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ABSTRACT 

In the design of some optical systems, depth of focus is considered to be 
the most important criterion of performance. 	For industrial lenses of the 
type used in copying machines,a large depth of focus is useful because it permits 
copying machine to be manufactured with reasonable mechanical tolerances. In 
cases such as this, the focal depth is determined by the longitudinal focal 
range maintaining a given MTF value. 	Typically, the cut-off frequency is of 
the order of 6 cycles/mm, and the required MTF is no more than 50%. 	Such 
systems are not diffraction limited and their design requires special optim-
isation techniques. 

Previous studies of the effect of aberrations on the OTF suggest that 
aberration balance has a major effect on the depth of focus. 	The reduction 
of aberrations does not necessarily produce an improved depth of focus. 
Therefore, normal optical optimisation, which is based on the damped least 
squares method and incorporates a merit function which is the sum of properly 
weighted squared aberrations,may be found inadequate. 

Possible optimisation methods for larger depths of focus may be class-
ified into two major groups:  Two stage optimisation in which a primary program 
is used to provide essential information such as possible target values which 
would be used, as a second stage, in an optimisation program. 	Alternatively, 
single stage optimisation can be carried out, either by normal optimisation, 
where the weighting of aberrations in the merit function is changed in an 
empirical way or by optimisation with a merit function which indicates 
directly the focal depth of the system. 

This work suggests a direct optimisation technique which uses the 
geometrical MTF values in two defocussed image planes as a merit function. The 
SLAMS version 14 program is modified to perform this direct optimisation. 
This technique is then compared with a single plane geometrical MTF 
optimisation in the design of copying and reducing lenses for monochromatic 
and polychromatic cases. 

The results are discussed and assessed in a way which indicates in which 
circumstances a particular technique should be used. The practical results 
are also compared with the theoretical cases described in earlier publications. 
Some suggestions are put forward as to possible further improvements in 
specific cases with special additional conditions. 
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CHAPTER 1 

OPTIMISATION METHODS IN OPTICAL DESIGN AND THE  

SLAMS PROGRAMS 

1.1 	Introduction to Optical Optimisation  

Perfect optical systems, without aberrations, are never 

possible in practice. Therefore, an optimum optical design- is searched 

for, using an optimisation program. This program changes the parameters 

of the lens data such -8s curvature separation and glasses to improve the 

performance of the system. The performance of the system in the 

optimisation program, can be judged by several methods. 

Hopkins and McCarthy (1955) were concerned with the seven 

primary aberrations. 	The performance of a system was measured 

by the values of these aberrations, which was a simple task bearing 

in mind the limited number of design parameters that had been used. 

The main disadvantage of this method is that higher order 

aberrations or criteria other than primary aberrations are, some-

times, of great significance. 

Glatzel (1961) used aberration tolerances as an optimum 

target which was detailed by Glatzel and Wilson (1968), but this 

method has not been widely adopted. 

The most common approach is to define a "merit function" 

which normally is some function of the aberrationsof the system, 

weighted according to their importance. 	The optimisation program 

actually becomes a minimisation program where the "merit function" 

is minimised. 	It follows that the merit function is very 

critical to the optimisation and its form is still discussed by 
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optical designers, 	Even a simple merit function will improve a 

system in the early stages of a design, steering the system into a 

region with sufficiently small aberrations. 	The further stages of 

the design need a more advanced merit function. 	The following 

section deals with some published merit functions and discusses their 

use in optical design. 

1.2 	The Merit Function  

The earliest version of the SLAMS program, Wynne (1959), used a 

merit function, p, constructed from the finite ray aberrations. 

Ca]culation of ray aberrations is a relatively simple task since 

raytracing being a repetitive and simple algorithm is suitable for 

computer techniques and has been used in England by Wynne as early as 

1949. 	The merit function is given by; 

tif = E( X , 	)2  W.2  
3.  

th 
where Xi  is the aberration of the . ray,X0 	is the target value for 

this particular aberration and W
i 
is the corresponding weighting factor. 

The two obvious limitations of this merit functioq are:- 

a) production of good aberration balance requires considerable 

experience since it is dependent on the choice of aberrations and 

weighting factors. 

b) The merit function, should be considered from the point of view 

of image formation, and must consist of terms directly related 

to the image. 

However, with some experience and by trial and error, this merit 

function was studied and improved and the later versions of the SLAMS 

programs used them quite successfully. 
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The mathematical methods used in the ootimisation procedure are 

clearly related to the form of the merit function. 

In the literature one finds different kinds of criteria for 

merit functions, Gostick (1974) discussed some of them, not all of 

which are independent, and compared their properties in conjunction 

with optimisation. 	The considered merit functions were the 

following, 

a) Root-mean-square image spot size 

b) Minimum image spot size 

c) Mean square value of the wave aberrations 

d) Marchal approximation to the Strehl ratio 

e) The diffraction OTF 

f) The geometrical OTF 

g) Hopkins' approximation to the diffraction 01F 

h) Hopkins' approximation to the geometrical OTF 

The relations between the waveftont aberrations W(X,y) and the 

transverse ray aberrations (S,S;, (sn are given by; 

60 = n Sin a (S - - ',)1,.//, 	and 61-1 	n Sin a 611 = -
Dy ox 

where a is the semi-aperture angle. 	We may define y as; 

,(2 	6G2 4. 6112 

which gives the r-m-s image spot size 
1 

<Is?"' = A ff Y 2dA 
A 

(.• 1-2) 

(1-3) 

(1-4) 

where A is the area of the pupil. 	The mean square of the wevefrent 

aberrations is given by; 

-2  
W =

A
ff W2 dA 
A 

and the Mar.e'chal approximation to the strehl ratio is given by; 

2 	2  	1 
E = W - 	= • ff W2  dA — (A  -- ff W dA)2  

A 	 A 

(1 -5) 

(1-0) 
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The r-m-s spot size criterion provides an image consisting ofa bright 

central region surrounded by a diffused halo. 	The minimisation is 

a reduction of the distance between the largest positive and negative 

transverse aberration. 	The maximum and minimum occur when a  2w/ 
ape 

= 0, where p is the polar co-ordinate of the aperture. 

Since P = 1 at the edge of the aperfture, the aberrations value will 

be larger, without being a differential extremum. 

It has been found that criterion a does not take into account 

diffraction effect and therefore is restricted to cases of large 

aberrations relative to the wavelength A. 	Criterion b is difficult 

to incorporate into an automatic minimisation program because of the 

value of the aberrations when p= 1. Criterion c has the same limit- 

ations as b, eventhough both were used in early optimisation programs. 

Criterion d is actually the variance of the wavefront aberration, in 

the Marbchal approximation the accuracy is considered sufficient for 

systems with strehl ratio greater than 0.8. King (1968)concluded 

that the approximation was valid for systems with strehl intensity 

greater than 0.5. 	Gostick (1974) shows that if used as an OTF 

optimising criterion Marechals approximation is valid for systems 

with 20 wavelengths of high order aberrations. The diffraction and 

geometrical OTF were found to be valid and useful over a large range 

of frequencies. 	Both functions behave in a similar way, reaching a 

maximum at the same frequency. 	Hopkins' approximations were found 

to be valid only for low frequencies_. This comparison is shown 

graphically in figure la. 
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1.3 	The Problem of  Optical Optimisation 

As described above, the optimisation process is actually the 

minimisation of a merit function, which is itself a sum of 

expressions of all the design parameters. 	It is assumed, in most 

practical cases, that over a sufficiently small range of parameter 

changes, the aberrations will he a linear function of the design 

parameters. 

In a simple case of two parameters, the contour map of the 

merit -Function is as illustrated below in figure 1.b, with a minimum 

at point P
o 
and a starting point P; 

PA
R
A
M

E
 TE

R
  1

  

PARAMETER 2 

lh. 	Contour map of a simple merit function. 
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Knowledge of the aberrations and their derivatives with respect to 

the system parameters makes it possible to predict the shape of the 

contours of the merit function 11), as shown by the dotted lines. 

The predicted contours suggest a minimum at P'which differs from the 

actual minimum at point Po, this difference is due to non-linearities 

of the aberrations with respect to parameter changes, the primary 

aberrations make a large contribution to this non-linearity. 

One of the earliest methods used in optical design optimisation 

was that of "steepest descent" which is basically the same as 

solving simultaneous equations suggested by Cauchy (1847) and which 

was discussed by Feder (1957,1962). 	If the initial design parameters 

are given by xi 	Xn  and the partial derivatives are given by 

then, 

grad IP = ( D;')/3x 	• 1,•  (1-7) 

A set of parameter changes Ax is taken, where Ax is a vector 

such that 

Ax = s (grad IP ) 
	

(1-8) 

s is a scalar quantity, determining the step length. The merit 

function after the change is given by; 

' 	Ax (grad 	= 	s(grad102 	(1-9) 

The parameter changes are assumed to be small enough -For grad 4) to 

remain constant and S is chosen to reduce the merit function as much as 

possible, this process is repeated uhtil the minimum is reached. 
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This method is ill-conditioned, since the normal to the 

contours will not usually point to the centre or the minimum, and 

because of the non-linearity, the convergence ofthis method is very 

slow. 	However, the steepeitst descent method can be modified, for 

example directions along a line joining alternative paints can be 

taken, which will pass through the minimum. This method was used 

but without success. 

The relaxation method described by Black (1955) minimises p 

with respect to one variable at a time, the poor convergence of this 

method was improved by using combinations of changes, but again was 

not successful. 

The method of "least squares", first described in the context 

of optical design by Rosen and Eldert (1954) is of considerable interest. 

A set of parameter changes is computed which will, according to linear 

approximation, minimise 1p in one step, however, due to non-linearities 

as described above, it is obvious that in practical cases this will 

rarely happen. 	Rose and Eldert give an example in which the system 

was nearly corrected, so the required parameter changes were small, 

which accounts for the convergence found. 

The least squares method is modified in the "Damped Least Squares" 

method, as described by Levenberg (1944), Wynne (1959), Wynne and Nunn 

(1959) and by Girard (1958). 	In this at each 4teration the 

minimised quantity is given by; 

tp+  p2 	(x•)2 	(1-10) 
j=1 

where xj are the parameter changes and p is a damping factor. A 

minimisation program calculates parameter changes which are proportional 

to the reciprocal of P. 	In regions with high linearity, this will 
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approach the ordinary least squares methods; on the other hand, in 

non-linear regions the p value will be larger, limiting the parameter 

changes to small values. 

Modification of the damped least squares method is possible by 

using the Lagrange multipliers and combined minimisation technique 

as described by Hopkins RE (1961) and Spencer (1963). 	Using this it 

is possible simultaneously to minimise the sum of the squares of one 

set of aberrations and to correct a second set of aberrations to 

target values. 	This suggests a way of controlling the boundary 

conditions of a system, such as edge thickness of elements, available 

refractive indices and v-values of glasses, which is essential for 

production of practical systems. 

1.4 The SLAMS Version 14 Program 

The optical design group at Imperial College uses an optimisation 

program based on the damped least squares method, which uses the 

technique of Successive Linear Approximations at Maximum Step - SLAMS. 

The merit function, 4), is taken as a sum of m weighted aberrations 

fi, the n systems parameters are denoted by xj. 	At the beginning of 

each iteration the program sets up a matrix of differentials,A, where 

A-- =/a fi xj 

If the origin is set to the point xj = 0 and the parameter changes xj  

are applied within the linearity region, the aberrations fi become 
n 

-F. where; fi' = f.1 	j E A.. x 	(1-12) j=1  aj  

or in the matrix notation f' 
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Differentiation of IP with respect to each of the parameters 

defines a vector g by 

g -s; = E 	3=rinXic  
k 

n 
E AiK  fi 
1 

(1-13) 

or g = A.f in matrix notation. 	At the minimum of i  the gradient and 

the vector g may be set to zero. 

g = A.A.X + Ai.f= 0 	(1-14) 

By including the necessary damping factor, as described above, we get: 

g= A A X + p2X + A f = 0 	(1-15) 

where p is the damping factor. 	The term p
2 
is added to the diagonal 

of A.A which controls the changes of the parameters, xj  The control 

of the step height in the original SLAMS program was described by Wynne 

(1963). 

A detailed description of the SLAMS program with the features of 

version 11 is given by Kidger (1971). Version 14, largely written by 

Wormell of the IC design group is currently in use. 	The main 

improvements-inversion 12 and 13 were control of wavefront aberrations 

as well as transverse ray aberrations,boundary conditions calculations 

in all wavelengths and control of clear aper;Atures. 	The 

calculation of ray aberrations in different wavelength and with glass 

changes, were included,.in addition to the Conrad y formula calculations. 

Version 14 accepts systems with up to 50 surfaces including the 

image surface, the number of variable parameters allowed is 75 with a 

maximum of 50 rays. 	The maximum number of calculated aberrations is 

150 but the maximum number of controlled aberrations and violations is 

100. 	All surfaces may be aspherical, rotational symmetry of the system 

is assumed which prevents optimisation of systems with tilted or de-

centred elements. 



The boundary conditions include variation of focal lengths, magnific- 

ation, throw, thickness, thickness of elements, asphericities, edge 

thickness etc. 	On demand a file "Punch" is produced, which has the 

final system p arameters. 	Throughout this work the SLAMS version 14 is 

referred to as V14. 

1.5 	Modification Of V14 To Include MTF Values In The Merit Function 

When OTF became a popular criterion for measuring the performance of 

optical systems, it was suggested that meritfunctions should include some 

form of OTF value but the complexity of the calculations involved 

prevented it from having any practical use, 	Kazuo Sayanogi(1961) 

suggested that a single figure of merit, based on the OTF , be included 

in the merit function, Gostick (1974) suggested adding the geometrical 

MTF values to the merit function, weighted as other aberrations. 

The geometrical MTF was found to behave in the same way as the 

diffraction OTF, for systems with low aberrations in the later stage:, of 

optimisation. 	The real part of the geometrical OTF takes the value of 

E Cos (21T F 6fl), where F is the spatial frequency and 6n the trans-

verse ray aberration, therefore it is simple to include the 

geometrical MTF in the merit function. The assumptions made are that the 

sum is over a sufficiently large number of rays with the appropriate 

distribution over the pupil and that the imaginary part is negligible 

over the frequency interval in question so that the real part of the 

geometrical OTF is actually the geometrical MTF. 	Normally we assume 

that if the target values of transverse ray aberrations are zero we 

get; 

2 	2 	2 
T e 7, W. 	F. W. 611. 

7. 	 - 1 '1 	(1-18) 
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but if instead of transverse ray aberrations we consider geometrical 

MTFV/ components, we can replace on by Sin (11.H/1) in the region where 

dr11<-17 , and the modification to the existing program is minimal. 

By minimising a sufficiently large sum of Sin (rrMI) terms we 

actually minimise the values of 2 Sin 2(7F61-1),while keeping do in the 

region defined above, since by simple trigonometry we get; 

E 2 Sin -(71J5
F 

 
n)=E[1- Cos(21TFdrilc. 1 - MTFg 	

(1-17) 

where MTFg  denotes the geometrical MTF. 

The theoretical maximum of the MTF is 1, hence minimisation of 

1-MTFg  will actually maximise MTFg, in other words the simple 

substitution of Sri by Sin (7F(Sn) in the merit function maximises the 

geometrical MTF of the system, provided sufficient number of terms 
cur— 
.is included in the summation described by 1-17 and with the right 

distribution over the pupil area. 	Since the diffraction OTF 

behaves similarly to the geometrical MTF, in the above region of 

aberrations, the final design will have higher OTF values. 

To enable V14 to accept this modification it was found necessary 

to increase the number of aberrations incorporated in the program 
7 -̂,! 

to 300. 	The MTF is calculated „in'Aone half of the pupil, which was 

found to be sufficient due to the symmetry of thef'1112F and the 

summation described by 1-17 required the aberrations of 20 rays 

to give a reasonable approximation to (1-MTF). 	The principal ray 

aberrations and chromatic aberrations, as well as any aberration 

required by the designer, are not replaced by the mi-Fg. values. 

The addition of the sine terms adds to the non linearity of the 

merit function, especially for cases where the aberrations product, 

IF Snl, approaches 0.5. 
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In such cases the derivatives with respect to any parameter 

become zero, the program therefore assumes that no parameter change 

will produce an improvement in the system. 	In practice one must 

be careful in the choice of the frequency value for optimisation, 

selecting a value such that the product of frequency and aberration 

is in the interval (-0.5;0.5). This may result in the need to run 

the program several times with a low frequency so as to satisfy the 

above condition, increasing the value gradually till the required 

frequency is reached. 	The value of the frequency chosen will 

depend on the maximum value of the aberrations Sri. 

In this way a direct OTF optimisation is possible, which is 

expensive as far as computer time is concerned, but requires less 

work on the part of the designer. 	Neglect of phase shift terms 

is accepted because of the fact that this program is only used in 

the final stages of design. 	Optimisation by V14 at the initial 

stages will result in low transverse ray aberrations which in turn 

keeps the phase shift fairly constant. 	In cases of small phase 

oTP- 
shift, the significance of the phase term of the OFT to the optical 

system is not fully understood. 

This program which is referred to throughout this work as 

VGOTF, was tried on major types of lenses. 	This test was carried 

out by Gostick, who was able to improve existing designs produced by 

V14. 
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CHAPTER 2  

EFFECT OF ABERRATIONS ON THE OPTICAL TRANSFER FUNCTION  

2.1 	The Optical Transfer Function  

The Fourier analysis approach to optical imaging, initiated 

by Duffieux (1946), has been utilized by Hopkins (1953) to 

formulate a general diffraction theory of optical image formation 

In the case of incoherent illumination, the intensity distribution 

in the image of an extended source is obtained by summation of 

the intensity distribution in the diffraction image associated 

with each point in the object. 	If a point in the object plane 

has the cartesian co-ordinates (,n) and a is the convergence angle 

of the marginal ray 	with the principal ray, the reduced 

co-ordinates of the point, u and v, are given by; 

2W 
U = x- n Sin a and V = F n Sin an 	(2-1) 

The intensity distribution of such a point is denoted by B(u,v), 

and primes denote the corresponding quantities in the image space. 

The diffraction intensity distribution is denoted by G(u'-u,v'-v) 

and the image intensity distribution due to the whole extended 

object is given by; 

1 
B'(u,'v') = 	If B(u,v) 	G(u'-u, v'-v)du dv 	(2-2) 

where 	is a convenient photometric factor. 

Now, G(u,'v') is given by the square, mdulus of the complex 

amplitude in the image of a point source at (0,0), that is to say 

G(u,'v') = IF(u,iv1 )12 	 (2-3) 

where 

1 cc  
F(u,'v') = 	f(x ,y )t

i(u'x +v'y ) 
o 	0 dx dy 2Tr, 	o o 	o 0 

(2-4) 
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U- 

atif:ceet 	 , 

the function f(x0,y0)is the pupil function, and (x0,y0) are the reduced 

co-ordinates of a point in the pupil. 

If the radius of the entrance pupil is h, and a ray from an object 

point intersects a reference sphere, at the entrance pupil, at a point 

(a,b), then 

a 	 b' 
xo =- =and yo  = 	=  

h' 	h' 

as illustrated in figure 2a beluw, 

(2-5) 

47taxe llo-/&-te • 

2a 
	Co-ordinates of an optical system 
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The wavofront lying  outside the circle x
o
2  + y

o
2  = 1, in the case 

of a circular pupil, will not be transmitted by the system, hence 

2 	2 

f(x 0  ,y 0
)=0 for x 	+ Yo > 1 (2-6) 

If we represent the Fourier transform of G(u:v1) by g(s0,t0), so  and to  

are spatial frequencies, and apply Parseval's theorm, we get; 

1 	c„, 
g (so  ,t o  ) = 21r 	-F(x 0  ,y ) f (x — so  ,yo  — to ) ) dx 

o 
 dy

o 	
(2-7) 

--co  

where f denotes the complex conjugate of -F. 	A shift of the origin will 

reduce (2-7) to; 

t
o 	

s
o 

— g (s 	t ) = — 	II f (x + 	,y +--)t (x — — ,y 	dy (2-8) 
o o 	2 

1  

A- 	

t
o 
)dx 

o 0 

If the Fourier transform of the object intensity function is denoted by 

b(s ,t ) , where (s ,t ) are the reduced spatial frequencies, we got by 
0 0 	,o 

applying  the convolution theorm, 

b Is ,t ) = b(s ,t ) e Is ,t ) 	(2-3) 
0 0 	0 0 	0 

By virtue of the inverse transform relationship between F3 (u,v) 

and b(s
o
,t
o
), the length of one period, uo 

of the frequncy s
o 

is given 

by u s = 27r, hence 
0 0 

u s = 27r n Sin a t s = 
0 0 

X 
— 	 n 

or 

s  = X  
n Sina 

where R is the resolution in the object. 

(2-10) 

(2-11) 

The frequency response function D(s ,t ) is given by;  
1 00 	0 0 

S
o, y t 	* 	

s 	t 
Oxodyo  (2-12) 

D(s ,t )= 
g(s 

o
,to

) 
- -,-- if f(x04- T. 	0,  0) f (x -a y - E) 

0 o 	g  (o,o) 	 o 2 , o 2 A _ _ cr)  
2 
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where A=g(0,0) is a normalizing constant which gives D(u, v )=1 over the 

entire object. Throughout the above formulation isoplanotism of the 

optical system is assumed. 

If the transparency of the pupil is uniform and the wavefront 

aberration function is denoted by W(x,y), the pupil function has the 

form 

= 0 if X
2 
 + y-

?  
>1 

f(x,y) 
exp[iKW(x,y)] if X2  + y2< 1 

( -13) 

W(x.y) being the optical path length between the reference sphere 

and the emergent wavefront, KW(x,y) measures the phase advance at the 

point (x,y) of the reference sphere. 

2.2 The Effect of Defocusing  on the Transfer Function. 

The effect of defocus on the transFer function, in tha case of 

an aberration free system, was studied by Hopkins (1955). In the 

case of a circular aperture, the pupil function might be written as: 

f(x,y) = exp[iKW20(X2  + y2)] 	X
2 	

y
2 
< 1 	

( 2 - 14) 

f(x,y) = 0 	 X2 	y2  > 1 

The coefficient W
20 

measures the defocus by the optical path length 

of the intercept between the emergent wavefront and a reference sphere 

centred on the axial point 0' of the defocused image plane, as 

illustrated in Figure 2.b below; 

If dz'- 0' 0', where 0' is the true focal plane, the defocus is 

given by 



W20 	2 1  n'Sin20 .6z' (2-15) 

rne-6° 

4.72A,P. 

' 

2.b - The effect of defocusing on the wavefront. 

Due to the rotational symmetry in this problem, a line parallel to 

the v -  axis was studied. D(u) and B'(u') will denote the object 

and imags functions, their inverse tran==form becomes: 

00 
1  

I B(u)-exp(-ius)do 
(2-1B) 

the normalised frequency response is then given by; 

D(s) - g(s'°)  
g(o,o) 

(2-17) 

For a normalised frequency s the integration is over the area common 

to two overlapping unit circles, centred at (+ s/2,0), as shown in 

Figure 2.c below; 
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2.c - The integration area. 

within which area the integration is given by; 

)2+ y2] 	324. y2])  _ 
exp[iKW20] 	{[(x + 	 exp(iax) (2--18) 

1 
where a=2KW

20 
 Isl = 	• W2 

1st and therefore the frequency 	response 
. 	A 

function is given by; 

1 
D(s)= - II exp(iax)dx dy 

1T 
(2-19) 

q 

where q denotes the integration area. 	Due to symmetry of the integration 

region, the integral reduces to: 

D(s) = --4 
1TEi 

Sin o[ 117 - 15.1 	dy 
(2-20) 

0 
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By substituting y 3= sin 0 , the integral may be expanded as follows: 

1.3 
a 1 0(s) = —4 Cos -27 'sI I Sin (a Cos el Cos Od0 - 

IT a 0 

a 

u
4 

Sin .21s1 I Cos (a Cos 0) Ode 
a 	2 

0 

(2-21) 

u 

	

By substituting a- 4 
	

W20' Is[ and 0, and by expanding sin and cos 
X  

in terms of Bessel functions, we get;  

4 	Sinn  
D(s) 	Cos-

f 
s 	(cc), 	 [..11(al - 3 (al] - Sin413 a  I . 

	

va 	1 	2 	 • 
4 

.[J3(a) 	J5(a)] 
	

} 

	

—a Sin 	
Sin3f; 

Tra Si 2 	
jj 0(c0_,J 2 

a  - 	3 	[J2(a)-34(a)1 

5 	
[.1
4
(a)-J

6
(“)] 	 } 	 (2-22) 

These series are convergent and convenient for numerical evaluation. 

Using the above sum, Hopkins calculated frequency response 

curves for defocus values of W20= ---\ , N taking values From o to 60. 
7T  ' 

The largest N represents a defocus ofW,0= = 19.1X. The results were 

plotted as curves of the form 	shown in Figure 2.d. 

Hopkins observed a rapid deterioration of the frequency response 

11' 
for hib-ger frequencies with the introduction of a small defocus in 

excess of 
X
/ u. Beyound the point W

20
= 3X the effect of increasing 

defocus and the transmitted bandwidth, is by comparison very slow. 

For W
20 

3X the cut off frequency is 	. 0.10. 

Si n7  
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2.d. Out of focus MTF curves, the curve number relates 

to a defect of focuS W
20 

= n A/Tr . (Hopkins 1955) 

The geometrical frequency response function, Og, may be calculated 

with the geometrical approximations.Introduction of polar coordinates, 

(p,71)), such that p 	
2 

v'
2 1 

) 2  

p = 

	

2Tr 	4 IT fn$Sina') (5C t ana 

	

A 	 A 	
W
20
- Seca', 

results; 

gives the following 

 
and Y= tan 	

u'
), and for pi< p' where 
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p' 2-ff 

D(s)= 	I I exp (-ip's Sin 4')Fo'dp 1 d4'1 	(2-23) 
2.
ff 0 0 

which gives 

2 j1(a)  
Dg(s) - 	a  where .1r a 4 w q l 

A 	20 ' (2-24) 

this expression is valid for the region Seca' =1. The first zero 

occurs at a = 3.83, giving the cut off frequency by 

0.30A 
	

(2-25)  
W
20 

Hopkins compared frequency response values and cut off frequencies 

calculated by diffraction and geometrical formulas, as shown in 

Figure 2D e. below; 

The error in the geometrical approximation.  did not exceed 2% 

providing D(s) 	0.80. 

Hopkins gives tolerance formulas based on the above calculation. 

The modulation, M(s), is the ratio of the defocused and infocus 

frequency response values and for M> 0.80 the tolerance is given 

by: 

0.20 	
(2-26) 

R' Sina' 

Hopkins -Found his tolerance:3 in good agreement with experimental 

results described by MacDonald (1951). He also stated that in the 
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2 

1r)2, kwavelengths) 

0.10 

0'05 

1 
15 20 0 2.5 	50 10 

(wavelengths) 

2.e - Comparison between.diffraction (full line) and 

geometrical (dashed line) MTF and frequency band-width 

for the case of defocus (Hopkins 1955) 

presence of aberrations the depth of focus is known to increase. 

2.3 The Effect o-;' Astigmatism on the Transfer Function. 

On (1955) included astigmatism in the wavei-.sont aberration function, 

in the fo)lowing manner; 
- 24 



W(X ,Y ) = W X 	+ (W + w27_) y
2 

0 0 	20 02 
	

20 	22 	0 (2-77J 

The integration area in this case is defined as the common area of 

two overlapping circles, as illustrated in Figure 2.f below; 

2.f 	The integration area. 

By a similar treatment, to that of the case of defocus only, we 

get the following series which is convergent and suitable for numerical 

evaluations: 

	

. 	. 
0(s,T). _LE E J 0_0[E (_.in 	(,) { Sin(2m+211+2)(3.  4.  Sin(2m+2n)Fi 

PT]. 	n 2n - 	2m+1 '' 	2m+2n+2 	2m+2n 

	

0 	m-0 

Sin(2m-2n+2)13 Sin(2m-2h)R  +     1. 	 } Cos(135) -E 	(-1)mEml 	(p
){(Sin(2m+2n+2)8 1. 

	

2m-2n+2 	2m-2n 	2 2m+2n+2 0 	2 2m  

Sin(2m+2n)8 Sin(2m-2n+2)8 Sin(2m-2n)5  sin(psi] 

	

2m+2n 	2m-2n+2 	2m-2n 	2 

(2-28) 
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	1 
0.02 	 0.0.4 	 0.06 0.03 	-1;0 

0.8 

0- 

0.4 

-0.2 

0.2 

0 

0.6 

0.4 

0.2 

where E
D
=1 and E.  = 2 -For j / 0, p = 2Ks (W20 W22 Sin

2 
 10. q=Ks Sin 2T 

and 6=Cos 2 	Transfer curves have been drawn out, for the image 

plane midway between the foci, for values of W22=N  ff- (N taking values 

between 0 and 60), as illustrated in Figure 2.g below; 

frequency, 

`1 Tr 
2.g - MNF curves for image plane midway between sagittal 

and tangential foci, Curve number , n, relates to 

astigmatism W22  = n V Tr . (De 1955) 

From the information produced by the above calculations, De 

concluded that for optical systems with S.< 0.20, tests with line 

structures inclined at 45
0 
 to the tangential meridian will give 
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sufficient information regarding the performance of a system suffering 

from astigmatism. 

In the same way as for the case of defocus only (Hopkins 1955), 

De formulates tolerances for astigmatic cases with M(s) > 0.8. The 

tolerance is given by; 

2 Tr 2 
—2—  
A 

1 
(W20

2 +
f 
W 2  + W20W22

)S
2 

< 0.2 
(2-29) 

1 
The above expression is maximum when W20

- 
 f 

W22, which implies focusing 

on the mid-plane between the two foci. The tolerance in respect of 

this best focal plane, is then given by; 

22 
 W22 

S = 0.2 	or by 	
22

I- 0.20 n' Sina'  
(2-30) 

2 2 
2 X2 22 	 R' 

ZeroiR of Petzval curvature by astigmatism is a common practise. 
i. P,T  k„S- 	(19" "3- e) i 	 1i212.v 

If/ SIII and  SIV 
are the aberration terms of astigmatism and/curvature 

the following relations hold (Hopkins 1955); 

I 
1 	 1 

W20 	(VIII 
 + Sly) and 	W

22 
= 	S

II 

J 
Differentiating 

S
III

, and equating the result to zero gives: 

2 	-3 
-= 
5 
S
IV 	

and 	
W20 4  — 

W22 

As 	

20 4 22 

(2-31) 

with respedt to 

(2-32) 

As in the previous cases, geometrical approximation is possible. If 

we define P by; 
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-0.20  4t07 
	I 

601: 

0.2 

0 

201;1 

P = (2kW20 
	0 
) "
2 2 
S 	[2K(W 	

2 
W,
2 
 )t ]

2 
20 	c 

the geometrical transfer function becomes: 

2 31(P) 
Dg(P,T) - 	

P (2-33 ) 

Comparison between diffraction and geometrical transfer functions is 

illustrated in Figure 2.h, below; 

astigmatism, 117)?  (wavelengths) 

2.h - Comparison between diffraction (full line) and 

geometrical (dashed line) MTF curves in the case 

of astigmatism. (ne 1955) 

There is nia—geed agreement between the diffraction and geometrical 

functions. 	For the case of S= 0.10, for example, the maximum deviation 

does not exceed 6%. 
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2.4. 	The Transfer Function  in the Presence of  Spherical Aberration. 

Black and Linfoot (1956) studied the effect of spherical aberration 

on the information content of a photgraphic recording system. In this 

paper the effect of the aberration on the optical transfer function 

was studied for cases relevant to photography only. Goodbody (1958) 

studied the effect of a wavefront function of the form: 

W(x'Y)=W20(X
2
+Y
2
) 	

2 
W40(X2"

2)2 	
W60(X-+Y )3 (2-34) 

	

W
20 	

W40 
The aberration. coefficients ratio is defined as (32= 	and (34= w 	, 

	

- 60 	60 
where W

60 
is the secondary spherical aberration coefficient. Transfer 

functions were calculated for the cases where W
60= -4A, -OA, -YA and.-12X, 

each with three different values of W
40 

given by , 4-. 34, ,f34=3;1  + 9.5, 

wherep 2' and p4' are the optimum values according to Hopkins (1957). 

The five focal planes used in this calculation were given by r32=1,2', 

p,
2
' 4. 0.25 and (32' 	0.5, the results are given in series of graphs 

of the form shown in Figure 2.i; 

Curves of the transfer function in the presence of primary and 

secondary aberrations were given,as shown in Figure 2.j. 

Bromilow (1958) has given results based on a geometrical approximation, 

in which the frequency transfer is a function of SW
60 	40 

or SW where 

no secondary aberrations are present, for given values of (37  and 34. 

The extent of agreement with diffraction theory can no seen from the 

curves,in Figure 2.k, calculated for optimum values of
2 

and 110 
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2.K - a. 	MTF in the presence of primary spherical aberration 

plotted as a function of SW
40 
 - the number on 

the curve denotes the value of W
20 

in wavelength. 

W
20/ W

40 
= 1.06. 

	

b. 	MTF in the presence of primary and secondary 

spherical aberration plotted as a function of 

SW60. 
	62-- 0.69 6 4= 1.53. 

(Linfoot 1956) 

	

2.5 	Transfer 	Function for Optical Systems with Coma. 

De and math  (1956) calculated the frequency response function 

for systems with primary coma; comparison of the diffraction theory 

calculation which leads to a double series of Dossel functions with a 

geometrical approximation were given, in the form of curves of the 

10 

0 

c#06 

1.0 

0 
N04 
a 

0 
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F'hofe shift t4)-1L'' ffs' of r°51;mse 	)• cording I.:cording to diffrodkr? theory 
Modulus of response —. —  
Phase shill 	 According to c,:eornetrl:ol optics _ 

Frequency Sz.002 

1  --. 

0-8 

10.7 

05 

0 
Lg 0.4 

03 

0-2 

0.1 

0-6 

} &cording to diffro:tbn 11-dory 

Modulus of response --- According to gcurnetricol Phase Shift 
Frequency .5 0-2 

QS \ 

11-5  

T1.

25  

0 

]075 

S05- 

-605 

a5 

025 

I 	1 
-25 -5 75 L0 1.25 1.5 1.75 20 225 2.5 2.75 3 
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phase shift 

08 

10.7 

()4 

0.3 

02 

2.1 - Comparison between diffraction and geometrical 

OTF. 	(De and Nath 1958) 

Goodbody (1959) studied the more general case where the wavefront 

aberration function included secondary coma, in the form; 

- 	
22 	 222 	

TW(x,y)=142n(e+y ;-W31 -yMYCompi-XSin 10-i- l4
51

ix --y
)

PiCostp-FXSin )  (2-35) 
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(d) - (f) OTF in the presence of coma, on the Argand 

diagram. 

(g) The lateral phase shift for W51 = 2.6 

(Hopkins, 1957) 
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where * is the angle of the line structure to the meridian plane 

of the optical system, giving the radial case when *=0 and the tangential 

case when *= u/2. 	The aberration 	coefficients were expressed by means 

	

W
20 	

W
20 	

W
31 

	

of the ratios 1323=T— 	, f325- 	and 1335- 	 the the value of 

	

31 	51 	51 
13 35 corresponds to the optimum suggested by Hopkins (1957). Results 

for primary aberration alone, were represented in the form of graphs 

as shown here in Figure 2.m, belaw; 

For the cases where W
51 

was included the functions were.of the form 

shown in Figure 2.n. 

It was found that with negative values of W51 	the relative 

phase shifting of frequency components within the image has no 

appreciable effect on the image quality in the cases considered 

when this negative secondary coma is compensated by a suitable, 

numerically large, positive primary coma (W31+ W51  > 0). 
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CHAPTER 3 

'DEPTH OF FOCUS' OF OPTICAL SYSTEMS  

3.1 	Definition of the 'Depth of Focus'. 

The 'Optical Transfer Function', or the OTF, is a complex 

function, its modulus is known as the 'Modulation Transfer Function' 

or as the MTF. The arguemnt of the OTF is known as the phase transfer 

function. 

The optical systems discussed in this work are not diffraction 

limited, and are designed for low frequencies, typically between 

5 and 10 cycles per mm. 	The modulation of the image should be above 

a specified target value, being in the range 35 - 45 percent. For 

such systems, an MTF value of 80% has no advantage over an MTF value 

of 75%. 

For optical systems of this nature we define the 'Depth of Focus' 

as the longitudinal defocus distance for which the MTF of the system 

is above the limiting target. At the same time, the OTF should 

remain larger than the target inside this focal range defined by 

the DOF ("Depth of Focus") of the system. The best way to investigate 

the DOF is to study the MTF as a function of rnprmalised frequency 

and of defocus. For a given system it is much more convenient to 

study the MTF as a function of defocus, by freezing the frequency 

at its practical value of interest. 
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For a practical real optical system, one calculates different 

MTF functions for the sagittal and tangential planes. It follows 

that the DOF will be defined as the longitudinal defocus range for 

which both the sagittal and tangential MTF are simultaneously above 

the limiting value. In practice MTF values are calculated at several 

field angles, resulting in two separate MTF curves, for the two 

azimuths, for each field angle. If an optical system is to be 

used in more than one wavelength, the above process is repeated 

for each wavelength. The DOF is then defined as the longitudinal 

defocus range, for which the MTF in any field angle, direction of lines 

(normally only the sagittal and tangential directions are sufficient) 

and wavelength used by the system is above the limiting value. 

The rest of this chapter describes the DOF for systems with 

limiting MTF values of 40%. Some of the results that follow have 

been obtained from the studies described in the previous chapter, the 

rest are from a previous work (Finkler, 1975) which studied optical 

systems with low frequencies and 40% MTF as the target value. 

3.2 'Depth of Focus' of the Optical Systems in Chapter 2  

In Chapter 2, the general discussion did not refer to specific 

systems, thus reduced or normalised frequencies were used. In this 

section the DOF is described for a particular optical system with 

the following properties. The numerical aperture of the system is 

0.04464, the resolution is 10 line pairs per mm, and the wavelength 

is 0.0005 mm (a monochromatic system is considered). This system 

has a normalised frequency S=0.112 in air, as given by equation 2-11. 

The limiting MTF value is 40% and the magnification is unity. These 

are the characteristics of a copying lens with f/5.6, suitable for a 

typical office photocopying machine. 
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From Hopkins (1955), the effect of defocusing en an aberration 

free system can be obtained, as illustrated in Figure 3.a below; 

3.a - The effect of defocusing on the NTF. 

GA 
In this aberration free system, the NTF reaches 40% at W20  7 

 

for which the longitudinal defocusing is given by equation 2-15, 

yielding Sz' = Nx0.1597 mm; The DOF in this symmetrical case, is 

given by DOF=12x0.1597=1,92 mm. At the edge of the DOF range the 

geometrical MIF value is about. 10% below the diffraction theory 

value. 
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From the results described by Goodbody (1958) the effect 0-F 

primary and secondary spherical aberration s unthe DOF can be seen, 

as illustrated in Figure 3.b; 
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It can be seen that when W
60
=-4Xondw

20 
 takes values between 

4 and 8 wavelengths, the DOF remains approximately the same (about 

3.5X), the main difference is found to be a drop in the maximum 

response. In the presence of W60=-6X, a similar DOF can be 

achieved by a correct aberration balance as illustrated by the cases 

where W
40

= 6.78 and 9.78 wavelengths, but if the primary spherical 

aberration is increased to W
40

= 12.78X, the DOF is reduced to approximately 

2X. 	Even in the presence of secondary spherical aberrations of 

W
60

= -9X the DOF is kept well above 1.5X by values of W
40 

between 

10 and 20X. No DOF can be measured when W60=-12X since the response 

curve did not rise above 40%. 

The effect of non-symmetrical aberrations on the DOF of 

the above system can be seen from Goodbody's (1959) work which 

studied the case of coma. This case might be regarded as of minor 

interest when considering copying lenses, since coma does not occur 

in symmetrical lenses. 	However, it is of interest once reducing 

systems and copying systems capable of converiAons to reducing 

systems are included. The results are now discussed in the sagittal 

and tangential planes. 

In the case of primary coma, the following results wore illustrated 

in Figure 3.c; 

From Figure 3.c it can be seen that even though W
31 

was increased 

by a factor of 3, from .0.63 to 1.89X, the DOF remained in the region 

of 3.5X. 	The limiting direction, in all cases, was the sagittal 

azimuth where 11)=0. In this case one should consider the lateral 

phase shift. For example, where W -0.63X, the lateral phase shift 

for all W
20 

values used in the calculations was found to be 0=.22. 
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3.c - depth of focus in the presence of primary collia. 

This may cause contrast  reduction, especially at the edges of the 

DOF range and may reduce the range of the DOF. 

When secondary coma was also included, the results were illustrated 

in Figure 3.d below; The additon of secondary coma made it possible 

to improve the DOF, by correct balancing of aberrations. For values 

of W
51 

between -2.6 and -7.8X it was possible to mntain a DOF of 

3.6X. The values of W31 
required for this balance, were in the range 

of 4 to 7 wavelengths. In this case, the tangential azimuth was the 

limiting direction. For higher aberrations the effect of the lateral 

phase shift should be considered, especially in view of the fact 

that it varies with defocus. The following table gives some values 

for the lateral phase shift in the case of W51  = -2.6X. 
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W
31 

W
20 

0 +x +2X 

4.6X .90 .82 .50 

3.3X .40 .40 .35 

2.0X -.05 .00 .12 

Lateral Phase Shift for Defocused Image 
W  51-2.6X. 

As one would expect, the lowest phase shift results in higher 

response and hence higher DOF. Figure 3.d confirms this argument, 

the DOF 	increased by 10% when W
31 was decreased from 4.6 to 2.0X 

for the case where W51= -2.6A. 

The data described above, which was obtained from the work 

mentioned in chapter 2; gives some idea about the characteristics 

of DOF with respect to aberrations. The results are limited in their 

practical use, related to the increase in 00F, since the aberrations 

were balanced so as to produce the highest response in a given 

image plane. 

3.3. 	Effect of Aberrations on the 'De'pth of Focus'. 

A previous study (Finkler, 1975) was concerned with the effect 

of aberrations on the DOF, as defined in this context, and may give 

a better idea of the characteristics of the DOF. This work has been 

concerned with the design of a system capable of sending 5 cycles 

per mm, with limiting response values of 40%, and normalised spatial 

frequency of 0.05, all aberrations values were given in wavelength 

units. 
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Considering cases with single aberrations gives the following 

results ;  In the presence of W22, which was not included in the 

previous section, the DOF range remained the same when ;:he aberrations 

were increased. The main effect was that of shifting the DOF range 

which is the same as finding the best -Focal plane for changed 

aberrations. The DOF range was 7X of W70  and remained unchanged 

when 141114,was increased up to 12X, which was the largest aberration 

value studied, as illustrated in Figure 3.e below; 

In the case of primary spherical aberration, the DOF range 

did not change for values of W
40 

up to 8X, and was approximately 

8X of W20' 
	

On increasing the value of W40 
to 10X the maximum 

response dropped by 50%, and the DOF range was reduced to 5X of 

W20' 

In the case of coma, the DOF remained nearly the same For W31 

values of up to 6X (DOF range approximately 7X of W20). For higher 

aberration values the tangential response dropped in the middle of 

the DOF range, where the sagittal MTF was above 40%, thus no DOF 

range was found. In the presence of secondary coma on its own, 

similar results were observed, and the limit of W51-7X was -Found 

for any DOF range above 40%. 

The eases, concerning a single primary aberration snow that the 

DOF can be maintained over a large range of aLerration values, the 

main effect is a drop of the maximum response. More carefulX study 

o-F the results show that in some cases addition of other aberrations 

results in increased DOF. 

Systems o-F practical interest are likely to suffer from combinations 
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of primary and secondary aberrations, therefore, the above results 

are mainly of theoretical value and these studies were followed 

by some more realistic cases of two aberrations combined together. 

The cases of interest include the combination of primary and secondary 

coma and the combination of primary and secondary sphericalaberrations. 
■-- 

The primary and secondary aberrations were of opposite signs which 

is the case in most practical systems suitable for copying lenses. 

The results are in agreement with Hopkins' prediction that for 

a constant ratio of primary and secondary aberrations the DOF can be 

maintained. For example, if the relation W51=-04566 W31  is kept, the 

DOF is of the same order, even when W
31
=10X. Similarly, in the case 

of spherical aberrations, for a ratio of W40=-1.49 W50, the DOF 

remains the same even when W
40

= 12X. Figure 3.f illustrates this 

property clearly; 

Comparison of the results for systems with a single aberration 

with those combining two aberrations leads to the conclusion that 

the addition of suitable aberrations in a balanced way, may appreciably 

increase the DOF of the optical system. 
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CHAPTER 4 

OPTICAL OPTIMISATION IN TWO IMAGE PLANES AND  

THE DEPTH OF FOCUS. 

4.1. 	Optimisation for Larger DOF. 

This work concentrates on the design of lenses for low frequencies 
ain 

with limited resolution, and with large DOF maiming a target MTF values. 

As mentioned above, lenses of this type might be used in copying 

systems, in the production of printing plates for monochrome and 

for colour work and in various detection systems. This work considers 

mainly lenses for office photocopying machines with unit magnification 

and reduction capabilities. The DOF is an important characteristic 

in systems with moving components such as flickering mirrors, and 

with a moving image surface such as a rotating drum, especially 

when the image surface is non planar and the width of the field is 

determined by a finite slit. In systems of this type the DOF may be 

a key criterion setting the mechanical tolerances of the system and 

hence the properties of the machine. Since such systems are not 

diffraction limited and as suggested by Chapters 2 and 3, reduction 

of aberrations will not necessarily improve the DOF, conventional 

optimisation methods may not be the best for the design of these 

lenses. 

On the basis of Chapter 2 it is possible to calculate aberration 

ratio for practical cases which will maintain or increase the DOF of 

the system without necessairly reducing the aberrations, the use of 

these ratios as optimisation criteria will require a new optimisation 

program with a new type of merit function, which is not a simple task. 
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Alternatively one may calculate aberration targets by algorithms 

similar to those in Chapter 2 which may in turn be used as target 

values in a "conventional" optimisation program, such as V14 with 

the option of wavefront aberration incorporated in the merit function. 

This is a possible solution but it involves a complicated algorithm, 

which does not use practical parameters, as a primary stage and does 

not involve the use of the required criterion of MTF values directly 

in the program. 

Another approach might be the use of a "conventional" optimisation 

program such as V14 or VGOTF where after each stage the MTF as a 

function of defocus is studied, at the frequency of interest, and a 

set of wieghting factors chosen to improve the design. This method 

requires an experienced optical designer and involves, in certain cases, 

a tedious process of trial and error. 

A simple modification of the existing program may be possible 

in such a way that the DOF criterion is included in the merit function. 

The simplest way of doing this is probably optimisation in two different 

image planes. The VGOTF program was chosen for this experiment since 

it involves the MTF in the merit function. The new version of the 

program resulting from this modification is referred to throughout 

this work as the VDOF program and is described below. 

4.2 	The Construction of the Merit Function of VDOF. 

The merit function in the VDOF program may be considered as a 

sum of three different merit functions; 

T=T
1
+ '2 + 

T
3 	 (4-1) 
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The first merit function T
'i
ts a function of aberrations- inthe image 

plane, which is normally chosen by the program as the plane with the 

maximum MTF value, at the limiting frequency. 	The other two merit 

functions T
2 

and !
3 
are the differences between the geometrical 

MTF values and 1. at two defocused image planes situated symmetrically 

on both sides of the image plane in which Tl is calculated. 

The merit function may be written as; 

T=E W.
2 
f.
2 

+ E W 
2 

f'
2 
' + E W

1 
2 
f

, ,2 
1 J J 	k k 

1 (4-2) 

where f~ is an aberration in the focal plane weighted by W~ and similarly 

f' and fl 
	

are the aberrations in the defocused planes. The f. 

terms consist mainly of aberrations such as chromatic aberrations 

where the Conrady formula is used, distortion at each field angle used 

in-the optimisation, primary Seidelcoefficientscf required, offence 

against the "Sine Condition" and any special aberration included 

by the designer. The fk terms consist of differences of the following 

type; 

= Sin 	7 FS n)-tk _ 	(4-3) 

_ where 8n is the transverse ray aberration in the defocused image plane, 

F is the optimisation frequency and tk is a target value for the 

geometrical MTF component at the point in which the aberration is 

calculated and normally tk is zero. The calculation of Sri (aberration 

in the defocused image plane) requires a simple algorithm which uses 

values already available to the program. Let us consider a defocus 

distance D which results in defocused planes distance D on either 

side of the image plane, as illustrated below in Figure 4.a. 

- 53 - 



ET/T PUPIL. 

.,) 
	 cbo ccif 17  

775EFOCZE.D 111/1GE  	 o;o,o) 

/DifTOCUSED IMI GE  

FiguFe 4.a - The coordinates of the image plane. 

If we add a skew ray and a principal ray to this diagram the 

transverse ray aberration will be as shown in Figure 4.b. 

Figure 4.b - the aberrations in the defocused planes. 
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The angle between the principal ray and the optical axis is 

given by u, the angle between the skew ray and the optical axis 

is given by u. The skew ray direction cosines are known from the 

ray tracing routine and are denoted by L, M and N, which defines tan(u). 

The calculation of an and 'Sr1* can be illustrated by the following 

two dimensional projection shown in Figure 4.c; 

•••••••••• 

  

(o-1o,-z') 	 69.,0; D.) 

.-e-nzafie 

0 

Figure 4.c - The effect of defocusonk. 

which leads to the following solution; 

fi =an - D tan(u) + D tan CD = (ST-4 - tana)] 

and similarly; 

on* = Sr) + 	- tana,)] 

(4-4) 

(4-5) 
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where (STI* is the other defocused aberration. 

In the other azimuth the transverse ray aberrations are: 

	

(5 = (SE - D 	and 
	

SE* = SE + D 
	

(4-6) 

ck4 
the principle ray component disappears since L=0 for the principle 

ray. 

Thus the merit function can be written as: 

E1 2 2 	
2 
W  2 
	 n  

T=E Wf+E 	{Sin[uF(6E+D -11)]-t )-2  + E-2  Wk
2  {Sin[TrF(6n+D[n -tan(7.)N-t1}2+ 

1 j=1 	 N 	K 1 

	

E2 2 	2 n2 2 L 	 1,1 	2 
+ E W {Sin[Trf(SE-D--)]-t 	+ E Wk 

{Sin[11-F(6-n-D[ -tan(171)1.1.1-tk1 N 
1 

(4-7) 

The modification to the program is minute and consists of the following 

transform: 

AB(i).-+ AB(i)=Sin[F7r(6n-Dir +D tan u)] 	

(4-8) 
AB(i+1)=Sin[Fn(on+aq -D tan TT)] 

th 
where AB(i) is the . 

	transverse ray aberration, the same transform 

is repeated for the (5 aberration, where tan(u)=0. This operation 

results in an increased number of aberrations which requires a similar 

increase in the number of target values and the weighting factors. 

For simplicity we may specify two conversion factors, FW and Ft, and 

the following transform follows: 

W(i) = FW.W(i) 
W(i)-4W(i+1) = FW.W(i) 

(4-9) 

and similarly, 
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t(i) 	= FTet(i) 
(4-10) 

normally the choice of the factors will be FT=1 and FW=2 - 
3 
, as explained 

t-t--,r  
later. 	Erom reasons similar to those lisedIrl the VGOTF program (as 

t(i+1) = FT.t(i) 

explained above) it -Follows that the minimisation of a merit function 

in which the aberrations, weighting factors and target values are 

transformed by the above transform, will result in the maximisation 

of the geometrical. MTF values in the two defocused image planes, 

as long as theeber'ration product is kept below D.S. 

4.3. 	Validity of the Mathematical Procedure for  the New  Merit 

Function. 

It is obvious frcm Chapter 1 that the optimisation procedure is 

dependent on the structure of the merit function. Hence it is necessary 

to show that the mathematical treatment of the damped least squares 

method used by the SLAMS program is still applicable to the new merit 

functions. 

The opticaldcsignercontrolstheoptimieetien frequeecv as well 

as the defocus distance, this might lead to the cencuTeion that the 

designer has a large choice of optimisation perametere, which is 

misleading. The magnitude of the aberrations will obviously increase 

with the defocusing distance which limits the choice of D, since the 

rule .of maintaining an aberration product which is applied in the 

VGOTF program is still valid in this case and one should he careful 

to satisfy the following relations; 

M 	_ i ± D(-
-N- - tan u)l<-:_5P- 

and 	 (4-11) 

L 1 	1 
IGF, - DM

I < w, 
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A simple test 	can be 	included in the program to list the 

violations of this condition in each iteration which will enable 

the designer to reduce the defocus distance or the frequency if 

required. 

If one restricts the aberration product to 0.5, as given by 

equation 4-11, the values ofthe aberrations in the merit function 

vary slightly from those in the image plane, therefore the concept 

of linear behaviour for small parameter changes is conserved. Since 

the new aberration values are calculated by a simple linear transform, 

and assuming that the VGOTF program operates with a continous merit 

function, the suggested new merit function must be continous too. 

Thus the differentiation procedure is valid and correct from the 

mathematical point of view. 

The merit function above will not be ill-conditioned, in the 

case where the initial system has been previously optimised by 

VGOTF. The merit function consists of the geometrical MTF values, 

calculated with the same number of rays; both defocused image planes 

are equally represented none of which is favoured by the program. 

The combination of two sine terms in the merit function may increase 

the non linearity of the function but this should be compensated by 

the choice of the appropriate damping factor. 

The designer will start his design by V14 steering the system 

into the right region of parameter space, further improvement by 

the MTF criterion may be achieved by using VGOTF as a second stage. 

The VGOTF procedure may require a few steps during which the optimisation 

frequency is gradually increased, whilst maintaining the correct 

aberration product, until the correct frequency is reached. To 
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increase the DOF of the final design a third stage is used, applying 

the VDOF program, during which the defocus distance and sometimes 

the frequency value will be changed gradually by the designer to 

produce the required system. 

4.4 	The VDOF Program. 

The modifications required so as to convert VGOTF into VDOF 

are minimal. 	Subroutine MIXAB is modified slightly to read in 

four new imput values, as listed below; 

a. a switch which indicates that the VDOF option is to 

be used. 

b. a defocus value D which indicates the defocus distance 

of the image planes considered. 

c. a factor FW which will factorise all weighting factors 

as given by 4-9. 

d. a factor Ft for the target values, as given by 4-10. 

A short subroutine SPLIT has been added to the program, which is 

called by subroutine MIXAB, and splits each transverse ray aberration 

into the two defocused aberrations and creates the appropriate weighting 

factors and target values as described by (4-8), (4-9) and (4-10). 

This subroutine also tests the aberration product and in the case 

of a violation will print a comment which suggests the maximum 

frequency allowed by this aberration at the present defocus distance. 
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A general flow diagram of V14 is given in the appendix, but 

so as to illustrate the modifications required a flowdiagra4 of 

the raytracing routine is repeated in Figure 4.d below, where the 

dotted lines indicate parts added to produce the VGOTF program, 

and double lines indicate additions to produce the VOOF. 

As follows from the above diagram, one extra subroutine is 

needed to convert the V14 to VGOTF, which increases the number of 

subroutines from 48 to 49. 	To convert VGOTF to VOOF a -Few more 

statements are added to the RAYTRS subroutines to store the values 

required by the transform formula, and an additional common block 

with dimensional arrays is required to transfer these values to 

other subroutines. 	The rest of the changes take place in subroutine 

MIXAB which is illustrated in Figure 4.e below. This subroutine 

can be replaced btu a dummy subroutine in V11, and the parts marked 

by double lines are required only for the VOOF program. 

This diagram shows that the VDOF program requires an extra 

subroutine SPLIT, and hence consists of 50 subprograms. Subrotuine 

SPLIT is very short ano Is described in Figure 4.f below in a flow 

diagram; 

A modification to the dimensions of the arrays used might 

be found necessary, due to the increase in the number of aberrations, 

weighting factors and target values. 	In this case the matrix of 

the differen6.ials whose dimensions are "the number of controlled 

parameters times the number of controlled aberrations", must be 

increased together with the array containing the upper triangle of 

the product matrix and a few other and smaller related arrays. 
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"
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L_ 	_J 

4.d - Flow diagram of the ray tracing routine, dashed line 

indicates additions in VCOTF, double lines indicate 

additions in VDOF. 

- 61 - 



NO 

start loop for each 

aberration 
is aborri2  to 
be replaced 

is 
this 1:t. 

aber:r2  

replace obarrtios by 

NO 
ceometrical n.T.F 

read optimisation 

FREqUFI:CY 

NO 

ITS-E› crint FREQUEIMY print FW , FT & D 

return 

read FW , FT & D 

call 5.111T (X) 

4.e - Flow diagram of subroutine MIXAB, double line 

indicates addition in VDOF. 
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RETURN 

parameter = Y 

bplit aberr!2  into tun 

defocused nberrr=s 

urine Y tranc,form 

cqu. ( 	)  

( ENTER  D 
is 

parameler X ? — 1;0 

split aberrl into two 

defocused aberri-ls 

usinc X transform 

equ. ( 4-6 ) 

YES 

split wojchting factor 

usinc 

equ. ( 4 - 9 ) 

split trEet value 

using FT 

cqu. ( 4 - 10 ) 

increase by 1 no. of 

aberr!2s,wt. factors 

& tarEet values 

4.f - Flow diagram of subroutine SPLIT. 
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If one uses the maximum of 50 rays allowed by the program, which is 

necessary in order to approximate the MTF calculation by summation, 

the program can cope with a monochromatic case, here VDOF contains 

250 aberrations and leaves the other 50 aberrations for special 

requirements such as Seidel • coefficients. 	In this case on a COC 

6000 series computer, the file length required for loading the 

program is 127,700 (octal) or 44,992 (decimal), running the program 

requires about 73,600 (octal) or 30,592 (decimal). If polychromatic 

cases are to be considered the storage capacity of some computers 

might be found insufficient, as for example on the CDC 6400 at 

Imperial College, the maximum file length is 51,200 (decimal), 

and the program will overflow the system. 	In this case one may 

reduce the number of variable parameters which is 50 at the moment. 

Further core might be saved by reducing the maximum number of surfaces 

of the optical system, which is 50 at the moment and is rarely 

fully used. 	For example, if 35 variable parameters are used, 

instead of the 50 available in the VGOTF, the maximum number of 

aberrations can be increased to 575 which allows an extra 275 aberrations 

to be used for optimisation in three wavelengths (Two A values and 

mean A). 	Where more parameters need to be varied the initial 

optimisation can be done at a "mean wavelength" then after freezing 

some parameters a polychromatic optimisation can be carried out, 

alternatively a larger computer (e.g. CDC 6600, 7600, etc) with 

larger core can be used. 

IMF, which is the most general optimisation program described 

here, can be used as the only SLAMS program. In the case of zero 

defocus distance (D=0.), with FT=1 and FW=2, the result will be 

the same as for VGOTF since each of the split aberrations will be 

one half of the original aberration. 	By choosing a low frequency 

- 64 - 



such that 	the sine term will be reduced such that Sina=a 

and the program reduces into V14.This is not .very practical under 

normal usage conditions since this 	equivalent to V14 will consume 

more core and time on execution than the conventional V14 program. 
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CHAPTER 5  

SIX ELEMENTS MONOCHROMATIC COPYING LENS  

5.1 	The Design of The Six Elements Copying Lens 

This chapter describes the design of a six element copying 

lens, corrected monochromatically. Lenses of this type are 

useful in colour reproduction processes, in colour copying machines 

which use separate optics for each of the primary colours, in 

systems with narrow spectral sensitivity curves which often are 

due to the spectral characteristics of the light source and in 

various other situations. 

The design is symmetrical, with a stop at the central plane, 

which is the plane of symmetry. 	The specifications were for a 

numerical aperture of 0.04464 working at a wavelength oF 500. cm, 

which yields in the case of unit magnification a f/5.6 lens. 

Initially, the focal length was set to 25. cm which resulted in 

lens - to - image distance of 45.33 cm, in this case the object - to 

- lens distance was the same. 	The Object- to - image distance, 

the throw, was controlled at 100.cms, the axial glass thickness 

was limited by a maximum of .125 cm, and the minimum axial air 

separation was .01 cm. 	The total axial glass thickness was 

restriced to G. cm and the total system length was limited to 10.cm 

on the axis. 	Only two types of glass were used in the design which 

was found to be sufficient in this monochromatic case. 

During the early stages of the optimisation, the V14 program 

was used with an initial damping factor of .05. The merit -Function 

was calculated from the aberrations oF 24 rays from four -Field 

positionswhich were defined by the corresponding object heights. 
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This method of defining the field position is usual when finite 

objects are considered, in this particular design the object 

heights were 0., 6.06, 12.12 and 18.18 cms, the largest height 

being half the length of the diagonal of an A4 size page. 

The V14 optimisation was terminated when the maximum value of 

the transverse ray aberrations was small enough for the geometrical 

MTF optimisation to be valid at a frequency of 50. cycles/cm, as 

determined by the aberration product. The glasses which had been 

allowed to change in a theoretically continuous refractive index-

dispersion plane by the program, were frozen at the LaK N9 and 

LF 2 values from the Schott range of glasses. 

The VGOTF program is limited to 50 rays in three field 

angles, which results in 300 transverse ray aberrations, so for 

this case the field positions were re-defined as object heights of 

0., 12.73 and 18.18 cms. 	The optimisation was carried out in 

several steps during which the optimisation frequency was increased 

gradually up to 100. cycles/cm, which was the frequency of 

interest for this design and at which the DOF had to be impro)ed. 

The MTF of the final VGOTF design at this frequency was .713 on 

axis,.at the full field angle of 19.51 degrees the MTF was .678 in 

sagittal azimuth and .813 in the tangential azimuth. 	Both the 

designs, produced by the V14 and by the VGOTF optimisation, are 

shown in figure 5.a, in which all the parameters are given in cms. 

As expected, on the basis of chapter 1, the second system 

produced by the VGOTF program resulted in higher MTF values at the 

design frequency of 100. cycles/cm. 	This is illustrated in figure 

5.b which compares the MTF of these designs. 
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ilkgL V;ZTE OESIGN - 6 ELEMENTS COPV1N3 LENS 	 FT6P1 414 CESIGN - 6 ELEMENTS corTIN.: LEAs 
  .CZAL LENGTH 	 os CCL LENGT 

ql.W6a0b5  
1.694010 
1.592630 
1.000000 
1.594010 
1.000000 
..000000 
.694210 
1.000n0 
..592630 
1.694010 
1.000000 

cyR vEs  0..204i0 0.000000 
0.014680 1.383510 
0.183570 3.324200 
0.123090 0.345510 
0.070040 0.292510 
0.000010 1.655060 
-0.07004 1.85E060 
-0.12309 0.292510 
-0.1835/ 0.345510 
-0.01468 3.324200 
-0.19043 1.383510 
0.000010 -0.193920 

CURVE-
0.i44300 

S  
0.0 

PN  
0000 

0.014130 1.05;650 
0.205230 1.657290 
0.143270 0.357160 
0.090250 0.265050 
0.000010 1.632850 
-0.09625 1.632650 
-0.14327 0.265050 
-0.20523 0.367160 
-0.01413 1..657290 
-0.14430 1.05/660 
0.000010 0.000000 

IN  A-05  
1.592630 
1.000000 
1.594010 
1.000000 
1.000000 
1.694010 
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5.a 	The systems produced by the V14 and VGOTF programs 
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5.I (1) MTF as a -Function of frequency and defocus for the 

final Vii and VGOTF systems, on axis. 
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The improved MTF values, produced by the VGOTF optimisation, also 

increase the DOF at 40% which is the target value in this work. 

The VGOTF design was produced by re-optimising the V14 system, 

which obviously resulted in reduced wavefront aberrations. 	Figure 	5.c 

compares the wavefront aberrations of both designs in the form of 

cross-sections through the waveFront aberration function. Due to the 

nature of the program used to produce figure 5.0 (details of program 

FARTC are given in appendix A), the aberrations are scaled differently 

in each case. 	In the case of the VGOTF system, the axis is scaled 	to 

2/3 of its size with the V14 design, this is approximately the ratio 

between the maximum wave-Front aberrations of the two systems. 

The final VGOTF system was tested with regard to the tolerances of the 

copying machine -For which it was to be used. 	Distortion and 

field curvatures will normally be the limiting aberrations in the case 

of symmetrical lenses. 	On the assumption that the aberrations are 

acceptable and lie within the tolerance range (otherwise further VGOTF 

optimisation will be necessary) the depth of focus maintaining an riff 

of 40% is studied. 	Figure 5.d shows the DOF determination for the 

two systems described above, calculated at the three field angles used 

through the optimisation procedure. 

As predicted earlier, the lens produced by VGOTF had a larger DOF, 

which was .084 cm, as shown by figures 5.b and 5.d; 	Since this work 

is concerned with the improvement of this ODF, the rest of this chapter 

describes in some detail possible optimisation techniques for 

increasing the COF. 

5.2 	DOF Optimisation Based on the VDOF Program  

The system produced by the VGOTF program , as described above, was 

used in turn as an input to a VDOF optimisation, the weighting factors for 
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the aberrations at the various field angles and azimuths were kept 

the same. 	Hence,the only variable left was the defocusing distance, 

which is equal to half the separation between the two image planes 

at which the merit function is to be calculated. This separation 

had been limited by the range which satisfied the aberration product 

as described in equation 4-11. 	If we consider the initial design 

as a special VDOF case with zero defocus, the DOF was increased from 

.084 to .100 cm by defocusing the optimisation image planes from o. 

to .062 cm. 	Further increase of this defocusing distance resulted 

in a steep drop of the DOF, for example a defocus of .07 cm resulted 

in a DOF below the initial value of .084. 	The DOF behaved 

linearly with defocus in certain regions which is not surprising if 

the structure of the merit function is considered. The character-

istics of the DOF as a function of the defocus distance through this 

optimisation sequence are illustrated in figure 5.e. 

The Seidel aberration coefficient and the defocus of the best 

Image plane from the Gaussian position, which were selected by the 

program, could be studied through the range covered by this optimisation 

sequence, and is represented graphically in figure 5.f. 

The design produced by this seouence is different from the initial 

system (illustrated in figure 5.a) and is illustrated in figure 5.g. 

The wavefront aberrations of this design, at the full field angle, are 

given in figure 5.h below. 	This design was put through another VDOF 

optimisation sequence, with the defocus distance as the only variable. 

The DOF at 40% MTF did not improve. 	The weighting factors, for the 

different field angles and azimuths, were kept constant throughout the 

sequences described above. 
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5.f Seidel aberration coefficient and the best image plane defocus from Gaussian position as a 

function of the defocusing distance of the optimisation image planes. 

-C2o 	.030 	-o10 	.050 	.00 	.C70 
optimisation defocus DIrni 
	it 

—000558 

. .020 	 050  
defocusumt] 

.TO 

.002902 

defocus 
En rnII 

—160 

Image plane defocus 
—190 

.-.0012COg 



6 ELEMENTS CCPY1MG LENS 

FOCAL LENGTH 

CUR VE 	S 	INDX/, 1.6 

	

[-.; . 117560 	0.0 	00 	1.0001
y 
0J 

	

1" 00? 1 02 	1.279360 	1.6C-:!4010 

	

O. 1CT'.4137 	1.428480 	11 ., 4960603 19 

	

0.130877 	0.314320 

	

n .C7H -/92 	0.292400 	1,694010 

	

L..000010 	1.790370 	1.000000 

	

0.0 -757 1 	1.790370 	1.000000 

	

0.13088 	0.297400 	1.694010 

	

6.16414 	0.314320 	1.000000 

	

r_ .00,2 1 0 	3.428480 	1.592630 

	

.1 i 756 	1.279360 	1.694010 

	

0.000010 	-0.158290 	1.000000 

5.g 
The optical system produced by the VDOF optimisation program. 
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The design produced by the VOOF technique was used as an input 

to a VGOTF optimisation, which is known to be sensitive to weighting 

factors and aberration balancing between the various field angles and 

azimuths, but little improvement was found. 	A tedious and time 

consuming process resulted in 1% increase in the DOF which was 

negligible compared with the 20% improvement in DOF produced by the 

earliest part of this sequence, as described above. 	The DOF 

measurement for this final design is illustrated in figure 5.i. 

5.3 Optimisation Based on the VGOTF Program  

The system produced by the VGOTF optimisation (shown in fig 5.a) 

was used as an input to another VGOTF optimisation sequence. 	It is 

clear from figure 5.d that the DOF is limited by the MTF values on axis 

and in the sagittal azimuth at object heights of both 12.73 and 18.18cm. 

The negative defocusing range is determined by the O. and 18.18 cm 

values since the corresponding MTF curves intersect in the 40% MTF 

point. 	Therefore, it was assumed that it would be easier to control 

the positive defocusing limit of the DOF which was defined by a single 

MTF value, at 12.73 cm object height. 	At this field angle in the 

sagittal azimuth the peak of the MTF curve is about 90%, while the 

18.18 cm sagittal azimuth peaky at about 70%, thus the first MTF should 

be easier to control. 

The weighting factors for the second field angle sagittal azimuth 

were therefore altered gradually from 10 to 35, but the weighting 

factors for the other field angles were kept constant at 10 throughout 

this optimisation sequence. 	As expected this resultcd in a larger 

DOF; for very large weighting factors the MTF values of the first and 

third field angles started to deteriorate and this resulted in a slightly 

narrower DOF. 
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The best design was produced with weighting factors of 25. this had a 

DOF of .111 cms. 	This single optimisation step improved the focal 

depth by nearly 32%, which is 10% better than that produced by the 

VOOF technique. 	The characteristics of the DOF as a function of the 

weighting factors of the second field angle sagittal azimuth are 

illustrated in figure 5.j. 

The choice of the weighting factors is not critical, a slightly 

higher weight produced a system with .110 cm DOF which was only 1% 

below the optimum results bUt was easier to find and used less 

computer time. 	The Seidel aberrationcoefficientsand the defocus of 

the best image plane of the final design from the Gaussian position, 

are sketched as a function of the weighting factor, in Figure 5.k. 

Three methods had been tried to improve the DOF further. the 

first of which consisted of a VDOF optimisation using the design 

produced by the above VGOTF sequence as an input. 	This resulted in 

a reduced DOF (.101 crus) which was the same as achieved by the VOOF 

optimisation described in the previous section. 

A VGOTF sequence in which the weighting factors on the First 

field angle and the full field sagittal azimuth were increased with 

the intention of improving the DOF limit, in the negative defocusing 

range, whilst maintaining 40% MTF, did not prove effective. 

An additional VGOTF sequence was tried with reduced weighting factors 

in the full -field tangential case. This improved the DOF slightly up 

to .112 cm, which was less than 1% improvement on the initial system. 

Further reduction of the weighting factor of the second field angle, 

tangential azimuth, was not useful and did not improve the DOF. 
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The balance between the various field angles and azimuths 

is complex and hence the optimum weighting factors may be chosen 

in various ways each yielding a solution but giving the same 

00F. 'To illustrate this effect a system was chosen from the 

last sequence, with a weighting factor of 9. on the third field 

angle in the tangential azimuth, this resulted in a DOF of .103 

cm (the initial value was .111 cm). 	The weighting factor in the 

second field angle sagittal case was then increased from its 

original value of 10. to a value of 14.8 producing a design with 

.112 cm DOF. 	This result is equivalent to the best result in 

previous optimisation sequence, a further improvement was not 

possible but a different balance of aberration was found which 

maintained the same DOF. The optical system and the DOF 

determination curves are shown in figure 5.1 for the first design 

to produce .112 cm in focal depth. 

5.4 	Verification of the Results 

The above results show that in the case of the six element 

copying lens for monochromatic work the VGOTF optimisation is 

suitable and more sophisticated and expensive methods are not 

advantageous. 	If the way in which this optimisation is carried 

out, is examined, two points are found which require investigation. 

The first is the use of the geometrical MTF values as defined in 

this case, and the second is the determination of the DOF which 

is carried out by considering only three field angles; the full 

field, the zero field angle and another intermediate field angle 

chosen arbitrarly. 	Therefore, a confirmation of the results was 

carried out by means of the diffraction OTF program (see 

appendix A for details); the optical system priduced by the first 

leg of the VGOTF technique, with DOF .111cm, was tested by the 
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diffraction OTF program. 	The comparison between the geo- 

metrical and diffraction results at the "best image plane" 

are given in figure 5.m. 	The maximum deviation between the 

two MTF curves in the three field angles used throughout the 

optimisation is 10% at a frequency of 150 cycles/cm, at 100 

cycles/cm which is the optimisation frequency, the deviation 

between the geometrical and diffraction MTF values is 

minimal. 

Figure 5.n compares the DOF determination in the cases 

of geometrical and diffraction MTF, and it is clearly shown that 

both calculations lead to the same results. 	Similar studies 

carried out on other optical systems confirmed those results. 

In figure 5.p the DOF range for 12 object/ heights was plotted. 

The three field positions used throughout the optimisation 

procedure are clearly dominating the DOF range for the system. In 

this case the DOF derived from these three object positions is 

about 1.5% larger than the real range established by considering 

12 field angles. 	This is largely due to the realistic choice of 

the optimisation field angles (the two extreme field angles and 

.7 of the full field), and to the fact that the same three object 

heights were used at all stages of the design. 	Similar results 

were obtained for six designs chosen from various stages of the 

above optimisation procedure. 

A simple diagram, figure 5.q, can be used to summarise the 

various optimisation sequences described in this chapter. 
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CHAPTER 6 

SIX  ELEMENTS MONOCHROMATIC REDUCING LENS 

6.1 The Design of a Six Elements Monochromatic Reducing Lens  

In this chapter, the designs of a monochromatic reducing 

lens is described. The basic design was a derivative of the 

monochromatic copying lens, described in chapter 5, but it has 

been designed to reduce an A4 size original by two, hence the 

maximum height of the image is 9.09 cm, and the magnification 

This design has a stop in the central air space and the 

specification was for a numerical aperiture of 0.0070 working 

ata wavelength of 500 nm, yielding in this case a f/4.975 lens 

which was considered practically (e.g.exposure determination) 

as a f/5 lens. 	The object-to-image distance, or throw, was 

controlled at 312.5 cm and the focus was initially set to 25 cm 

which resulted in an object-to-lens distance of 69.05cm and lens-

to-image distance of 30.28cm, the total glass thickness was 10. 

cm. 	As with the copying 12ns, described earlier, two types of 

glass were found to be sufficient and the same glasses as before 

were used. 	The minimum limits for axial separation and edge 

thickness were set to .123 and .01 cm respectively. 

The design procedure was divided into two main stages; a 

V14 optimisation with 24 rays at four field positions (the same 

field positions and rays as for the copying lens were used) 

followed by a VGDTF optimisation with 50 rays at three field 

positions. 	The optimisation frequency was gradually increased 

up to 100. cycles/cm, which was the frequency of interest, and a 

system was produced with maximum wavefront aberration of 0.5. 

The final VGOTF design is shown in Figure 6.a, the character-

istics of the MTF are shown in figure 6.b. The PDF determination, 
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for the above design, is illustrated in figure 6.,c, and is 

1.016 mm: 	The MTF characteristics in this case are different 

from those of the basic copying lens, described in chapter 5 

(fig.5d). 	All the curves peak near the image plane and their 

maximum value is above 83%, mainly around the 90%. Therefore 

it is not possible to improve the already satisfactory DOF value 

as dramatically as in the previous case. 

6.2 DOF Optimisation Based on the VDOF Program 

The VGOTF design, with DOF of 1.016 mm, had been used as an 

input in a VDOF optimisation series. The defocus, which is half 

the separation between the two optimisation image planes, was the 

only variable throughout this sequence. 	The value of the 

optimisation defocus is limited by the aberration product formula, 

equ. 4-11, which ensures that the sine term stays within the 

interval (-7/2  ; 7/2). 

An optimum DOF value, of 1.12o mm, was found by a defocus of 

.0600 cm. 	As predicted earlier, the improvement in focal depth 

was of the order of 10%, and further optimisation techniques 

failed to extend this DOF value. 

The DOF values of the systems produced in this design 

sequence are illustrated as a function of the optimisation defocus, 

in figure 6.d. 	The structure of the merit function used in this 

sequence, is responsible for the sharp drop in DOF with increased 

defocus values. 	For example, a defocus of .0605 cm resulted in 

DOF of .056 cm which is half the optimum value and about 40% 

below the focal depth of the initial system. 
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The optimum system obtained in this series is shown in 

figure 6.e, the characteristics of its MTF are illustrated in 

figure 6.f and the DOF determination is respresented in figure 

6.g below; 

The Seidel aberration coefficients for the above sequence 

were studied, and are plotted as a function of the optimisation 

defocus in figure 6.h. 

6.3 	DOF Optimisation Based On The VGOTF Program 

As with the copying lens described in chapter 5, the second 

field position defined by an object height of 12.73 cm in the 

sagittal azimuth, was the positive defocus range limit in the 

DOF determination (see fig.6.c). A VGOTF optimisation sequence was 

tried, throughout which the weighting factor at the second field 

angle sagittal case, was varied. 	This weighting factor was 

increased from 10 to 40, and the corresponding DOF values are 

shown in figure 6.i. 

The optimum factor of 27. resulted in a system with DOF just 

above .104 cm, which was a 2% improvement on the initial focal 

depth. 	Further increase of the weighting factor resulted in 

deterioration of the negative defocus range of the MTF curves at 

the frequency of 100. cycles/cm, which reduced the DOF value. The 

optimum system for the sequence and its OOF determination are 

shown in figure 6.j. 
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CHAPTER 7  

THE DESIGN OF A SIX ELEMENTS COPYING LENS FOR 

POLYCHROMATIC WORK 

7.1 	The Design of a Six Elements Copying Lens  

This Chapter describes the design of a copying lens for 

polychromatic work. 	Typical photocopying machines use gas 

discharge lamps as illuminating sources, which results in a 

spectral response curve with a finite number of lines. 	The 

main disadvantages of such a system might be low spectral 

sensitivity to objects of certain colour and a poor match 

between the emission spectrum of the light source and the 

spectral sensitivity of the reprographic process. 	A common 

means of correcting such systems might be by an appropriate 

mixture of gases at the right pressure, improved by incorporat-

ing fluorescing phosphors. The phosphor will broaden the 

spectral lines of the illuminating source and hence change the 

characteristics of the relative spectral response of the entire 

system. 

As far as the optimisation of lenses for such systems is 

concerned, there are a few additional parameters to be considered. 

The number of the aberrations incorporated in the merit function 

must be increased, and even the simplest merit function such as 

the sum of the third order Seidel. Coefficients, has to take C
1 

and 

C
2 
into consideration. 	The introduction of the secondary 

spectrum complicates the choice of the "best" image plane, the 

magnification variations within the spectral region at which this 

system is used will result in higher distortion values in non-

symmetrical designs. 
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As far as the system parameters are concerned, the 

choice of the right glasses becomes more critical and requires 

more attention. 	The input data for the optimisation program 

takes into account the various wavelengths required and this 

results in additional weighting factors for the corresponding 

aberrations. 

In this particular case a mercury source was considered 

with spectral emission at the e,g and h mercury lines with 

corresponding wavelengths of 546.07, 435.84 and 404.66 nm. 

The mercury green line was enhanced by means of phosphor, which 

resulted in the following spectral sensitivity for the entire 

system; 30% sensitivity at 404.66 nm, 75% at 435.84 nm and 100% 

at 546.07 nm. 	The ratio of the weighting factors for these 

colours was the square root of the ratio between the corresponding 

relative sensitivities, since the merit function is the sum of 

products of the squared.aberrations by the squared weighting factors. 

The initial system used for this design was equivalent to 

the monochromatic design, described in Chapter 5, but used La KN9 

Kz FS 1 and Lg SK glasses (from the Schott range) which means 

that each of the triplets combined in this symmetrical lens 

incorporates three types of glass (whereas two glasses were used 

in the monochromatic case). 

During the early stages of the design the V14 program was 

used, when the magnitude of the aberrations permitted, the VGOTF 

program was applied increasing the optimisation frequency 

gradually up to 100. cycles/cm which was the frequency of interest. 
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The final design had a numerical aperture of .04464 and an 

effective focal length of 25.18 cm, the throw length was 

100.02 cm. The longitudinal range, containing the "best" 

image planes for the three wavelengths considered, was 

.086 cm. 

The final VGOTF design is illustrated in figure 7.a, 

the MTF curves are shown in figure 7.b for objects with 

equal reflection coefficients in the optimisation wavelengths. 

VGOTF - 6 ELEMENTS COPYING LENS IAT 404.7 4354 546.1 NM. SLAM 41 
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7.a Final VGOTF design 
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7.2 	DOF Determination of Polychromatic Systems  

Focal depth determination in the polychromatic case is 

complex compared with the monochromatic case, due to the 

definition of the polychromatic MTF. If an object with equal 

reflection throughout the spectral range of the system, i.e. 

a white object, is considered the MTF becomes the integral 

of the monochromatic MTF's over the wavelength range. In 

practice this integration is approximated by summation where 

each of the terms is multiplied by the relative sensitivity 

of the system in the wavelength at which the corresponding 

monochromatic MTF was calculated. In the case of a 

continuous spectrum, the relative sensitivity is proportional 

to the area under the relative sensitivity response curve for 

the corresponding waveband and the monochromatic MTF is 

calculated at the centre of this band, the integration over the 

spectrum being again replaced by a summation. 

Alternatively, objects with varying reflection 

coefficients throughout the spectral range of the system, or 

"coloured objects", can be considered. In this case the 

spectral response curve changes its shape and is in fact the 

product of the relative sensitivity to a "white object" and 

the reflection characteristics of the "coloured object". 

If a photocopying machine is designed for standard 

office work, it is assumed that the objects (originals to 

be copied) consist of black lettering against white paper, 

so the heterogenic MTF for "white object" is applied. In 

this case for each field angle and azimuth the MTF is the 

weighted sum of the three MTF values at the e, g and h 
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mercury spectral lines, the weighting factors being the 

relative spectral responses in the particular case. An 

example of DOF determination in such a case is illustrated 

in figure 7.c below. 

D3F _,ETERvi\RTIO\ 
FREQUENCY= 100.000 L/c.m. 

MTF LIMIT=0.400 
1.0.00 251407:12.73000 2TANG:12.13000 35AGT.18.18000 

OBJCT HGT 

7.c DOF for "white object" 

This is not the case if the system is to be used for 

various objects which include text printed on coloured 

backgrounds. For example, if the background is a blue paper 

with high reflection at 404.66 nm and no reflection at 

546.07 nm the relative sensitivity of the blue will become 

100% while that of the green will drop to zero. If objects 
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of any possible colour are considered, the MTF behaviour as a 

function of defocus in the three optimisation wavelengths 

must be studied as illustrated in figure 7.d. In this case 

an axial and two off axis object positions are considered for 

each wavelength, where each of the non-axial objects is 

studied in the two azimuths, resulting in five MTF curves. 

Considering three wavelengths results in fifteen MTF-against-

defocus curves (the combination of the three graphs in figure 

7.d), the DOF being the longitudinal defocus range for which 

all these fifteen MTF values are above the limiting MTF at the 

frequency of interest. 

Obviously, consideration of "coloured objects" rather than 

"white" will result in complex DOF determination. There is 

no simple way of combining the three monochromatic MTF values 

into a single heterogenic MTF. The choice of weighting 

factors for the optimisation program is very complicated, and 

the resultant DOF is narrower than for most practical cases. 

Therefore, throughout this work, when polychromatic cases 

are discussed, only "white objects" are considered. All DOF 

determinations are done by examining curves of the type 

shown in figure 7.c, which is the weighted sum of three 

monochromatic DOF curves of the type shown in figure 7.d, the 

weighting factors throughout this work were 0.3, 0.75 and 1 for 

the e, g and h spectral lines, respectively. 

7.3 	DOF Optimisation Based on the VGOTF Program  

The lens shown in figure 7.a was used as input in an 

optimisation sequence using the VGOTF program. The DOF of this 
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7.0 DOF Determination 

As in the monochromatic cases, the intermediate field 

position in the sagittal azimuth limits the focal depth range. 

For the same reasons as explained in Chapter 5, this field 

position was chosen for the primary target and its weighting 

factors were varied whilst maintaining the ratios between 

the various wavelengths. For each skew ray six weighting 

factors were used, two for each wavelength (for the two 
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azimuths). As explained above the ratios between the weighting 

factors in the three optimisation wavelengths were equal to 

the square roots of the corresponding relative spectral 

sensitivities, and the weighting factors for the three field 

positions were initially equal for any one wavelength. All 

the weighting factors in the second field position sagittal 

azimuth were multiplied by a single factor which took values 

up to 8, the DOF took an optimum value of 0.785 mm with a 

factor of 2.2. Figure 7.f below, shows the DOF variations 

throughout this sequence, against the weighting factor which 

was applied to the second object position in the sagittal 

azimuth. The optimum system from the above technique 

increased the DOF value by 38%. 

7.f DOF vs. the weighting factor of the second object 

position sagittal azimuth 
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7.4 DOF Optimisation Based on the VDOF Program  

The VDOF program, which had not proved successful in 

the case of the monochromatic copying lens, was applied to 

this design. The optimisation defocus distance, which is 

equal to half the separation between the optimisation image 

planes, was increased up to .04 cm. It resulted in an 

optimum focal depth of 0.58 cm for an optimisation defocus of 

.0287 cm. This series proved most sensitive to optimisation 

defocus and at its optimum value improved the DOF by 1.7% which 

was a poor achievement considering the sophisticated procedure 

involved. 

A detailed study of this sequence showed that the aberrations 

at the limiting object position and azimuth, for the h mercury 

lines, were at their "lowest possible" value. The structure 

of the merit function and the choice of the weighting factors 

caused the transverse ray aberrations at the h wavelength to 

dominate the optimisation steering the system to a region 

where further improvement at this wavelength and object 

position was not possible by a small finite change of 

parameters. Naturally, the corresponding aberrations at the 

e and g spectral lines were much higher than those at the 

h line. The finite changes in the parameters of the optical 

system did not improve the merit function due to the choice 

of weighting factors and also due to the suppression of small 

improvements in aberrations of certain magnitude caused by 

the 'sine square' function which had been used in the merit 

'function, as explained in Chapter 4. Therefore, to get the 

system out of this parameter region, the aberrations in 
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the h line for the second field position and sagittal 

azimuth were no longer controlled. This was done, practically, 

by applying a weighting factor of zero to the h line and 

increasing the weighting factors for the e ang g lines at this 

critical azimuth and field position. Because of the nature 

of the optimisation program, finite changes in the parameters 

of the system followed which resulted in improved aberrations 

for the e and g wavelengths but some deterioration at the 

h spectral line. Since the system was near the "local 

optimum" of the h wavelength, a finite change in parameters 

caused minute deterioration in the MTF at this colour. For 

the other colours, the system was not near the optimum 

position, hence, finite parameter changes improved the 

MTF significantly. 

The relaxation of the emphasis on the h spectral line 

was tried in a sequence where the weighting factors at the 

intermediate object position sagittal azimuth took the values 

We, Wg, Wh for the aberrations in the corresponding wavelengths, 

where Wh = 0. 

This sequence required extra precautions and the 

results at the end of each iteration were carefully analysed. 

As expected, on the basis of the theory explained above, the 

"white object" MTF in the target field angle improved slightly 

from iteration to iteration whilst the monochromatic MTF at 

the same object position in the h wavelength deteriorated 

slightly. At the same time the general DOF for a "white 

object" kept improving. The deterioration in the MTF at the 

h line, reached a breaking point beyond which the MTF 
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deterioration limits the DOF range, also the MTF values at 

other field angles started to deteriorate and affected the 

DOF range too. In other words, the DOF for a "white object" 

improved for a finite number of iterations in the optimisation 

procedure, reaching an optimum value. Any additional 

iteration will reduce the DOF value and the optimisation process 

must terminate at this stage. The SLAMS programs used lacked 

a facility to terminate the optimisation at this stage, but it 

might be quite easily included. During this sequence the 

program was terminated by the designer. 

The optimum was found with the following weighting 

factors: Wg = 108, We = 45 and Wh = 0, at the critical object 

position and azimuth; for the other azimuths and field angles 

the weighting factors were: Wg = 43, Wh = 50 and We = 28. 

The optimum design from this technique had DOF of .1055 cm and 

was found by an optimisation defocus of 0.232 cm. This 

optimum optical system and its DOF determination are shown in 

figure 7.g below, the transverse ray aberrations for the 

intermediate field angle in the sagittal azimuth are given 

in -Figure 7.h, and the wavefront aberrations for the same 

object position are illustrated in figure 7.i. 

This sequence improved the DOF of the system by 85%, 

techniques of the type tried in Chapter 5, failed to improve 

the focal depth further. 
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CHAPTER 8 

THE DESIGN OF A  SIX ELEMENTS REDUCING LENS FOR  

POLYCHROMATIC WORK 

8.1 The Design of a Six Elements Polychromatic Reducing Lens  

The monochromatic reducing lens was used as the initial 

system for this design, the LF2 glass being replaced by the 

Kz FS1 glass from the Schott catalogue. The numerical aperture 

was .067, the same as in the monochromatic case described in 

chapter 6, and the total glass thickness was reduced to 8. cm. 

The design was initiated by using the V14 program, changing to 

the VGOTF program when the aberration magnitude was appropriate. 

The VGOTF optimisation was carried out in steps, increasing the 

optimisation frequency up to the value of 100. cycles/cm. 	The 

three final image planes, in the three optimisation wavelengths, 

were separated by 0.74 cm. This design is shown in figure 8.a, 

the MTF characteristics for a white object are given in figure 

8.b in the optimisation field positions. 	The focal depth of this 

system was 0.9865 mm and its limits are illustrated in figure 8c. 

8.2 	DOF Optimisation Based On The VGOTF Program  

The system shown in figure 8.a was used as input to a VGOTF 

optimisation sequence. For similar reasons to those in the 

monochromatic case, the second field position in the sagittal 

azimuth was chosen as the target for this technique. The 

weighting factors at the target field position and azimuth were 

multiplied by a single factor, so as to maintain the ratio between 

the weighting factors in the optimisation wavelengths at the 

target field position, in a similar way to that explained in chapter 

7. 	The DOF values are shown as a function of this single factor 
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in figure 8.d. 	The best result was obtained with a factor 

of 1.7 	which resulted in a focal depth of 1.0016 mm which is 

a 1.5% improvement on the DOF of the initial system. 	The 

optimum design for the above sequence is illustrated in figure 8.e 

and its DOF determination in figure 8.f. 

Further attempts were made to extend the DOF, in the same 

way as for the copying lens described in chapter 7, but these failed 

to improve the focal depth significantly. 

8.3 	DOF Optimisation Based On The VDOF Program 

The system shown in figure 8.a was then used as input in a 

VOOF optimisation sequence in which the optimIsation defocus 

distance was increased up to .06 cm. 	Further defocus was not 

practical since the aberration product given by equation 4-11 was 

violated. 	The DOF values for this sequence are shown in figure 

8.g as a function of the optimisation defocus. The optimum 

focal depth, found with a defocus of .040 cm, was 1.0323 mm which 

was a 4.5% improvement on the initial value. This best design is 

illustrated in figure 8.h, its MTF characteristics are shown in 

figure 8.i and the DOF determination is given in figure 8.j. The 

Seidel coefficients for the systems produced throughout this 

sequence are illustrated in figure 8.k plotted against the 

optimisation defocus. 
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8.d 	DOF vs. factor of target field position through VGOTF sequence. 
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CHAPTER 9  

DISCUSSION OF THE RESULTS  

9.1 	DOF Optimisation Techniques  

Optimisation techniques for extended depth of focus have 

been demonstrated in Chapters 5,6,7 and 8 by considering the 

design of four derivatives of a six elements lens and these 

techniques can be classified into the main groups according to 

the program used : the VGOTF technique and the VDOF technique. 

Both of these programs use geometrical MTF components in the 

merit function instead of the transverse ray aberrations of V14; 

the same'number of rays are traced in each case. 

In the VDOF program which considers the MTF in two defocused 

image planes, the number of terms in the merit function is 

doubled, this of course requires more computing time and a larger 

storage space in the computer, both of which will increase the 

cost of an optimisation run, and one may ask whether the results 

obtained justify this extra expense. 	A brief answer to this 

can be given in the form of a table where the DOF values for the 

systems developed in this work are compared with theoretical values 

for an aberration-free system. 	The focal depth of an ideal 

optical system working at the same numerical aperture and in the 

same wavelength was calculated using the method described earlier 

in section 3.2 . 	On the basis of these results, the VDOF program 

is seen to be useful and if at 500 nm the polychromatic copying 

lens is used instead of the monochromatic design, the VDOF designs 

are superior in all cases. The rest of this chapter contains a 

more detailed comparative analysis of all the results and some 

comments concerning the VDOF program and its performance. 
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Lens 
Type 

Ideal 
DOF 

DOF of The 
Initial 
System 
(% of ideal 
00F) 

DOF Of Best 
"VGOTF" 
System 
(% of ideal 
DOF) 

DOF For Best 
"VDOF" 
System 
(% of ideal 
DOF) 

Copying lens f/5.6 .1920 cm .0840 cm .1120 cm .1010 cm 
operating at 500 nm (43.7%) (58.3%) (52.6%) 

Reducing lens f/5 .1330 cm .1016 cm .1040 cm .1120 cm 
operating at 500 nm (76.4%) (78.2%) (84.2%) 

Copying lens f/5.6 .1860 cm .0570 cm .0785 cm .1055 cm 
operating in the 
e,g,h Hg lines 

(30.6%) (42.2%) (56.7%) 

Reducing lens f/5 .1240 cm .0986 cm .1002 cm .1032 cm 
operating in thee,g,h (79.5%) (80.8%) (83.2%) 
Hg lines 

9.2 	The Performance of the VOOF Program. 

The concept of an optimisation in two image planes is new and 

has not been published before, thus a brief evaluation of its 

performance throughout this work is given. 	Because of the nature 

of the problem to be solved the "direct MTF" optimisation method 

was used, for a more detailed evaluation of this method, a 

comparison run with the same system data should be made using a 

similar program, with a merit function consisting of transverse 

ray aberrations in two image planes. 

The number of terms summed in the merit function was increased 

without increasing the number of rays that were traced, this resulted 

in a slightly longer computation time for the VDOF program compared 

with the VGOTF version. 	The increased storage required to run the 
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VDOF was minute when compared with the 45K of store required by 

VGOTF. 	The conversion of the VGOTF program to perform VOOF was 

a relatively simple task; the original program was stored on the 

computer using the CDC "Update" system, which allows text mod-

ification of a source program by altering, deleting or adding 

statements, and it required a relatively short and simple 

correction file to effect this conversion. 	The tests included 

in the program, such as the aberration product test (equ.4-11), 

proved to be most useful and enabled parametergto be changed 

throughout the optimisation procedure. 

When considering the results,( of the polychromatic copying lens, 

it is clear that the magnitude of the aberrations is critical. 	If 

the range of values of the aberrations is large then the merit 

function may contain terms which when finite changes are applied 

to the system, are of the wrong maAgitude because of the "sine 

squared" function. This phenonemon must be well controlled by the 

careful choice of weighting factors and optimisation defocus distance, 

in order to improve the performance of the system. 	If this control 

over the magnitude of the aberrations is lost, the VOOF stops 

performing in the desired direction and produces a system which is 

worse than the initial lens. 

For effective DOF optimisation, it is necessary that the curves 

of MTF plotted against defocus in the chosen frequency for the 

initial system should peak in a relatively narrow defocus range, 

for all field angles and azimuths considered. 	If this condition 

is not satisfied, the aberrations in the defocused image planes will 

vary in size to such an extent that a proper optimisation will not 

be possible. 	A substantial decrease in the optimisation 

defocus may reduce the variation in aberration size, but will result, 
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practically, in a single image plane optimisation which may be 

of no use in extending the DOF. 	In cases of this kind, as 

described in Chapter 5, the most obvious change to the system 

is a defocus from the Gaussian image plane which may oscillate 

between successive iterations and thereby prevent any real 

improvement. 

The VDOF program is therefore not suitable for systems which 

do not satisfy the condition stated above, and further optimisation 

by other methods is required first in order to steer the system 

into a region suitable fo the two image-plane technique. The 

system described in Chapter 5 is an example of a case for which 

the VDOF program does not work. 

9.3 	The Monochromatic Systems  

The optimisation of monochromatic systems described in Chapter 

5 and 6 adds to the understanding of the procedure because of the 

simplicity of the DOF determination. A comparison of the results of 

the V14 and VGOTF programs indicates quite clearly the advantage of 

optimisation with a "direct" criterion such as the MTF, this is 

emphasised by figures 5.b, 5.c and 5.d. 	A careful study of the 

DOF sequence, though not very effective in this case, shows that 

elementary techniques, such as those based on Seidel coefficients, 

are incapable of improving the 00F. 	This is clearly seen in 

figure 5.f in which S3  or S4  do not peak anywhere near the optimum 

value which is a de-Focus of .062 cm and the extremum point for the 

S1  curve is merely due to the defocus of the "best image plane" as 

explained above. 

The VGOTF-based technique4, which proved superior in this case, 

is less sensitive to change of weighting factors. This is 

demonstrated by comparing figure 5.e with 5.j, and suggests that the 
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optimum weighting factor is easier to find than the optimum 

defocus distance. 	Also sensitivity to the weighting factor 

is lower than that to the optimisation defocus which suggests 

that any result in the region of the optimum will be satisfactory. 

The study of the Seidel coefficients shown on figure 5.K 

emphasises again that a simple technique based on third order 

aberrations can not improve the DOF of an optical system. 

Examination of higher order aberrations and the corresponding 

coefficients, for example the wavefront expansion coefficients, 

shows that these are also insufficient for improving the DOF; as 

an example the coefficients for the VGOTF series given in section 

5.3, and shown in figure 9.a, verify this result. 

Fig 9.a, Wavefront aberration coefficients against the weighting 
factor in a VGOTF optimisation series described 
in Chapter 5. 
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The results for the reducing lens, described in Chapter 6, 

emphasise strongly the sensitivity of the VDOF method to the 

defocus distance, this is illustrated by figure 6.d. 	The VGOTF 

sequence is less sensitive to weighting factor choice and this is 

clearly shown in figure 6.i. 	The study of the Seidel coefficients 

throughout the VOOF sequence, as illustrated in figure 6.h does 

not show outstanding extremums around a defocus distance of .6 mm. 

The large scaling used in this diagram shows that the initial 

values are of similar magnitude. The most dramatic change is 

noticed in S
3 but this sequence may suggest on the other hand a 

connection between the optimum and the turning point in the Seidel 

curves. 	However, this is not practical since sequences throughout 

a large defocus range will be required, which is very expensive 

on computer usage. 

The study of the optimisation of the reducing lens confirms 

some of the conclusions put forward in previous publications. As 

mentioned in Chapters 2 and 3, the aberration balance plays a 

critical role in the DOF characteristics of a system and this 

explains why a small change in the aberration coefficients may 

improve the focal depth, since it will effect the aberration 

rt) 
ratio mentioned in Chapter 3. 	The intorduction into the merit 

function of aberrations such as coma, which do not appear in 

symmetrical designs,enables an optimum aberration balance to be 

obtained. 	This again confirms the results predicted in Chapter 

3, and explains why with the reducing lenses the OOF optimisation 

is more effective although more aberrations are present. 

Increasing the number of aberrations whilst maintaining the same 

balance may not limit the focal depth, but will make the system 

inadequate for most practical purposes and this is why the 

necessity to maintain "low" aberration values, imposed by the 

aberration product criterion (equ. 4-11), is not a restriction. 
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The complex combination of techniques, which could be combined 

into any optimisation procedure for extended focal depth, is 

demonstrated in figure 5.q. 	The results of this work show clearly 

that the first stage of the optimisation procedure is the cruical 

one and any following attemptsto improve the results will be less 

effective. 

Tests of the techniques used in the optimisation procedure are 

described in section 5.4 and the geometrical approximation to the 

real part of the DTF as used in this work has proved to be suffic- 

iently accurate. 	In the Gaussian image plane, this geometrical 

MTF value differs from the diffraction MTF by 2%, as shown in 

figure 5.m for the copying lens. 	The same degree of accuracy is 

detected when considering the limiting field angles and azimuths. 

This is shown, clearly, by the variation in the DOF range for the 

geometrical and diffraction calculations illustrated in figure 5.n. 

The 1.5% disagreement is well within the numerical error of the 

complex algorithms involved in the computation. 	Tests on other 

systems optimised in this work showed similar results. 

The limitation to three field angles only in the optimisation 

program was not found very restricting. 	Correct choice of field 

positions and maintenance of these values throughout the entire 

optimisation sequence has successful results. The DOF measured in 

these field angles deviates from the "real" value calculated with 

the results of 12 intermediate object positions, by only 2%. The 

accuracy in the case of the reducing lens was even higher. On the 

basis of the above investigation it may be concluded that the DOF 

value for the optimisation techniques used lies within 5% from its 

"real" value. 	This result seems satisfactory for most practical 

cases. 
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9.4 	The Polychromatic Systems  

The advantage of the VDOF technique is even more obvious 

in the case of polychromatic systems, the simplest of which 

are systems working in a finite number of spectral lines, 

such a those described in Chapters 7 and 8. 	The DOF deter- 

mination is governed by the colour of the "object" considered 

as explained in Chapter 7. 	Even in the simplest case of 

"white object", when the system is optimised at three field 

angles Cone of which is the axial case) and in two azimuths 

considering three wavelengths, the DOF determination is based 

on a complex formula which takes into account fifteen MTF against 

defocus curves. 	This degree of complexity requires a technique 

where the weighting factor choice is simplified. The VDOF 

proved less sensitive to variation in weighting factors for the 

various field angles and, therefore, is easily applied in this 

case. 	The only "variable" being the optimisation defocus. 

In cases of large aberration spread, such as Ulat experienced 

with the copying lens described in Chapter 7, extra precautions 

are required. 	The large variations are easy to detect since the 

MTF components, which are used by the merit function, are printed 

by the program together with the violations of the aberration 

product, and thus enable the designer to stop the program and 

change the weighting factors or optimisation defocus when 

appropriate. 	In this rather complex situation, the more 

rapidly the DOF varies with the optimisation defocus, the easier• 

the optimum is found. 	This fact is demonstrated by comparing 

figure 8.d with 8.g. 

The sensitivity of this optimisation technique to optim-

sation defocus variations in the region of the optimum system 
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may be reduced and may even result in curves with flat 

horizontal regions near the optimum, as seen in figure 8.g. 

This can be easily understood if one considers the optimum 

result as being a weighting sum of three curves, for the three 

colours considered. 	In this particular case the MTF in all 

the colours peak in the same region which results in a flat 

peak region. 

The effect of this sequence on the Seidel coefficients is 

clearly seen from figure 8.k. 	The S
4 
and S

5 
reach their 

maximum near the optimum defocus, which gives a further 

emphasis to the idea that the optimum system is not essentially 

the one with the minimum aberrations. The idea about detecting 

the optimum from extremums in the derivatives of the Seidel 

coefficients curve (turning points) is proved again to be right, 

though unpractical as far as computer time is concerned. 	The 

peculiar shapes, near the turning points and the number of 

extremum points, is again explained by the fact that for each 

wavelength used there is a different extremum point. 

9.5 	Conclusions  

The idea of optimisation in two image planes was found use-

ful and applicable to optical optimisation for extended focal 

depth maintaining a target MTF value. 	The VDOF program, though 

slightly more expensive on time and storage as far as computers 

are concerned, is capable of improving the focal depth. During 

the work described earlier, the VDOF program improved the focal 

depth by up to 14.5% more than the VGOTF program. 	This technique 

is not very successful when the initial system is very poor in 

the sense that MTF against defocus curves, in various field angles 
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and azimuths at the frequency of interest, do not peak in a 

narrow focal range. 	In such cases further optimisation should 

be carried out before trying to extend the focal depth, 

alternatively a method which does not involve the VDOF program 

should be applied. 	In the cases of relatively good MTF curves 

which peak in the same image plane in the optimisation object 

positions and azimuth for a given frequency, large extension of 

the DOF is most unlikely. 	But, if the DOF image is cruical to 

the system and even small improvements are an advantage, the 

VDOF program will produce the largest focal depth as proved by 

the examples in Chapters 6 and 8. 

Some of the techniques described above were also tried on a 

nine element lens, with a stop on the central element. 	This 

enabled the introduction of slight asymmetry in cases with 

magnification close to unity, by varying the radius of curvature 

on both surfaces of the central element, which in turn increased 

the number of aberrations present and made it easier to achieve 

an optimum balance resulting in extended focal depth. 	Generally, 

the results from the nine elements designs confirmed the results 

described in this work and similar improvements to DOF were 

experienced. 

This work suggests a direct involvement of the optical 

designer in the modifications of his optimisation program to 

perform in accordance with his specific requirements and to 

emphasise his specialised criteria. 	By this method, a quick 

optimisation might be achieved, which does not involve a long 

empirical process to find the right weighting factors and other 

control quantities. 

The final systems obtained in this work may be regarded as 

practical,being in the region of 60-80% of the ideal, aberration= 
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free case. 	In certain circumstances one may attempt to push 

the limits even further, some suggestions as to possible 

techniques follow: 

The polychromatic copying lens has a larger DOF than the 

monochromatic version, which is due to a more sophisticated 

design involving additional, expensive, glass. 	Careful 

observation of the DOF determination curves for those lenses 

shows that the MIF values inside the useful focal depth range 

for the polychromatic system are lower than those of the 

monochromatic lens. 	It may be regarded as trivial that for an 

extended DOF the MTF should not peak high above the target MTF 

value, which is the reason why the VGOTF program is less suit- 

able for this work. 	An attempt to decrease the MTF value in 

the middle of the DOF range might be included in the optimisation. 

it could be added, for example by including a third optimisation 

image plane. 	The merit function would then consist of the MTF 

components in two defocused image planes, as in the VDOF program, 

but also incorporate target values at a central image plane 

which would bring the MTF value closer to the limiting MTF 

specified. 	The nature of such target values must be studied 

n 
since their choice is bot obvious. 	The increased number of 

aberrations can be controlled in a similar way to the case of the 

additional optimisation wavelengths, discussed in Chapter 4. 

One may increase the number of defocused planes involved by 

adding MTF values in several defocused planes to the merit 

function. 	This involves again, an increase in the storage 

required to run the program and also requires careful study and 

consideration of the weighting factors emphasising the various 

defocus MTF values according to their contribution to the DOF. 
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The programs used in the course of this work as well as 

the modifications suggested above, assume that the same 

weighting factors and target values are applied to all the 

MTF components in a certain field angle azimuth and wavelength. 

Variation of those values, within the field angle in question 

can emphasise various regions of the pupil and therefore steer 

the system to a new direction. 	It is likely that a correct 

choice of these weighting factor and target values may extend 

the DOF. 

The defocused image planes throughout this work, were 

chosen symmetrically on both sides of the Gaussian image plane. 

The weighting factors and target values for both image planes 

are multiplied by a single scaling factor, as given by equations 

4-9 and 4-10. 	Changing of this symmetry, about the Gaussian 

image plane, can complicate the program by requiring more input 

data and by including few more statements, but provides a better 

program for extending the DOF. 

These suggestions point out possible modifications to the 

merit function, weighting factors and target values which can 

lead to new versions of the VDOF program providing new tools to 

the optical designers and to designers with special interest in 

extended depth.of focus in particular. 
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APPENDIXA 

PROGRAMS USED THROUGHOUT THIS WORK  

In this appendix a short description of the programs which have 

been used in this work is given. 	This information is not intended 

to be comprehensive nor sufficient as a users manual, and it is given 

mainly to represent the general structure of the programs concerned. 

This structure is critical for some of the decisions taken throughout 

this work at various stages of the optimisation. 	It also may explain 

why some data were prepared and.used in certain ways and the format of 

• 
some of the output. 

Some of the programs described below were not developed through 

this work and were obtained from the optical design group of Imperial 

College, examples of such programs are V14 and VGOTF. 	Other programs 

were slightly modified to accept different input data which enable the 

use of complex procedure files, they were also altered to be suitable 

for compilation on recent compilers with higher efficiency, examples 

for such programs are the diffraction and geometrical OTF programs. 

The rest of the programs were developed throughout this work, sometimes 

using routines or procedures previously available at the design group. 

Though some of these programs are for specialised purposes it is 

thought that they could be combined into a useful general optical 

program library. 	The idea is that an optical designer should be 

familiar with his programs and capable of modifying any program in use 

to his specialised needs. 
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THE 'SLAMS' OPTIMISATION PROGRAMS  

All SLAMS optimisation programs are based on the damped 

least squares method and are described in more detail throughout 

this work. 	In this work 'V14' (version 14) and 'VGOTF' (geo- 

metrical OTF version) were used and 'VDOF' (geometrical OTF 

optimisation in two image planes was developed. 	Chapter 4 

details the main differences between the three versions. 	A very 

general flow diagram of the optimisation procedure is illustrated 

below. 

Version 14 classifies the system into one of the following; 

a) systems with object at infinity 

b) systems with finite object with controlled throw 

or image magnification. 

c) Afocal systems 

d) symmetrical systems 

e) telecentric systems 

f) systems with linked parameters 

The controlled parameters may be curvatures, separations and glass 

types. 	Rays can be specified by normal or relative data, chromatic 

aberrations may be calculated using the Conrady formula or as 

transverse ray aberrations in each wavelength. Surfaces may be 

spherical or aspherical but rotational symmetry of the system about 

the optical axis is assumed. 

Version 14 allows for up to 50 surfaces with up to 75 variable 

parameters, a maximum of 50 rays can be used which may result in up to 

150 aberrations, only 100 of which may be controlled. The boundary 

condition controls include the effective focal length, magnification 
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or throw, back focal distance, overall length, lens thickness, 

total thickness of glass elements, maximum diameter of beam at 

any given surfaces, height of final principal ray at the stop, 

asphericity, glass violations, axial thickness violations and 

edge thickness violations for separate elements. 

These limits are increased in the VGOTF and VDDF programs 

and are described to a certain extent in Chapter 4. 	Each of 

the optimisation programs will produce on request a file called 

'PUNCH' which contains the data of the final system produced by 

the last iteration. 
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GEOMETRICAL OTF PROGRAM 

This program uses as input data the 'file PUNCH, which is 

produced on request by the optimisation program, and generates 

a mesh of ray co-ordinates through which rays are traced. 	The 

vignetting of the system can be estimated by the number of rays 

which fail to pass through the system. 	Transversed ray 

aberrations are used to calculate the geometrical MTF of the 

system at each field angle. 	In the case of polychromatic 

systems the "mean wavelength OTF" is calculated by a weighted 

sum of the monochromatic OTF values, where the user specifies the 

weight for each wavelength. 	The maximum frequency required and 

the defocusing distance steps are also included in the input file, 

resulting in the MTF being calculated for the sagittal and 

tangential azimuths for 15 frequencies at equal intervals, from 

0.to the specified maximum. 	These MTF values are calculated in 

5 different focal planes, one at the Gaussian image plane and two 

defocused image planes on either side. 	Due to the specific 

interest in through focus MTF in this work, the number of defocused 

planes was increased to 11,5 defocused planes on each side of the 

focal plane. 	The following flow diagram illustrates the structure 

of the program; 
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DIFFRACTION OTF PROGRAM 

The diffraction OTF program, written by M.J. Kidger, was 

also modified to read the file Punch as input. 	The program 

does a polynomial fitting to the wavefront function and 

calculates the OTF by shearing the pupil function. 	In the case 

of polychromatic system the OTF is a weighted sum of mono- 

chromatic OTF values. 	For highest efficiency without losing 

accuracy the integration part is repeated with an increased 

number of Lagrange coefficients until two successive calculations 

agree to within a given "error limit". For reference, this 

difference is printed as "error" in the output. The wavefront 

aberration coefficients which were calculated in the fitting 

routine, are printed in the form of Wjk values. The structure 

of the program is illustrated below. 
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GRAPHICAL PACKAGE (PARTS A-0) 

This is a graphical package for the evaluation and display of 

the optical system qualities, which has been found useful at various 

stages of the designing process. This package uses the "Imperial 

College Computer Centre" graphical library to produce 35 mm microfilm 

plots and is compatible for use with the kingmatic table plotter. 

Therefore use of these programs is restricted to sites which have ICCC 

libraries, if they are to be transferred to other sites a compatible 

(or translation) graphical routines must be added. 	Part A will draw 

the lens and scale it in terms of focal length and then will produce 

sets of MTF vs. frequency curves at certain defocus planes or MTF vs. 

defocus curves at fixed frequency, as specified by an input file SENSE. 

The system data is read from the file PUNCH produced by the geometrical 

OTF program. 	The MTF values are written in the form of matrixes on 	tc 

an output file RESULT which can be used by PART B to produce 3-D bodies 

of MTF as a function of frequency and defocus. 	Those solids (e.g. 

fig 5.b) can be used for studies of the nature of the MTF, but for 

numerical evulation the appropriate cross section produced by PART A, 

should be used. 

File PUNCH can be used by PART C to produce cross sections of 

the aberration function in the various field angles, another input 

file ABERTYP determines whether transverse ray aberrations (e.g fig 7h) 

or wavefront aberrations (e.g. - fig 71) should be produced. 	PART 0 

will use PUNCH as input to produce a lens drawing (fig 7a) with the 

system data in cases of up to 40 surfaces. 
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The DOF of the system is determined graphically and analytically 

(e.g. fig 7.c ) where the frequency of interest, the units and the 

MTF limit are on data statement, rather than on input file. 

The way in which those programs work oan be better understood from 

the following flow diagrams which give the general structure of the 

programs; 
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It follows that it is possible to use any combination 

of PARTS A,C or D with the 0/P of the geometrical OTF program. 

If PART B is to be used, PART A must be used earlier for the 

preparation of I/P data. 
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APPENDIX El  

NINE ELEMENT LENSES 

This appendix illustrates the basic designs for a nine 

element f/5.6 copying lens and a f/2.8 reducing lens optimised 

by V14 and VGOTF in the course of this work. The specifications 

for these lenses were similar to those of the six element 

lenses described in this work. 

A DOF optimisation carried out on those designs confirmed 

the results detailed in Chapters 5, 6, 7 and 8. 
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MINE ELEMENTS COPYING LENS ( SOO NM. 

	..I FOCAL LENGTH 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0.uz04-30 
-0.02396 
0.066660 
0.024800 
0.112360 
0.067250 
0.141110 
-0.03984 
0.000010 
0.039840 
-0.14111 
-0.06725 
-0.11236 
-0.02480 
-0.06666 
0.023960 
-0.02043 
0.000010 

UN 
0.
S
0u0u00 

0.706450 
0.005000 
0.593370 
0.676810 
1.202480 
0.829170 
3.097750 
0.125000 
0.125000 
3.097750 
0.829170 
1.202480 
0.676810 
0.593370 
0.005000 
0.706450 
-0.079370 

'.USi?obs 
.486560 
.000000 
.486560 
.000000 
.691000 
.581440 
.000000 
.581440 
.581440 
.000000 
.581440 
.691000 
.000000 
.486560 
.000000 
.486560 
.000000 
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NINE ELEMENTS REDUCING LENS C GOO NH. ) 
	 .1 FOCAL LENGTH 

CURVF, 
0. 	7480 
-0.01673 
0.072640 
0.039010 
0.113610 
0.061110 
0.137970 
-0.04838 
0.000010 
0.055750 
-0.12822 
-0.02217 
-0.10041 
-0.02009 
-0.05920 
0.043120 
-0.02684 
0.000010 

OR200 
0.672200 
0.010000 
0.507130 
0.010000 
2.040990 
0.125000 
1.943160 
0.768060 
0.831330 
0.898240 
0.125000 
2.602180 
0.010000 
0.510850 
0.010000 
0.918320 
-0.071160 

i'.USP0135  
1.000000 
1.487940 
1.000000 
1.694000 
1.549820 
1.000000 
1.699180 
1.699180 
1.000000 
1.549820 
1.694000 
1.000000 
1.487940 
1.000000 
1.487940 
1.000000 
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