZED. IT MUST BE CGF THE FORM E
SUBROUTINE FUNCT(N,ARG,VAL,GRAD) :

AND MUST SERVE THE FOLLOWING PURPOSE "
FOR EACH N-DIMENSIONAL ARGUMENT VECTOR ARG
FUNCTION VALUE AND GRADIENT VECTOR MUST BE

ANDs ON RETURN, STORED IN VAL AND GRAD RES
ARGs VAL AND GRAD MUST BE OF DOUBLE PRECISI

N -~ NUMBER OF VARIAGLES
X - VECTOR OF DIMENSION N CONTAINING THE INITIAL

ARGUMENT. WHERE THE. ITERATION_ STARTS. ON RETURN,
X HOLDS THE ARGUMENT CORRESPONDING TO THE

COMPUTED ﬂthﬂUH“FUNCTION VALUE
DOUBLE PRECISION VECTOR.
€ - SINGLE VARIABLE CCNTAINING THE MINIMUM FUNCTION

VALUE ON RETURNy I.E. F=F(X).
- DOUBLE PRECISIOGN VARIABLE.
G ~ VECTOR OF DIMENSION N CONTAINING THE GRADIENT

VECTOR CORRESPONDING TO THE MINIMUM ON RETURN,
IOEC G=G(X).
DOUBLE PRECISION VECTOR.

EST - IS AN ESTIMATE OF THE MINIMUM FUNCTION VALUE.
SINGLE PRECISION VARIABLE. j
EPS — TESTVALUE REPRESENTING THE EXPECTED ABSOLUTE ERROR.

A REASONABLE CHOICE IS 10%*(-16), l.E.
SOMEWHAT GREATER THAN 10%*(-D), WHERE D 1S THE

NUMBER OF SIGNIFICANT DIGITS 1IN FLOATING POINT

2 REPRESENTAT ION.
e SINGLE PRECISIGN VARIABLE.
LIMIT -~ MAXIMUM NUMBER OF I TERATIONS.
TER — ERROR PARAMETER

[ER = 0 MEANS CONVERGENCE WAS GBTAINED
[ER = 1 MEANS NO CONVERGENCE 1IN LIMIT ITERATIONS

[ER =—-1 MEANS ERRGRS IN GRADIENT CALCULATION
[ER = 2 MEANS LINEAR SEARCH TECHNIQUE INDICATES
IT IS LIKELY THAT THERE EXISTS NO MINIMUM.

H — WORKING STORAGE OF CIMENSION N*(N+7)/2.
DOUBLE PRECISION ARRAY.

: D
TREMARKS of]
1) THE SUBROUTINE NAME REPLACING THE DUMMY ARGUMENT FUNCT

MUST BE DECLARED AS EXTERNAL IN THE CALLING PROGRAM.

D
D
I1) IER IS SET TQ 2 IF STEPPING IN GNE GF THE COMPUTED D
DIRECTIONSy THE FUNCTION WILL NEVER INCREASE WITHIN 0
A TOLERABLE RANGE OF ARGUMENT « D)

1ER = 2 MAY OCCUR ALSO IF THE INTERVAL WHERE F Dl




c ‘ INCREASES IS SMALL AND THE INITIAL ARGUMENT WAS

c i RELATIVELY FAR AWAY FROM THE MINIMUM SUCH THAT THE

c ' MINIMUM WAS OVERLEAPED. THIS IS DUE TO THE SEARCH
%Q_ TECHNIQUE WHICH DOUBLES THE STEPSIZE UNTIL A POINT

g IS FOUND WHERE THE FUNCTION INCREASES.

C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

C FUNCT

C

METHCD

THE METHOD IS DESCRIBED IN THE FOLLOWING ARTICLE

Re FLETCHER AND Mo.Jo.De POWELLy A RAPID DESCENT METHOD FOR
MINIMIZATION,

COMPUTER JOURNAL VOL.6y ISS. 24 1963, PP.163-168.

TRV}

¢ r{™

g_____;;;LLLLLLL;;;;LLLLLLLLL&;&;;&:A;;;&;;&;;!0-0000-------ooo-ooogo-o-DF'

L 3RJ
=
i

SUBROUTINE DFMFP(FUNCTsNsXsFsGgEST 9EPS,LIMIT, IER, H) DF!

| DF

5 DIMENS IONED DUMMY VARIABLES DF
DIMENSION H(30) $X(5)+6(5) J
DOUBLE PRECISION XoFsFXoF Y, OLDF sHNRMyGNRMoH,GsDXsDY,ALFA,DALFA, DFMY
LAMBDA T 9Z oW DF M

¢ DF

N COMPUTE FUNCT ION VALUE Amc GRADIENT 'VECTOR FOR_INITIAL ARGUMENTDFME
CALL FUNCT(NsX1F¢G) DF

e

RESET ITERATION CDUNTER AND GENERATE IDENTITY MATRIX
IER=0 .
KQUNT=0
N2=N+N
N3=N2+N
N31=N3+1
1 K=N3l
DO 4 J=1N
H{K)=1.00
NJd=N-J
'E IF(NJ) 59592
' 2 00 3 L=1sNJ -
KL=K+L
3 H(KL)=0.00
4 K=KL+1

¢ START ITERATIGON LOOP
5 KOUNT=KOUNT +1

¢ SAVE FUNCTION VALUE s ARGUMENT VECTOR AND GRADIENT VECTOR
OLDF=F

D3 9 J=1sN

K=N+J

H(K)}=G(J)

' K=K+N

ﬂ H(K)-’—X(J)

¢ DETERMINE DIRECTION VECTGR H
K=J+N3
L T=0.00
DO 8 L=1,N
"I’=I-G(L)*Vl-vlv(i5)___ o - DF M




IF(L-J) 69747
K=K+N-L

GG TQ 8
K=K+1

CONTINUE
H(J)=T

0 OO =

CHECK WHETHER FUNCTION WILL DECREASE STEPPING ALONG He.
DY=0.D0

HNRM=0 .00

" GNRM=0.D0

CALCULATE DIRECTIONAL DERJIVATIVE AND TESTVALUES FOR DIRECTION

VECTOR H AND GRADIENT VECTOR G.
DO 10 J=1¢N
HNRM=HNRM+DABS (H(J))

GNRM=GNRM+DABS(G(J))

10 DY=DY+H(J )*G(J)

REPEAT SEARCH IN DIRECTION OF STEEPEST DESCENT IF DIRECTIONAL
DER IVATIVE APPEARS TO BE POSITIVE OR ZERU.
IECDY)11+51,51

REPEAT SEARCH IN_DIRECTION OF STEEPEST DESCENT IF DIRECTICN
VECTOR H IS SMALL COMPARED TO GRADIENT VECTOR G.

11 IF (HNRM/GNRM-EPS) 51451512

SEARCH MINIMUM ALONG alkéétlou’a

SEARCH ALONG H FOR POSIi}MEWDIRECIIONAL.DER[VATIVE

_12 FY=F

AL FA=2,D0%*(EST-F) /DY
AMBDA=1.D0

USE ESTIMATE FOR STEPSIZE ONLY IF IT IS POSITIVE AND LESS THAN
1. OTHERWISE TAKE 1. AS STEPSIZE
IF(ALFA)15915,13

13 IF(ALFA-AMBDA)14o15'15
14 AMBDA=ALFA :
_15 ALFA=0,D0

‘1(1

SAVE FUNCTIGN AND DERIVATIVE VALUES FOR OLD ARGUMENT
16 FX=FY -

CX=DY /

STEP ARGUMENT ALONG H

A

D3 17 I=14N
17 x(1)= X(I)+AMBDA*H(I)

Cr ey

COMPUTE FUNCTION VALUE AND GRADIENT FOR NEW ARGUMENT
CALL FUNCT(NyXsF+G)
EY=F

P

-

ECTIONAL DERIVATIVE DY FOR NEW ARGUMENT.
IF DY IS ZERO THE MINIMUM IS FOUND

COMPUTE DIR
S EARCH, IF DY IS PUSITIVE.

tINT N

TERMINATE

DY=0.00
0O 18 I=1sN
\ 18 DY=DY+G(I)*H(I)

IF(DY)19v36322

DFM



_16

TERMINATE SEARCH ALSO IF THE FUNCTION VALUE INDICATES THAT
A MINIMUM HAS BEEN PASSED
IF(FY-FX)20+22 422

T’S“f CT L) &7

20

REPEAT SEARCH AND DOUBLE STEPSIZE FOR FURTHER SEARCHES
AMBDA=AMBDA+ALFA

ALFA=AMBDA
END OF SEARCH LOGP

TERMINATE IF THE CHANGE IN ARGUMENT GETS VERY LARGE
IF (HNRM*AMBDA-1.D10)16,16,21

21

LINEAR SEARCH TECHNIQUE INDICATES THAT NO MINIMUM EXISTS
IER=2
RETURN

INTERPOLATE CUBICALLY IN THE INTERVAL DEFINED BY THE SEARCH
ABOVE AND COMPUTE THE ARGUMENT X FOR WHICH THE INTERPOLATIGN

SIRF ST

22

|23 |F(AMBDA)2493642%
2=3.D0% (FX—FY)/AMBDA+DX+DY

24

POLYNOMIAL IS MINIMIZED
1=0.D0

ALFA=DMAX1(DABS(Z) sDABS(DX) ,DABS(DY))
DALFA=Z/ALFA

5

26

DALFA=DALFA%DALFA-DX/ALFA*DY/ALFA.
IF(CALFA)51925,25 » :
=ALFAx RT (DALFA) o
ALFA=(DY+W—2) *AMBDA/ (DY+2.D0*W-DX)
D0 26 I=1¢N
XCI)=X(I)+(T-ALFA)*H(I)

TERMINATE, , IF THE VALUE OF THE ACTUAL FUNCTION AT X IS LESS
THAN THE FUNCTION VALUES AT THE INTERVAL ENDS. OTHERWISE REDUCEDF

ﬁr“:

"THE INTERVAL BY CHOOSING ONE END-POINT EQUAL TO X AND REPEAT o
THE INTERPOLATION. /HHIQH,E&D—POiNT IS CHOOSEN DEPENDS ON THE '
VALUE OF THE FUNCTION.AND ITS GRADIENT AT X

CALL FUNCT{(N¢XsFsG)
JFC(F—FEX)27,27,28

27
28

1F(F—FY ) 36936428
DALFA=0.00
DO 29 I=14N

29

30

CALFA=DALFA+G(I)*H(I)
IF (DALFA)30933,33
JF(F—FX)32931,33

31
32

1F (DX-DALFA)}32,536, 32
FX=F
CX=0ALFA

T=ALFA
AMBDA=ALFA
GO 1O 23

33
34
35

IF (FY-F)35434,35 DFE'
IF(DY-DALFA) 35436935 DF
FY=F DFM

CY=DALFA %iﬂ
AMBOA=AMBDA-ALFA i
GO _TO 22 DF Y}




36

COMPUTE DIFFERENCE VECTORS OF ARGUMENT AND GRADIENT FROM
TWO CONSECUTIVE ITERATIONS

CO 37 J=14N

K=N+.)

37

H{K)=G(J)~H(K)
K=N+K
H{K) =X {J) ~H{K)

TERMINATE, IF FUNCTION HAS NOT OECREASED DURING LAST ITERATICN
IFCOLDF-F+EPS)5] +38,28

LE S ARE LI

TEST LENGTH OF ARGUMENT DIFFERENCE VECTOR AND DIRECTION VECTOR
IF AT LEAST N ITERATIONS HAVE BEEN EXECUTED. TERMINATE, IF

L9

38

"~ 39

BOTH ARE LESS THAN EPS
IER=0

| IF(KOUNT-N)42+39.39

T=0.00
2=0.00
00 4Q J=10N

K=N+J
w=H{(K)
K=K+N

~

bo

L

40

41

T=T+DABS (H(K))
2=2+W¥H(K) L
E M—EPS)4ls41942

IF(T-EPS)56456542

IERMINATE, IF NUMBER OF ITERATIONS WOULD EXCEED _LIMIT

L
-
he.

%5

IF(KOUNT-LIMIT )43,50,50

43

PREPARE UPDATING OF MATRIX H
ALFA=0.00 o S
00 47 J=1,.N

K=J+N3

w=0.00
DO 46 L=1,4N
KL=N+L

W=W+H(KL)#H(K)
IF(L=J) 44945445
K=K +N--L

45
46

"GO0 TO 46

K=K+1
CGONT INUE

K=ht+J
ALFA=ALFA+W*H (K]
H{J)=W

LI LI ¢ 7

41

REPEAT SEARCH IN DIRECTION OF STEEPEST DESCENT IF RESULTS
ARE NOT SATISFACTORY

IF(Z*ALFA)48,1,48

UPDATE MATRIX H

48

K=N31
DO 49 L=1yN
KL=NZ2 +L

D0 49 J=LsN
NJ=N2+J
H(K)=H(K)+H(KL)*H(NJ)/Z—H(L)*H(J)/ALFA

K=K+1




¢

60O T0 5
" END OF ITERATION LOGP
'
[ NO CONVERGENCE AFTER LIMIT ITERATIONS
50 I1ER=1
RETURN
3 RESTORE OLD VALUES OF FUNCTION AND ARGUMENTS
S1 DO 52 J=1,N
_ K=N2+)
52 X(JI=H(K)
CALL FUNCT(NgXoF 4G)
3 REPEAT SEARCH IN DIRECTION OF STEEPEST DESCENT IF DERIVATIVE
¢ FAILS 7O BE SUFFICIENTLY SMALL
| LE ( GNRM=EPS ) 554 554 53
¢
¢ TEST FOR REPEATED FAILURE OF ITERATION
53 IF(IER)S6, 54554
54 IER=-1
. GOTO 1
' 55 JER=Q
56 RETURN
END .

- SUBROUTINE TQ CALCULATE S> SUMUEMAX(W)-E(W)))¥#2 AND GRAD S

Le

P. BOIVIN 14/6/68 o
SUBROUT INE ENERG(NyAsVALsGRAD)
PRE CN QDs GRAD(S)YsVAL s QNy EsP(595920)9PX{595)4A(5)
DOUBLE PRECISION EMAX(20)4S
COMMON P, PX
CCMMON EMAX

COMMON M - .
QD > AC(LI*ACLI*PX{Ls1) < AT2)*A(2)*PX(252) < A(3)*A(3)%PX(3,3) <
1A(4)¢A(4)¥PX(4s4) < A(S)I¥A(5)*PX(5:5) < 2.000%(AlL)*(A(2)*PX(1,2)

2< A(3)*PX(193) < A(4)%*PX{Lly4) < A(5)%PX(195)) < A(2)*(A{3)%PX (24 3)
3 < A(4)%PX(2+4) < A(5)*PX(2,5)) < AC3)*(A(4)%PX(344) < A(5)%PX(3,
4 5)) < Ala)=AL5)*%PX(4,5)]) o :

1

DO 1 I>1.N
GRAD(I) > 0.000
VAL>0.0DO

0O 2 L>1.M )
GN> A(L)®A(1)*P(lslsL) < A(2)%A(2)*P( 24 2sL) < A(3)*A(3)%*P(3,3,L) <

1 Al4)EA(4) %P 4449L) < A(5)%A(5)%P(5254L) < 2.000%CACL)%(A(2)%P (1,

2 2+4L) < A(3)%P(1s3,L) < A4 1 *¥PULlsdsL) < A(SI*P(1,45,L)) < A(2)*{
3 A(3)%P(243.L) < A(4)%P(2549L) < A(S5)I¥P(245,L)) < A(3)%(A(4) %P 3,
4 44L) < A(B)EP(3454L)) < A(4)*A(5)%P (445,010}

€> QN/QD
S> EMAX(L) - E
VAL > VAL < S*3

2 GRAD(I) > GRAD(I)—#.ODO*S*(A(I)*(P(lvIqL)-E*PX(loIl) < A(2)%(

CO 2 I>1sN
1 P(Z-I'L)-E*PX(Z:Ill(A(3)*(P(31I9L)-E*PX(3,1))<A(4l*(P(411:L)—

2 E*PX(411))<A(5)*(P€59!'L)-E*PX(5:I)))/QD
RETURN
END




s EzEakel

PROGRAM TO CALCULATE THE DIFFRACTION PATTERN FORMED BY AN ARBITRARY
COMPLEX PUPIL FUNCTION T(X) HAVING ROTATIONAL SYMMETRY ABOUT THE
OPTICAL AXIS LeP. BOIVIN 28/12/67

REVISE 2/3/69

<
K

DOUBLE PRECISION TsARGyDCOSsDSINyBES,C(99),72(99)+D(99),E(99),
1 SS(801),GAMIB801) sUsSsAsBoHsXoFI sPHIDSQRT
QOUBLE PRECISION RL(B8011,COMP(801)

DOUBLE PRECISION DD(50)

TMI>(((-11608768D0-01%({1.0D0~-WHXW)=e21279474D<00)%*(1,0D0~WxW)<
1 51883221D<00)*(1.000~-W*W)<.45994938D<00)*(1,0DC~WXxW)<

2 «24562193D<00
ARG(W)> W - W
N>24&

M>801
 READ(141) (I4Z(I)9C(I),I>1,N)
1 FORMAT(110,2E20.9 )

READ(1,6)
DO 2 I>1.N
DCII>(Z(I) < 1.0D0 )*T((Z7(1)<1.,000)/2.00D0)

UDARG((Z(11<1.0D0)/2.0D0)
E(I}>D(1)*DSIN(U)
2 D(1)>D(1)*DCOSIU)

$>0.000
00 3 J>1.M
A>0. 000

8>0.0D00 »
PO &4 K>14N o
X>S*(Z(K) < 1.0D0) /2.CD0

T IF(X=3.0D0) 1010411

10 UWDIX/3.000)*(X/3000) ... ... .. .. .
BES> (({{(U*,0002100 -.0039444 )*UL. 0444479 ):*U-.3163866 ) *U<

112656208 ) %U-2, 24999971 *¥U<1.0
GO TO 20
11 U>3.0D00/X

—FI=(( (( (<s 0001447 6%U=~200072805)*%U<e 001372371 %U-0 000095121 U~

1.00552740)%U-.00000077)#¥U<. 79788456
PHI=(((((.00013558*U?400029333)*U—.OOOS#IZS)*U<.00262573)*U—

1 .00003954)*U-.0416639T)*(~U) <.78539816
BESY>FI¥DCOS({X ~ PHI}/DSQRT(X)

20 UDC(K)*BES

T A>ACDIK)I*U

4 B>BLE(K)*U
RL(JI> A

CaMP(J)> B
GAM(J)>RL(JI*RL(J) < COMP{J)*COMP(J)

SS(J)>S

3 8$>S<.5D0

DO 21 J>1,N
21 DDWJ) > (’Z(J) < 1«0D0 )*T((Z(J) < 1.000 )/2,000)

H > 0.0D0
DO 50 I>1,N
50 H > H < DD(I)*C(I)

D0 5 I>1,M
RL(I) > RLU{I)/H
coMP(I) > COMP{I)/H

5 GAM(I) > DSQRT(GAMII))/H
WRITE({246)
WRITE(2,62)

62 FORMAT(/7)




WRITE(2+9) ( SS(J),GAM(J)y JDLleM )
S FORMAT(5(F8s14F8.¢5))
WRITE(3,61)
61 FORMAT(:1 - | !
WRITE(3,7) \MN
T FORMATU(//: DIFFRACTION PATTERN CORRESPONDING ‘i
1710 = //7/7) '
WRITE(3,12)
12 FORMAT (16X g2W2911Xe AR y11XesAIZ311Xe2A% 914X W2e11Xy sARZ911X,
1 SAI:,11X,3A2 //7)
WRITE(3913) (SSCI)sRL(I)y COMP(I)oGAM(I)I>1,4M) i
13 FORMAT(14X3F541 95XeF8e595X9F8¢595X9F8e599X9F5e135XsFBe595XyF 859 ‘
1 5X,F8s5 )
WRITE(2,415)
WRITE(2914) (RL(J),COMP(J)eJ>1sM) ‘
6 FORMAT(: s )_
15 FORMAT(//7/77)
14 FORMAT( 10F8.5 )
sToP
END
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C SUBROUTINE TO CALCULATE JO(X)
DOUBLE PRECISION FUNCTION BESO(X)
OOUBLE PRECISION XsUyFI4PHIsDCOSsDSQRT,BESO
IF(X~3.000) 10,10,11
10 U>(X/3.0D0)*(X/3,0D0) -
BESO> (({((U%,0002100 ~.0039444 )*U<-04444T79 )*U-,3163866 )*U
11.2656208) *U-2, 2499997 ) *U<1.0000000000
GO TO 20
11 U>3.,000/X
FI=(((((<.00014476%U~-,00072805)*U<.00137237)*U~,00009512)*U~
1.00552740) *U-, 00000077) *U<, 79788456 i
PHI=((({((.00013558%U~.00029333)*U-.00054125)*U<, 00262573} *U-
1 .00003954)%U=¢ 04166397)*%(-U) <.78539816
BESO>FI*DCOS(X - PHI)/DSQRT(X)
20 RETURN
END
"C SUBROUTINE TO CALCULATE J1(X)
DOUBLE PRECISION FUNCTION BES1(X)
DOUBLE PRECISION X,UyFIsPHIDSINyDSQRT,BES1 It
TIF(X - 3,000 ) 10510.11
10 U>(X/3.000)%(X/3.,000) i
BES1=(( ((((U%*,00001109~+00031761)*Ut, 00443319)*%U-.03954289) *U+ ‘
121093573 )%U-~.56249985 ) *U+,5D0 ) *X T
GO TO 20 _ s .
11 U> 3.0D00/X L ]
" FI=({ (((=«00020033%U+,00113653)*%U~.00249511)%U+.00017105) *U+
101659667)*U+ «00000156) *U+e 79788456
PHI= (({ ((00029166*U=- 00079824} *U~, 00074348) *U+,00637879) *U-
"1 .00005650)%U-,12499612)*%U+,78539816
BESL > FI*DSIN(X - PHIL/DSQRT(X)

jf

20 RETURN

END o
PROGRAM TO CALCULATE THE ENCIRCLED ENERGY FACTOR ,FOR VARIOUS VALUES
OF W » ASSOCIATED WITH AN ARBITRARY COMPLEX PUPIL_HAVING ROTATIONAL
""SYMMETRY ABOUT THE OPTICAL AXIS L.P. BOIVIN 10/5/68 ‘
DOUBLE PRECISION-T+ARGsDCOSsZ11664)¢22(64)5C164),C2(64)-ETEs W,
1 BESO,BES1 C |
DIMENSION ENERG(S51),WW(51)
N>24 o
M>64
READ(1+9) (ZL(I1,CLUI)41>1sN)
9 FORMAT(2F20e15)
READ(1,1) (1,Z2(1),C2(1)sI>1,M)
READ(1y6)
ET>0.0D0
WRITE(346)
WRITE(347)

DO 2 I>1sN
2 ET>ET < El(l)*(.SDO*Zl(I) < «5D0)%T (5D00%Z1(I) < <5D0)**2

W~ 800

DO 3 I>1s51
W>uW<, 500

E > 0.000
00 & J>1sN

D0 4 K>1,M
4 E > EKL él(J)*CZ(K)*(.500*11(J)<-SDO)*(.SDO*ZZ(K)<.SDO)*T( ‘

oloo

1 .SDO*ZI(JI<.SDO)*T(.SDO*ZZ(K)(.SDO)*DCOS(ARG(.SDO*ZI(J)<.SDO) -

\ «500%* +«5D0 #((.5D0%Z1(J)<e5D0)*BESO(W* (< 500%22(K)<.5D0 Jji
_ 2 ARG(.5D00%22(K)1<.5D0)1} SCOFTLCIT

3 ))*BESI(N*(.5DO*ZI(J)<aSDO))-(.SDO*ZZ(K)<o500)*BESO(H*(.

. .




4 <.500))%*BESL(WX(,5D0%Z2(K) < 500 1)) /((o5D0%Z1(J)<e5D0)*%2 —
S («500%Z2(K) < .5D0)*%2)

E> «5DO*WXE/ET

WW(TI) > W

ENERG(I) > E
3 MRITE(3+5) WsE
HWRITE(2,6)

WRITE(2,71) ( WWUID.ENERG(I)y I > 1,51 )
71 FORMAT(S5( F8.1¢4F8.5 ))
1 FORMAT(110,2E20.,9)

6 FORMAT(: ¥
7 FORMAT(//7: FACTEUR D ENERGIE ENCERCLEE : ////)
5 FORMAT(: WD ° F6el910Xe2 E > 3 Dl6.,8 ///)

'STOP
END
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PRAGRAM TO CALCULATE THE MTF CORRESPONDING TO AN ARBITRARY COMPLEX
PUPIL HAVING ROTATIONAL SYMMETRY ABOUT THE OPTICAL AXIS LePs BUGIVIN
DOUBLE PRECISION C(96)1+2(96)sToAyRyU9S19S2,P9sSNOR{41) 9sARGFRE(41),
1 WeDSQRTeHSDCOUSDSINQ,TC
TlW)=(((-e11608768D-01*(1.0D0-WXW)~e212794T4D+00) *(1,0D0—W*W)+
| o518832210*00)*(loODO-N*H)+.45994938D*00)*(I.ODO-H*Ni:
2 «245621930+00
JClQeM) = (Q-1.0D0)*T(WI®DCOS(ARG(W)) + (2,0D0 - Q)*T(W)*DSIN(
1 ARG(W))
N = 64
REAQ!lll! !x.;!!!.g(l)nlslnﬂ,
1 EORMAT(I10,2E20.9})
READ (.1, 6)
#=0,0D0
=40
00 2 1=1,K !
§1’0.0§0
DO 3 J=1,N f
R=(2.0D0-~A)*Z2(J)/4.0D0 + (2.0D0%+A)/4.0D0 i
’DO 3 H‘lgz B
Q=M i
A= (Z(J) + 1.0D0)%XTCLQsR)
$2=0.000
DO & L=1g¢N
Un(2¢0D0%R~A)*2{L } /(4 0DO*R) + (26 ODO¥R¥+A) /(44 QDO*R) .
4 $2=SZ+(TC(OQQ§QRT(R*R+A*A—2.ODO*A*R*U))IDSQRT(1.ODO—U*U))*C(L)
3 S1=S1 + CLJ)*P%S2
FRE(I)=A
Sﬂgﬁll)f§;£i;=900~hl*lZ.ODO—A)
2 A=A+ ,50-01
H=SNOR(1)
DO 10 I=1,.K
10 SNOR(II=SNOR(I)/H Nl
: K=K+1
J’ FRE(K)=2, 0DO
SNOR (K} =0, 0D0
WRITE(345) )
5 FORMATI(*1 OPTICAL FREQUENCY RESPONSE OF PUPIL T(X*x%2) t// :
17 FUNCTION T(Xx*%2) = v 77)

-

Y

0y
¥
|
i
4
‘i
Nl
b
i

t
id WRITE(346) |
' WRITE(3+7) |
WRITE(3¢8) (FRE(I)ySNORUI)#1=1,K) r
WRITE(246) . |
6 FORMAT(®
1 ) i
WRITE(2+9) ¢ FRE(I);?NDR(I).I=1,K) |
- 5( F8,2sF8e5 !
‘*%5§32::;:/;/' SPA. FREQ. RESPONSE */77) |
8 FORMAT(6XyF5.2¢20X,F12.87/)
sT0P
END |
|
I
!
|
|
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C PROGRAM TO CALCULATE DIFFRACTION PATTERN ASS
OCIATED WITH AMPLITUDE
C FILTER HAVING AMPLIT = 1
C FILTER Hav UDE TRANSMISSION T(X) = SUM(A(K)¥(1-X#%2)&%(K-1))
C LeP. BOIVIN 3/6/66 MODIFIED FOR /36
FCISION A(10) 300 raares
13 OS,DSIN, V
K*10

1> 0.24562193D<00

g ) 380<00
A{B)> 0.51883221D<00
A{%1>-0,21279474D<00

AG7Y> 0,0D0
_A(8)> 0.000
A(9)> 0,0D0
A(10)> 0.0D0
| NRITE(3,5) A
C>0,0D0
DO 1 I=1,N
Pp=1 .

1 C=C+A(LI)/P
A(LI>DA(1)%*2.,0D0. .. ... !
0D>2.000
DO 2 1329N
pP=I-1
DON*P%x2,000

2 A(I1)=A{1)%D
DO 100 I=1,L
ASX < .5D0
Y>1.0D0/X
MH{1) =X
IE(X-3.) B80,880,881

880 UD(X/3.000)*%*2 : .
8(l1l)= (((((U*.OQOZIOO.ﬂ.0039444 1 XU +.04444T9 I%*U-,3163866 )*U+
11.2656208)%U=-2, 2499597)%U+1.000 e
8(2)3((1(((U*.OOOOIIOQ-.OOOBI?bl)*U+.00443319)*U-.03954289)*U+
1.21093573)%U-.56249985)%U+,5D0 ) #X
6N 10 20
881, U>3.0D00/X
3'FI=(((((+.00014476*U-.00072805)*U+.00137237)*U-.00009512)*U—
1.0056527%0) *U-. 00000077V *U+, 79788456
PHI=(((((.00013558*U—.00029333)*U-.00054125)*U+.00262€Z§J*U-
1 .00003954)*U-.04166397)*(—0) +,78539816
B(1)=X3kk{—o500) *F1*DCAS(X-PHI)
FI=(((((—.00020033*U+.00113653)*U-.00249511)*U+.00017105)*U+
1.01659667)*U*.00000156)*U+.79788456
PHI:(((((.00029166*u—.00079824)*U-.00074348)*u+.00637879)*u-
1 .OOOOSbSO)*U—.12499612)*U+.78539816
B(Z)=X**(—.SDO)*FI*DSIN(X—PHI)
20 V>2.000/X
B(3)=vxB(2)-B(1)
B(4)=V*B(3)*2.DO-B(2)
B(5)=V*B(4)*%3,0D0-B(3)
B(6)=V*B(5)*4.0DO-B(4)
B(7)=V*B(6)*5.0DO—B(5)
B(8)=V*B(7)*6,000-B(6) )

At§)> 0.0D0

T R :




B(S)=V*B(8)*7.,000-B(7)
B(10)=v*B(9)*8,0D0-B{8)
B(11)=V*B(10)*9,000-B(9)
100 GAMII)=( (Ll (C((BI11)*:A(10)*Y+B(10)*A(9) )*Y+B(O)*A(8))%Y+B(8)*

2A(2))=Y+B(2)*A(1) )*Y)/C B VY

WRITE(3,3) (W(I1)sGAM(T),I>1,L)
 MRITE(2,4) (M(T),GAMLI)I>1,1)

3 FORMAT(3(SH W(I)= F8.1,11H GAM(I)= F12.8)//)
4 FORMAT(S(F8.14F845)) |
& EQRMAT(//////120H d¥ksddkdokks ikt dksdoikkkks  DIEFRACTION PATTE |f
1RN PRODUCED BY AMPLITUDE FILTER T(X) #dokdobikiohk fbiokaonkdick
2%%x%%//////32H COEFFICIENTS OF T(X) ARE ///10F12.8///)

STOP

END
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PROGRAM TO CALCULATE DIFFRACTION PATTERN ASSDCIATED WITH F w
LUX

SELECTORe GAMMA=2SIGMA{RNP*J1{W=NNS J-RNEJLIWERN) }/ (W¥xUN) J

LePe BOIVIN 18/710/65 CONVERTED TO /360 E LEVEL 17/11/66 1

{

o0 )

DOUBLE PRECISION R(100)RP(100)GAM(800) yW(B00) s WOsDEL yUNsCeXsU»
\— 1BES,QQeEI.PHILVV,DSIN,DSQRT i1
READ(1,1) N
READ(1,10) ]
| 1 FORMAY(I4)
10 FORMAT(: :)
READ(154) WOGDEL.L
4 FORMAT (2F20,10,14)
READ(1,5) (REI)SRP(I)I>14N)
S FORMAT(4F12.8) :
MWRITE(3,10)
MWRITE(3,6) N
& FORMATU///74H N> 147/77)
| MRITE(3,7) (RIT),RP(I),I>1,N)
T FORMAT(: R(I)> :y Fl2.8y: RP(1)> :,F12.8)
HRITE(3,10)
WRITE(3,8)
81;9§?AT(: DIFFRACTION PATTERN (AMPLITUDE > GAM(I) ; RADIUS> W(I)):
L UNS0.0DO
DO 50 K=1,N
S0 UNDUNCRPIKI®RP(K)-R(K)*R(K) .
DO 300 I=1.L
Cc=1
W(I)=WO + DEL*C
__ GAM(I}>0,000
DG 200 J=1sN
X=W (I )}*RP(J) '
1E{X=3.0D0) 880,880,881

880 U>(X/3.,0D0)*(X/3.0D0) .
BES=((((((U*-00001109~.00031761)*U+.00443319)*U—.03954289)*U+

1.21093673) #ll—, 56249985 ) *U+4 500) *X
QQ=RP(J ) *BES
60 TO 882"

881 L1>3,0D00/X C -
Flz(((‘(-.00020033*U+.00113653)*U-.00249511)*U+.00017105)*U+

1.01659667) *U+. 00000156) *¥U+. 79788456
PHI={ (({(.06029166%=-200079824) %)=, 000743468) kUt 0063TEI) *li=

1 .00005650)%U=.12499612)%U+.78539816
BES> FI®DSIN(X-PHI)/DSQRT(X)
QQ=RP{.J)*BES
882 X=W(I)*R(J)
‘ IF{ X-3.000) 883,883,884

A83 u>(x13-nno)*(x13-onul ‘
BES=((((((U*.00001109—.00031761)*U+.00443319)*U-.03954289)*U+ ‘

1.21093573)*U—.56249985)*U+.SDO)*X
VV=R{ J}*BES
GO TO 200

884 U>3.0D0/X
FI=(l(((--000?0033*U+.00113653)*U—.00249511)*U+.00017105)*U+

1.01659667)*U*.00000156)*U+.79788456
’PHI=(((((.00029166*U-.00079824)*U-.00074348)*U+.00637879)*U—

1 .00005650)%li=,12499612)%U+.78539816
BES> FI*DSIN( X-PHI) /DSQRT(X)

VV=R (J}*BES

\__200 GAM(I)=GAM(T1)+QQ=VV .




GAMLI)>2,0D0*GAMIIN/ (W(I)*UN)
300 WRITE(3,3) W(I),GAMII)
3 FORMAT( 4H W= F7.296H GAM= F15.11)
WRITE(25301) (W(I),GAMII})sID>1,L)
wa S(F8,.1,F8,51))
STOP
END
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¢ SUBROUTINE TG CALCULATE BESSELS FUNCTION JN(X) FOR ANY INTEGRAL
C ORDER N AND FOR ARGUMENT X UP TO 30 L.P. BOIVIN
EPS=.0000000001
AA=N
BB=X/2.
FAC=1le.
| 00 111 I=1,N
CC=1
111 FAC=FAC=*CC
DD=BB**AA/FAC
EE=—BB**%2
BE=1.
Uk=1l.
HH=1e
222 GG=AA+HH
RR=EE/ (GG*HH)
UK=UK*RR |
BE=BEWK
2=ABSF{UK*L0D) \
IF(Z-EPS) 44494444333 5
333 kH=HH®1l. _
GGTO 222 D
444 BESSEC=BE*DD :
RETURN
END
C SUBROUTINE TO CALCULATE J1(X) FOR LARGE ARGUMENTS USING AN
C ASYMPTOTIC EXPANS ION 1
|

\f

FUNCTICN BESIAC(X)
£P S=.000000001
PI=3.1415926536
AM=(2. /(P I#X) )F¥ .5 |
B=X= o T5*P | i
C=8/1(2.*¥P1)

K=C

CP=K

ARG=2 «*PI*{C~CP)
C0=COSF (ARG)
SI=SINF{ARG]}

P=1l. Y
uP=1. rﬁ
[=—e5/7 (8 «*¥X ) ¥¥2 :

FM=0. o
1 §R=g*(4.—(4.*EH+1.l**Z)*(Q.-(4-*EM+3.)**2)/((EM+1.)*(2.*EM+1.))
IF(ABSF{RR)—1.) Tel93
7 UP=UP*RR
pP=P+UP
I1F(ABSF(UP)—-EPS) 39392
2 EM=EM+l.
G0 TC 1
3 C=3/(8.¥X)
uQ=Q
EH=0.0 o . )
4 RR=D*(4.—(4.*EM+5.)**2)*(4.—(4.*EM+3.)**2)/((2.*EM+:.)*(EM+1.))
IF(ABSF(RR)-I.) 82896
i 8 UQ=UQ*RR
¢=G+UdQ
lF(ABSF(UQ)~EPSI E9645
5 EN=EMtl.
k GC TC 4
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6 BESTAC=AM*(P*C0-Q*S1)

RE TURN
END




PROGRAM TO CALCULATE FLUX SELECTOR 1B-A4-H LeP. BDIVI& 2417766
DOUBLE PRECISION XP(100)yR(100)9RP(100);P,CsQsVeUsHD,T,SIGMAC
SIGMAC(N))((((.657143970—02*(1.000-N*H)-.170787280<00)*(loODO-N*H)

1 (.541212660(00)*(1.000-“*“)(.628535240(00)*(1.0DO-N*N)< .
2 2567508570<00)*(1.0D0—-WEW) _Z

N>50 <Y/
P=N ;
READ(1.,11) '

11 FORMAT( : )
R(1)>0.000
C>(SIGMAC(0.0D0) - 5D0*STGMACI1.0D0/P)=,5D0*STGMAC(2.D0/P))

1 /70e500%((1.00/P)*(1D0/P) < (2.D0/P)*(2.00/P) )}
€>1.00/C
RP(11>DSORT(C*( SIGMAC (0.0D0)-SIGMAC (1.0D0/P)))
XP(1)>1.000/P
00 1 I=2,N
XP(1)=Q/P
V>.5D0%C* (SIGMACIXP(I-1))-SIGMAC(XP(I))) :
U)LXB!I—I)*XP(I—II < XPE1)*¥XP(1)1/2.D0 [
R(I)>DSQRT (U-V)
1 RP{I)I>DSQRT(ULV)
__HO>1.0D0/RPIN)
1>0.000
DO 2 I=1,N . RR
R{IL)=R(I1)*HO

{,

RP(I)=RP(I)*HO e
2 T>T < RP{I)*RPLI} ~ R‘l)*R‘(_I_’ : .

3 FORMAT (31H150 RING FLUX.SELECTOR -1B-A4~H )
WRITE(3,11) .
T )
% FORMAT(///4H T= F12.8 /1/)
WRITE(3,10) C
10 FORMAT(///4H C= F12.8 ///)
WRITE(3s5) (XP(1)3I=1sN)
S FORMAT(TH XP(1)= //(5F12.8))
WRITE(396) (RUI}4RP(L)sI=14N)}
FORMAT(///7TTH RUI}= F12.8,8H RP(I)= F12.8//0)  ° o,
WRITE(2,3) - 2
WRITE(2,11)
WRITE(2+ 7T
7 FORMAT(4H T= F12.8)
WRITE(2+8) (XP(I)s1=1,N)
8 FORMAT(5F1248)
WRITE(2,9) R(L)sRP(2)3(REI),RP(IN,1=34N)
9 FORMAT(4F12.8)
SToP
END

el e m———— e
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PRGGRAM TO CALCULATE FLUX SELECTOR TYPE 1A-B4-H
LeP. BOIVIN 16/6/66

DIMENS ION R{11),RP{113sXP{11}
PRINT 4

N=10
P=N
XP(1)=1.I(2.*P)

XP(2)=3.I(2.*P)
R{1)=0.0
A=SIGMAC(0.Q)~SIGMAC(XP (1))

B=SIGMAC(XP(1))-SIGMAC(XP(2))
C=(A+.5*B—((A*.S*B)**Z—.25*3**2)**.5)/(12.5*8**2)
PRINT 10 ,C

10 FORMAT(4H C= F12.8)
RP(L)=(C*A)*%x,.5
DO 1 E=2,N
Q=1
XP(I)=(2%Q=1)/ (2.%P)
A=(Q-1.)/P

B=P*C*(SIGMAC(XP(I-I)I—SIGMAC(XP(I)))/(4.*(Q-1.))
R(I)=A-B
RP{I)=A+B

RP(N+1)=1.
XP(Nt1l)=1. :

RN+ 1)=( 1.—C#*( SIGMAC { XP{N) ) =SIGMAC (XP{N+1)}} }}¥*.5
L=N+1 R

PRINT 5¢XP

FORMAT(5H XP= 10F6.2)

PRINT 2 s(RUI)sRP{I)sI=1yL) N
FORMAT(//7H R{I)= F12.8+13H RP(I)= Fl2.8)}
PUNCH 3 4(RUID4RPLI)sI=1sL)

FORMAT (4F12.8) o
FORMAT(27H FLUX SELECTOR TYPE 1A-84-H )
CALL EXIT

END




FUNCTION SIGMAC(X)
Ud1eDO ~ X*X

5iG AC={ (L ((-0000002921371948%U+,0000019769951693)*U+
1.0000328807324978)*U+.0003170420516771)*U+.0024171393275471)*U+

5 .0133428400277380) %+, 05032500956]5250)*Ut .1179666235914349)%U
3 +o146@164266043177)*U+.0682471471167938)*U i
RETURN T

END

FUNCT ION TORRAC(X)

1."‘~x**2 3
g = KR D~ g
1-.000001976995)*U+.000029227318*U-.000032880732)*U+.000277411795*U
2—3000317042052)*U+.002071833709*U—.002417139328)*U+.011119933356*U
3=4 8) U+ 04026000 7649%\~. 050325009562) *U 884 74067694%
4-@117966623591)*U+.097610951069#U—.146416426604)*U+.63412 T73558%y
IQRRAC=(TORRAC-.068247147117)*U P
RETURN - £

END '
C PROGRAM TO CALCULATE A FLUX SELECTOR OF THE TYPE 2-e.. sGIVEN THE
| ¢ ZONE DIVISIONS L.P. BOIVIN i711/65 :
¢ . MODIFIED VERSION (FASTER) 13/1/766
DIMENSION A(10),X{102),R(100)+RP{100) ‘ :
DIMENSIGON NN(3) :
DIMENSION DELRN{100)
READ 11y NN
11 FORMAT(I4) ; :
DO 107L=1,3 | 'ﬁ

r‘ﬂ?,w

N=NN(L)
PRINT-102 »N
102 FORMAT(///74H N= 14 /1]) a
PUNCH 101 »N , : q
101 FORMAT(4H N= I4 ) v f

KK=N-1
C GENERATION OF VALUES OF X(1)
X{1)=0.0 :
X(N+1)=10
P=N
DO 28 K=14KK
Q=K Y
28 X{(K+1)=Q/P
| _C END QF GCENERATION OF VALUES OF X(1)
K=N+1
PRINT 61
61 FORMAT(//12H VALUES OF X //1)
PRINT 61(X(I”I=1’K)
& FORMAT{(6H X{1)=/7(5F16.8)) i

PRINT 7 y
7 FORMAT(7733H VALUES OF R AND RP(ROMOTHETISED) //)

C=(TORRAC(X(2))—TORRAC(0.0))/(SIGMAC(0.0)-SIGMAC(X(2)))**2
o0 2 I=1,N
=TORRAC(X{1#11 J-TORRAC (X(11)
=S TGHACLX (11 )-STGMAC(X (I+1))
T=T/U
U=C*U
3 1F(T-U) T00,701,701
700 R{I)=(U-T)*%.5
PRINT 70241 -
L, 202 FORMAT(//41H Re%2 IS NEGAT. TAKE ABSCLUTE VALUE 1= T4 //)

G0 10 2 —




~
R(I)=(T-UYI%%,5

RP(IN=(T+U)*%,5 :
RA=14/RP(N) {
DO 3 I=1,N i
REI)=R{I)}*RA )
RPUI)=RP(I)}*RA Nn

PRINT 44,1,R{I)sRP(1)

FORMAT(4H I= 12,8H R(I) = F12.8,9H RP(I) = Fi2.8 ) i

PUNCH 29 »{ RUIDyRP(I)yI=14N)
FORMAT(4F12.8€)
PRINT 30

FORMAT(///27H WIDTH OF TRANSPARENT RINGS //7)

00 10 I=1,N
DELRN(I)=RP(I)-R(I)

PRINT 1241,0ELRN(I)
FORMAT(4H I= I3,8H DELRN= F16.8)
CALL EXIT

END

et e e

R LV )




FUNCTION SIGMA(X)
DIMENSION A(1Q)
C OMMONA
Usle—X3%2
U=l
SIGMA> A(1)%U
DO 1000 K=2,10
UK=UK U
Z=K
1000 SIGMADSIGMA < A{K)*UK/Z
RETURN
END
C PROGRAM TO CALCULATE A FLUX SELECTOR OF THE TYPE 2-L2-H
C PART 1 SCANNING PROGRAM {.P, BOIVIN 7/1C/65
C PRELIMINARY PROGRAM (N MAX. = 100 )
DIMENSION A(10),XP(100)
COMMON A
READL yNsMyALOsR,A
1 FORMAT(2I292F10.7/(5E16.8))
£PS=.00001
MP=N-2
Q=N
PRINT?,N
2 FORMAT(5H N= 13)
DO 100 J=1,M
P.=J
AL=ALO+PJ*R
XP(1)=1./Q%*AL
W= SIGMALOL0) =S IGMAIXP(1)))/XP (1) !
DO 50 I=1,MP i
DPI=W3*XP(1)=SIGMA(XP(1))
IF(DPI)  9914,14 :
g XP(I+1)=XP(I) |
DEL= o 1¥WHF EXPF(2.635%XP( 1)4%2) I
21 B=DPI+WxXP{I+1)+SIGMA(XP(I+1]) r
2C XP(I+1)=XP(I+1)+DEL j
BP=DPI + WiXP(I+1) + SIGMA(XP(I+1))
IF(ABSE{BP)-EPS) 50450,180
180 V=B*BP
IF(V) 17,50,18
18 IE(DPI+WxXP(I+1)) 19514,1 4
19 IF(XP(I+1)-1.) 2i,14s14
17 XPLI+1)=XP(I+1)-DEL
DEL=, 13DEL
G0 TO 20
14 L=I+1
PRINT 15sALsW.b
15 FORMAT(6H AL= Fl0.7, 4H W= Elo.8yloH NC SOLUTION I= 13)
GG TO 1490
50 CONTINUE
51 HN=(SIGMA(XP(N—l))-SIGMA(l.))/(l.+XP(N—1))
XP{N)=1.
PERD=(W-WN) /¥
PRINT 529 ALoWeWN,PERD, (XPLI),1=
55 FORMAT(6H AL= FLO.T7s4H W= £10.8
1aH Xp(I)=/0iH 5ele.8)//7)
150 CONTINUE
CALL EXIT
END J

e e
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PROGRAM TO CALCULATE A FLUX SELECTOR OF THE TYPE 2-C2-H
PART 2 CONVERGING PROGRAM L.P. BOIVIN 10/1/66
gITENSION XP(1G1l) 9AL(16) sR(100)sRP(100)DIF(15),U(16),V(16}
=
EPS=,00000001

NP=N=-2
Q=N
AL€1)=1.2379

AL(2)=1.238732
. PRINT 1,N
1 FORMATI(SH N= 13 ///)

DO 2 J=1,15
NUM=J
XP{1)=1./Q%*xAl (.1}

ALPHA=AL(J) .
§=TORRAC(XP(1))~TORRAC(0.0)
I=SIGMAC(O0.0)-SIGMACIXP(1))

RP(1)=SQRTF(2.*S/T)
R(1)=0.0
MW=RP(1)

C=S/T¥*%2
DO 3 I=1,MP
JECI~1) 44445

4 DEL=XP(1)/10.
60 TO 6
5 DEL=(XP(I)-XP(I-1)1/1C.

6 XP(1+1)=XP(IJ+DEL
X1=XP(I}

——

Wl=D.0

XK2=XP(I+1)

] S=TORRAC(XP(I+1)I—TORRAC(XP(I))
T=SIGMAC(XP(1))-SIGMAC(XP(I+1))

§=8/T1
T=C%T
REI+1)=(S~-T)I**, 5

RPII+1)=(S+T ) x5
W2=RP(I+1)-R{I+1}
JFE(W2=-W) 7938

7 XP(I+1)=xP{I+1)+DEL
IF(XP(I+1)-1.) 11,411,12
11 Wi=W2

K1=X2
xX2=XP(I+1)
G0 10 9

12 PRINT 249 15AL(J )W
24 FORMAT(//1TH NO SOLUTION 1= 13,8H ALPHA= Fl54894H W= F15.8

7|
GO_1g 50 .

g8 ul(l)=Xl1
U2)=x2
V(1)=Hl-W

V{2)=H2-u
DO 16 L=2,15
U(L+l)=(U(L—1)*V(L)-QLLA*VLL:I))I(V(L)-V(L—l))

XP(I+1)=U(L+*1)
S=TDRRAC(XP(I+1))—TORRAC(X?(I))
T=SIGMAC(XP(I))-SIGMAC(XP(I+1))

$S=S/T
T=C*7T

RUI+1)=(S=-T)*¥%e5 )




RPII+1)=(S+T)*x,5
VIL+1)=RP(I+1)=-R{I+1)-W
IF(ABSF(V(L#1)I-EPS) 393,416
16 CONTINUE
3 CONTINUE
XP(N)=1.
S=TORRACI(XP(N))~TORRAC(XP(N-1))
T=SIGMAC(XP(N=1))-SIGMAC(XP(N))
S=S/T
T=CaT
RIN)=(S-T)*%k,5
RPIN)=(S+T)*%,5
WN=RP(N)-R(N)
DIFCJ))=WN~-W
PRINT 304AL(J),DIF(J)
30 FORMAT(S5H AL= F20.10,6H DIF= F20.10)
IF(ABSFCDIF(I))-EPS) 20,20,21
21 IF(J=1) 22423
23 ﬂL(J*1,=(AL(J‘1)*OIF(J)’AL(J)*DIF(J‘I,’/(DIF(J)-DIF(J‘I))
2 CONTINUE
20 PRINT 27 #NUM
27 FORMAT(//29H NUMBER OF ITER. FOR ALPHA = 12 //)
PRINT 28
28 FORMAT(///12H SOLUTION IS ///)
PRINT 299 ALPHAyH e (XP(1)91=1,N)
29 FORMAT(8H ALPHA= F15.844H W= F15.87//78H XPll)=_/(5F24.8)/ (/)
HOF=14/RP(N)
DO 25 K=14N
R{K}=R{K}*HOF
RP(K Y=RP(K)*HOF
DELRN=RP(K}-R(K)
25 PRINT 264 KoRIK) yRPUK) yDELRN
26 FORMAT(4H I= 1I344H R= F1l0.8914H RP= F10e8y
117H DELRN= F10.8 //)
sQ CALL EXIT
£ND
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PROGRAM TO CALCULATE A FLUX SELECTOR COF THE TYPE 2-PX2-H

C PART 1 SCANNING PROGRAM L.P. BOIVIN 13712765

DIMENSION ALPHA(10) yR(10)sRP(LOIXP (L0 ), THE(1O)},M(10)
DIMENSION UL20) s TEL20) s W(6) sA(10)
h=10

READ 1, (ALPHA(IL) #1=2,HN)
1 FORMAT(S5F16.8)
L =28

KO0=34.
XP{N)=1.
DEL=1.

BETA=3,8317060
EPS=.00000001
00 500 I=1.L

p=1-1
w( 1)=WO+DEL *P
PRINT 2,W(I)

7 FORMAT(4H W= F5.1 //)
R(1)=0.0
RP(1)=BETA/W(I)

XP(1)=RP(1)
CO 505 K=1,20
M{1l)=K

UlK)=XP{ 1)
Q=TORRAC{XP(1))-TORRAC(C.D)
$=SIGMAC(0e0) ~SIGMAC(XP (1))

B=RP (1)%*2-2,%Q/S
TE(K)=8
IF (ABSF(B)—EPS) 506+506,507

507 LF(K-1) 508,5084509
508 P=N ’
AP{1)=RPELIF(Latel/PE¥2])

Mo LA
506 PRINT 510,M(1).8

60 TO 505
509 XP(I)=(TE(K)*U(K*l)-TE(K-l)*U(K))l(TE(K)-TE(K-I))
505 CONTINUE

510 FORMAT(16H NO. OF ITER. = 12, 4H 8= F20.10 //)
C=Q/S*%2

KP=N-1
DO 300 J=2,KP
XP (J)=2FALPHA(J)/W(1) —XP(J~1)

DO 330 K=1,20
MidI=K
UlK)=XPLJ)

Q=TURRAC(XP(J))*TORRAC(XP(J—l))
S=SIGMAC(XP(J—1))-SIGMAC(XP(J))
Q=Q/5

$=C*3S
IF(Q-S) 700:701,701
700 PRINT 702 9Jd2 K» XP(J ) XPLJ-1)

702 FORPAT( //7/25R NO SOLUTION R¥%2 —VE J= T4q 4t K= 14y 8H
1F23.898H x{J)= F23.8 117}
60 TG 500

XP{J)=

701 RiJ)=(Q-S)%¥¥e5
AP (J1=(Q#S)%%e5
TES=W{ 11 %RP(J)

IF(TES5-20.) 15791579198
197 QQ=RP(J)*BESSEC(11TES)
GC 10 600




198 QQ=RP(J)I*BESIAC(TES)
600 TES=WLI)*R(J)
IF(TES-20.) 601,601,602
601 VV=R(JI®BESSEC(L,TES}
GO0 _TO 603

602 VV=R{JI*BESIACITES)
603 THE(J)=QQ-VV
TE(K)=THE{J])

199 IF(ABSF(THE(J)}-EPS) 300,300,302
302 IF(K~-1) 331,331,332
331 XP(J)=XP(JI*EXPF(THE(J))

GO T0 330
332 XP(J)=(TE(K)*U(K-I)-TE(K°II*U(K))/!TE!KI-TE!K—I))
330 CONTINUE

300 CONTINUE
Q=TORRAC ( XP{N) ) ~TORRAC{XP(N-1))

$=5IGMAC{XP(N-1) )-SIGMAC( XP(N)})

Q=Q/s
S=C*S
RIN)=(Q-S )¥*,.5

RPIN)=(Q#5)*%,5
TES=W(1}*RP{N)
IF(TES—20.) 3504350,351

350 QQ=RP(N)*BESSEC(L,TES)
GO TO a05
351 QQ=RP(N)*BESIACITES)

605 TES=W({I)*R(N)
IF(TES-20.) 6064606,607
606 VV=R(N)*BESSEC(1,TES)

GO 10 608
607 VV=R(N)*BESIACITES)
6508 THEN=QQ-VV

352 PRINT 401 s(MUJ} 9J=2+KP)
401 FORMAT(/// 15H NCe OF 1TER. = [/ 1015 /41
PRINT 4001(XP(J)1J=19N)g(R(leJ=1,N)1(RP(J),J=11N);(THE(J)'J=2,KP)

1 o THEN
406G FORMAT (8H XP(I)= //2(1H SF23.8/73//76R RUI)= //201H 5F23.8/7)/7
18H RP(I}= //2(1H 5F23.8/)1//10H THETA(IL)= J/72C1R 4F23.15/)/7

Z10H THETAN = F24.15//)
500 CONTINUE
CALL EXIT

END

m—— e —
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C PRGGRAM TO CALCULATE A FLUX SELECTOR OF THE TYPE 2-FX2-H Wr

C PART 2 CONVERGING PROUOGRAM LeP. BUIVIN 13712765
DIMENSION U{20)sTE(20),A810), THEN(O6)e W (7]}
DIMENSIGN RE10) sRP(10) yXP (10} oTHELLO),M(10)
N=10

jn(ﬁ BETA=3.8317060

A

W§1)=40.220 \
Wi2)=40.225
READ 149(XP(1) 41=24N)
14 FORMAT(5F10.8)
EPS=.00000001
DO 500 I=1+408
PRINT 24W (L)
RT11)=0.0
RP(1)=6ETA/W(I)
XP(1)=RP(1)
DO 505 K=1520
M{1)=K
U(KI=XP(1)
i Q=TORRAC( XP(1) )~TORRAC (0.0)
1 S=SIGMAC( 0.0)-SIGMACIXP( 1))
b B=RP (1) #%¥2-2.%Q/S
TE(K) =8 -
IF(ABSFIB)-EPS) 50655064507
507 IE(K=l) 50845085509
508 P=N
XP(1)=RP (1) *( Letel/P*%*2)
60 TO 505
509 XP(11={ TE(K)#UIK=1) =TE(K=1)%U{K) }/(TELKI-TE(K-1)])
505 CONT INUE
506 PRINT 510sM(1) 48
510 FORMAT(16H NOe OF ITER. = I2s 4H 8= F20.10 17}
C=Q/5*%2
KP=N-1
00 300 J=2+KP
DO 330 K=1+20
M(J)=K
UlKI=XP(J)
Q=TORRAC (XP(J) ) ~TORRAC (XP (J-i) )
~# S=5 IGMAC (XP(J—1))-SIGMACIXP(J}])
Q=a/S
S=C*S
R(JI= Q=S )*%.5
RPEJ)=(Q+5)*%5
JES=W( I ) *RP (J)
IF(TES—20e) 1974197,198
197 QQ=RP{JI*BESSEC(1,TES)
GO 10 888
198 QQ=RP(J1*BESIAC(TES)
888 TES=W(I)%R{J)
- TE(TES-2C.1 89098904891
890 VV=R(J)I*BESSEC(1,TES)
GO TO 199
5917 VV=R(J1*BESIAC{TES)
i 199 THE(J)=QQ-VV
TE(K)=THE(J)
{F(ABSFCTRE(JI I I-EPS] 30092005 302
302 IF(K-1) 331,331,332
L 331 XP{J)=XP(J)FEXPF(THELJS))




- .

GG TO 330
332 XP(J)=(TE(KI®U(K=L1)=TE(K=LI*UCK) ) /(TE(K)I=TE(K-1))
330 CONTINUE
300 CONTINUE
Q=TORRAC (XP(N ) )~TORRAC( XP{N-1))
S=SIGMAC(XP(N-1)1-S IGMACIXP(N)) =
Q=4/s
S=C*S
RINI=(Q-5)%%.5
RPIN)={ Q+5) %% ,5
TES=W{ 1) ¥RP(N)
1IF(TES—20.) 35053509351 4
350 QQ=RP(N)}*BESSEC(14+TES)
GO TO 892
351 QQ=RP(NI*BESIAC(TES)
892 TES=W(I)*R(N)
IF(TES—20.) 893s8935894
895 VV=R(N)¥BESSEC(1,T1ES)
GO TO 352
894 VV=R(N)*BESIAC(TES)
352 THEN(I)=QGQ-VV
THE(N)=THEN(I)
PRINT 401 o (M(J)sJ=24KP}
%G1 FORMAT(//7 15H NO. OF L1ER. = / 1015 ///)
PRINT 4009s (THE(J) 2J=2¢KP) THENLI)
400 FORMAT (10H THETAUlI)= //1H 4F23.15/1H 4F23.15//1CH THETAN = F24.15
1777}
WEIN=W(I)
IF (ABSF(THEN(I))-EPS) 380,380,381
381 IF(1-2) 317093724372
370 GO TO 500
372 H([+1)=(THEN(I)*W(I-l)—THEN(I-l)*W(I))I(THEN(E)—THEN(I—l))
500 CONTINUE
380 THE(1)=0.0
PRINT 389
389 FORMAT(//712H SOLUTION IS //)
PRINT 390,wF1N.cxP(Jz.J=1.N).(R(J).RPtJn.THE(Jx,J=1,N)
390 FORMAT(////4H W= FLl4.8//7H XPLI)= 72(1H 5F23.8/)//4H R= F23 .8y
1 10R RP= F23.8,12H THETA=  F23.15))
PUNCH 391 s € RUIISRP(I) 4I=1,N)
391 FORMAT(4F12.8)
> FORMAT (4H W= F20.8 //}
CALL EXIT
END

= -




PROGRAM TO CALCULATE THE POSITIONS AND VALUES OF THE EXTREMA OF
AMPLITUDE IN A DIFFRACTION PATTERN.INPUT DATA= AMPLITUDE IN DIFF
PATTERN AT W=.5 INTERVALS . USES PARABOLIC INTERPOLATION L.P. BOIVIN
24/6/69
DOUBLE PRECISION A(650),W{650) 2 AE(150) 4 WE(150) 4PA,PB,PC,yDELL,DEL2
M=650 —
1 READ(1,2)
READ(1y3) (W(I)sA(I),sI=1,650)
2 FORMAT( * ™y
3 FORMAT(5(F8.15F8.5))
WRITE(2,4)
WRITE(Z,2)
WRITE{3,5)
WRITE(3,2)
k=1
M=M-1
00 12 1=24M
DEL1= A(I) - A(I-1)
DEL2= A(I+1) - A(I)
T=DEL1%*DEL2
IFCTY 11,15,12
15 IF(DEL1} 11,12,11
11 K=K+l ,
PA= 2.0D0O%(DELZ - DEL1) ,
PB= 2.0D0%(A(1)-A(I-11) — 2.0D0%(DEL2-DELLI*(Ww(I)+w(I-1}] ]
WE(K-1)= —.5D0%PB/PA o |
PC=ATTT — PA®W(I)*W(I) — PB*wW(I) ,
AE(K=1)= PASWE(K-1)*HE(K-1) +PB*WE(K-1) + PC {

b ——————

—eta——

12 CONTINUE |
~ NN=K-1 : , _ :
WRITE(2,13) (TsWE({I)g AE(T),I=1,NN) ~. L
13 FORMAT(4(14,F8.3,4F8.51) o AJ
WRITE(3,14) (I, WECTJ2AECT) yI1=1,4NN) :
14 FORMAT(//* N= ' 14,10X,* W EXToe = ' FB8.3410Xs* A EXTe = 'FBe5) iw
4 FORMAT(///7) 7 i\
5 FORMAT('1 ')
GO 70 1
100 STOP .
END
[
I
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C RAY TRACING OF LIGHT RAYS INCIDENT ON A GLASS CONE(AXICONY AT F
C VARIOUS ANGLES AND ORIGINATING FROM A POINT SOURCE LOCATED AT
C VARIOUS POSITIONS ON THE AXIS OF THE AXICON PARAMETERS ARE APEX
C ANGLE AND DIAMETER OF AXICON, AND DISTANCE GF POINT SOURCE FROM THE
C  AX JCON LaPe BOIVIN 9711465 w,
DIMENSION R(ll)sTHE(ll)oAL(S)tZ(Q),X(ll)'Y(lllyH(l) j;
READ 1lsALsZ
1 FORMAT (5FS.1/74F6&6.1)
H‘1’=‘i‘o
REF=1.517

g0 8 (=145
PRINT 3,ALLI1)

3 FORMAT(//// 8H ALPHA= F5.1 5H DEGe /7/7)
PUNCH 31,AL(1)

31 FORMAT(8H ALPHA= F5+1 5H DEG. )
AL{I)=AL(1I)/57.2958
gn 8 Jd=1e1
PRINT 59H(J)

5 FORMAT(///5H H= Fl0.6 4H CM. ///)
DO 8 K=1.4
PRINT T7sZ(K)

7 FCRMAT(// 6H 2= F6.l 4H CM. //)
PUNCH T1e42(K])

71 FORMAT(6H 2= Fé6s1 4H CM. )
CEL=(ATANF{H(JI/Z(K)))}/1O0.
DG 12 N=1,11
P=N-1
THE(N)=P*DEL
SI=SINE(THE(N))
C=SINF(AL(I))
E=CGSFLAL(I))
512=D§§QEIEL10‘(SI/REF)**Z)-E*SI/REF

10 A=Z(K)*SI/COSFA(THEI(ND)
gB=H(J)—-A
COTA=E/D
C=SI/SQRTF(REF**2—SI**2)
X{N)=8B/(COTA+C)
IF(THE(N)) 14415414

15 Y(N)}=0.0
G0 TO 16

14 YiN)=A+B/ (1. +COTA/C)

16 TAN3=REF*SIZ/SQRTF(1.-(REF*SIZ)**Z)
TANA=1./COTA
1A MA=(TAN3~TANA)/(1.+TAN3*TANA)
R(N)=Y(N)+(Z(K)+X(N))*TA3MA
PUNCH 91 ¢ X(N) s YUN) sRIN)

3F 813

THETA=THE(N)*57.2958

12 PRINTQ,THETA!X(N)1Y(N),R(N)

3 §3§§§??§1H THETA= FL2.8 5H DEGes7H X= Fl2.8,7H Y= F12.8s
L 7H R= F12.8)
CALL EXIT
END




PROGRAM TO DETERMINE FOCAL POSITION OF VIRTUAL RING PRODUCED ‘
BY AXICON, AND FOUCAL DISPERSION , GIVEN RAY TRACING DATA , AND
APPROXIMATE FOCAL PGSITION L.P. BOIVIN 16/11/65

NraacncTt

OIMENSION Y(20) sAL(S) sZ(991) oN{941)UC(941 ), DEL{T,1 )X 119
1Y 1891110 sR(Gs1a11) e o i I«"1'11)'4J

READ LyAL ]J
1 FORMAT(9F 5. 1}
READ 2‘((Z(I’J)QUD(I'J)'DEL(IQJ'!J=191)!I=199’
2 FORMAT(3F1lQ.4)
READ 34N
3 FORMAT (914)
DO 7 1=1,9
DG 7 J=1s1
MM=N(1,.J])
DO 7 K=1,MM
T READ 494 XI{IgdsK) dYI(IgJdoeK) oR{I 2J9K)
4 FORMAT(3F12 .81
D3 63 1I=1,+9 i

PRINT S5yAL(I)

5 FORMAT(///8H ALPHA= FS5.1 SH DEG.///)
DO 69 J=l.1 |
PRINT 65Z(15J) -

& FORMAT(//6H I= F10.1//)

DO 69 M=1,12
IF(M=11)61y61462
52 PRINT 63
63 FORMAT(//12H CHECK POINT //)

[J
U=0.0 gi
|

G0 J0 &5
61 P=M-1
U=y0{Is,dJd}
U=u+P*DEL (1.}
65 NN=N(1,J) I
DO 30 K=1oNN
30 Y(K)=YI(I.J;K)+((Yl(I:JvK)-R(IsJ,K))/(Z(I'J)+XI(I-J.Kl))*(u- ‘
1 (ZCI,J)+XE(I5d4KD)) .
BIGY=Y ({1}
DO 32 K=2,0NN
IF(BICY-Y(K)) 3433232
34 BIGY=Y{K)
32 CONTINUF
DIMENS ION TEMP(11} r
DO 100 K=1,NN
100 _TEMP(K)}=5C.~Y{K} |
BIGT=TEMP(1)
DO 320 K=2NN
[F(BIGT-TEMP(K)) 34043204320
340 BIGT=TEMP(K] :
320 CONTINUE
SMALY=50,-BI1GT
CENT=(SMALY+BIGY)/Z.
DI SP=BIGY-SMALY
pisP=DISP*10.
IF{M-11) 66466407
66 PRINT209,UsCENTSDISP

20 ECRMAT (8H U= F10.4 4H CMap17d  MEAN RADIUS = £12.9 4l CHes
115H DISPERSION= F12.8 4H MM o )
GO T0 69

67 PRINT 6Belle BIGYy SMALY




~
A
&8 FORMAT( 8H U= F12.8 4H CMe/13H BIG R = Fl2.8 4H CHMe o
lioH SMALL R = Fl2.8 4H (Me [/7)
: 69 CONTINUE
: CALL EX 1T
b END J
\/
. ﬂ( \
il l
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PROGRAM TO CALCULATE DIFFRACTION PATTERN ASSOCIATED WITH A FLUX

AND DIFFRACTION PATTER
10711766 ERN OF ORIGINAL FLUX SELECTOR Le P« BOIVIN

SELECTOR IN WHICH ONE OR MORE OPAQUE RING
S HAVE BEEN DELETED(=
TRANSPARENT) USES AS INPUT DATA TRANSMISSION FACTOR 4 RING RADI??DE

J

DOUBLE PRECISION RO(15)9RPO(15) 9W(800),GAMO(BOO0) s T9TPyBES 9X9UsQQy

1FIsPHIyDSINyVVye Dy SUMy DSQRT

 DIMENSION GAMD(S00),DIF(BO0)

L>650
KI>9
— KK>Q

READ(1, 1}
1 FORMAT (3

1 -8 |

READ(1,10)7
10 FORMAT (F12.8)
=] g1}

2 FORMAT(5(FB8e14F8e5))
READ(1¢3) (RO(I)}ZRPO(II4ID14KK)

3 FORMAT(4F12,.8)

DO 23 KOKIyKK
ND>K
1e=T

DO 4 I=1,ND
4 TP=TP+RPO(I)*RPQLI}~RO(I)*RO(I)
0=T/TP

DO 5 I=1,.L
SUM=0.0D0
DO & Jd=14ND

| A80 U=(X/3,0D0)*(X/3.0D0)

X=W (I )¥RPO{J)
IF(X-3.000) 880,880,881

BES=((((((U*.00001109-;60631761)*U+.00443319)*U-.03954289)*U+
1o21093573)*U-.56249985)*U+.500l*X
= 3

GO TO 882
881 U=3.0D0/X o RN
FI=t(((({~0 00(120033*04—.00113653)*U-—. 00249511)%U+.00017 105 ) *xU+

1.01659667)*U+.00000156)*U+.79788456
PHI=(((((.00029166*0—.00079824!*U—.00074348)*U+.00637879)*U—
1 L00005650)%l=012499612)%U+a 18539816

BES=F 1%DS IN(X—PHI )} /DSQRT (X}
QQ=RPO( J) *BES
(1)*RO(.4)

IF(X-3.0D0) 883,883,884
883 UD(X/3.0D0)%*(X%/3.000)

RES=( (£ LU*,0000 1109-—.00031761)*U+.00443319)*U-. 039542891 U+

1.21093573)*0-.56249985)*U+.SDO)*X
VV>RO(J)*BES
GO 10 6

884 U>3.0D0/X
FI=(((((“.00020033*U+.00113653)*U—n00249511)*U+.00017105)*U+

101659667 )%1+.00000156 ) ¥1+,797BB&56

PHI=(((((.00029166*U-.00079824)*0—.00074348)*U+.00637879)*U—
1 .00005650)*0—.12499612)*U+.78539816
BEQ)FI*DSIN(X—PHI)IDSQRT(X)

e — e

VV>RO(J) *BES
6 SUM>SUMLQQ-VV

.-

9 GAMD(I'>0*GAMDL1L$Z;QDQ§SUMLLH(I)*TPl

P R




WRITE(3,11)

11 FORMAT(:10IFFRACTION PATTERN FOR: ://)
WRITE(3,1)
WRITE{3,12) ND
‘,ﬁ 273 | ) i
WRITE(3,13) (W(I),GAMD(I),I>1,L)

, 2GAM(I)> :,F8,5)
WRITE(2,1)
WRITE(247) (W(I),GAMD(I),I>1,L)

7 _EQRMAT(S(ES.1+E8.51)
WRITE(3,21)

21 FORMAT(42H1LDIFFERENCES DIF(I)= /GAMO(I)/ - /GAMD(I)}/ r/77)
00 20 I=1,L

DIF(I)>DABS(GAMO(1))-ABS{GAMD(I})
20 WRITE(3,22) W(I),DIF(I)

= FQ.b6 A

23 CONTINUE
sTOP
END
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(2)

(3)

(5)

(6)

ERRATA

page 2 : the l9th line from the top should read ... in

this thesis to complete Lansraux's work..."

page 37 ; the 6% 1ine from the top should read:

mo..i1d k Jo(x)=(-l)k Iy (%) "
x dx B s
X

page 37 ; in equation AL-8b, the constant C has been
placed in front of the second term instead of the first
term,as it should have according to AL-8a. However,C
being an undetermined constant, the change of position
is equivalent to a redefinition of C (i.e., C is re-
defined as its reciprocal), and,hence,in no way affects

the results.

page 40 : the Sth 1ine from the top should read ",... to

1

multiply the integrand ...

page 46 ; in the 128 line from the top, we should have

nooM=1/Skyo-l"

page 86 ; the fourth line should read "...image to lift

off..." , ~





