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:1ESTRACT 

Of the different criteria of performance of 

optical systems which have so far been proposed, the 

optical transfer function has rapidly become accepted as 

the preferred criterion. 	This has required the application 

of Fourier techniques to the theory of optical image forming 

processes, a theory which may be applied to compound lens 

systems, even in the presence of aberr-tions. 	This has 

given rise to the need for the development of instruments 

for the measurement of optical transfer functions. 

There are two kinds of method of measuring transfer 

functions namely interferometric methods, and those based 

on the Fourier analysis of the image of a line source (the 

spread function) using scanning methods. 	Both these 

methods are discussed. 

A new and simple method of scanning the line spread 

function has been devisedi permitting measurements of 

optical transfer functions which are repetitive with an 

accuracy of better than 2% . 	Both a reference signal and 

the test signal are derived from the one light source, and 

both are fed into the one photodetector and amplifier. 

This eliminates any errors due to fluctu-tions in light 

intensity, photodetector sensitivity and amplifier gain. 

A null-setting is employed to determine both the modulus 

and phase of the transfer function. 	The test lens is 

mounted on a nodal slide, so that measurements in any off-axis 



position may be made. 	The lens may also be tested in any 

azimuth. 

The measured values of modulus and phase of the 

transfer functions have been correlated wi th theoretical 

values for several lens systems. 	At low apertures, the 

agreement is very good, but at higher apertures the agreement 

is poorer. 	This has been shown to be due to the presence 

of on—axis coma, arising from the decentring of one or more 

of the lens components: 	Measureaents in white light have 

al so been made, and these compared with those obtained with 

monochromatic light. 
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1. 
CHAPTER 1 

A Survey  of Methods for Assessing  Image Quality. 

(1) 	Introduction:— 

Due to diffraction at the finite apertures of 

each component, it is not possible to obtain an optically 

perfect system. 	Hence this effect, as well as the effect 

of aberrations, on image quality must be examined. 

The quality criteria. used in past years, and 

indeed today still, have depended on the type of instrument 

and the use for which it is intended. 	For example, a 

telescope used for astronomical purposes is often required 

to be able to resolve clearly adjacent point objects. 

Again, a terrestrial telescope is required to produce a 

sharp image of an edge. 	Arising from the use of a particular 

type of instrument, there has been associated with the 

instrument a particular test for image quality. 	These 

quality criteria will be mentioned briefly in the next 

section. 

Recently it has been recognised that, by the 

use of Fourier analysis, any object may be considered as 

the superposition of a number of sine wave objects, each 

having a fixed period (or spatial frequency). 	That is, any 

object may be considered as a number of sinusoidal gratings 

of different frequencies superposed in different azimuths. 

These gratings have a distinct advantage as test objects over 

others in that the image formed by an optical system of a 



2. 

sine wave grating is of the same form. 	In addition, with 

this form of image the contrast may be determined from the 

design data, even in the presence of large amounts of 

aberration. 	Imaging gratings of different frequencies can 

then give complete information on the imaging properties of 

a lens system. 	This information, however, does not 

immediately allow the decision to be made that one lens is 

better than another, as further knowledge of the detecting 

system, and indeed of the type of object is required. 

Only then can the most suitable lens for a particular 

purpose be chosen. 

The distinct advantages in using sine wave 

objects, that is using the transfer function of the system, 

are in its generality, and in providing an analytical 

description of the image forming properties of the given 

system. 

(2) 	Criteria for Ima&e Quality in O-Dtical Systems:- 

For an ideal optical system there would be a 

one-to-one correspondence between the object and the image. 

This can never occur in practice due to diffraction 

effects, but in designing a lens system one attempts to 

arrive as close as possible to the "perfect image". 	The 

imaging quality of an optical system may thus be measured 

in terms of the departure from the image that would be 

obtained if the system were diffraction limited. 
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A point source may be considered as the basic 

element to be imaged by an optical system. 	If the system 

is diffraction limited, the distribution of intensity 

the image plane is given by 

n sin a where p= 	p n sin a is the numerical aperture, 

is the wavelength, and p is a radial coordinate in the 

image. 	In the presence of aberrations, this expression 

does not hold, and the image may assume a complicated 

structure. 	It is thus not always possible to apply 

successfully any criterion of performance, based on point— 

source images, to a system. 	Also, due to the small size 

of the scanning ap erture required to make measurement s on 

a point—source image, very little energy is available. 

This may be overcome to some extent by scanning the point 

image with a slit. 	This measures the line spread function 

which is related to the point spread function by the 

expr es si on 	
00 

G(uf ) = fG(u',v') dv' 

where G(ut ,v' ) is the intensi ty distribution in the image 

of a point . 	The line spread function so measured is 

identical if the point source is replaced by a line source 
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parallel to the scanning slit. 

Ewe Gradient 	 : - 

The ideal image of an edge would be a step 

function, 	However, even in a diffraction limited system 

this is not so as the intensity distribution in the image 

follows a monotonically decreasing curve of finite slope. 

The slope at one half the maximum intensity is called the 

"edge gradient", and one finds that this slope decreases 

as the aberration present in the system increases. 	Both 

the image of an edge and the edge gradient are simply 

related to the line spread function. 	(See Figure 2(a)) 

The illuminated region on one side of the edge may be 

considered as composed of an infinite number of line 

sources, and it is the summation of the spread functions 

corresponding to these sources that is the edge—image 

distribution. 

The practical measurement of the edge gradient, 

and its relation to the imaging of extended objects, 

present several difficulties. 	Firstly, the magnification 

of the system under test must be known, as this will alter 

the gradient in the sane way as aberration. 	Secondly, 

the exact focal plane used in imaging extended objects 

must be known. Thirdly, the receptor used in assessing 

the image of an extended object may suffer from non—

linearities, as compared with the receptor used for the 
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measurement of the edge gradient. 	A criterion of image 

quality, taking this into account, and using the edge 

gradient as a starting point, is the acutance. 

In Figure 2(b), the edge image distribution is 

plotted against the logarithm of intensity (this is 

approximately the intensity response of the eye). 	The 

curve is then split up into N segments, and the slope of 

o lg B each, 	* is measured. The mean square gradient is 6g 

then 

( 6 log B )2  //N. 
Ag 

n=1 

To take account of the sweep in the toe and shoulder of 

the curve, arbitrary limits a and b are introduced, the 

acutance then being defined as 

2, Acutance = M #r
g 
/(D

a
- Db) 

(Da- Db) being the density difference between the limits 

a and b. 

As the edge gradient may be obtained from the 

line spread function, so may the acutance. 	Hence the 

acutance may be calculated for various states of correction 

of the optical system. 

Resolution Limits:- 

According to Rayleigh, the images, formed by an 

aberration-free system, of two equally bright objects can 



6. 

be resolved when the first dark ring of one diffraction 

pattern coincides with the central maximum of the other. 

When this is so, the intensity of the central dip in the 

image is 810,6 of that of the two maxima. 	This has proved 

a useful rule but it is not free from a certain 

arbitrariness in the criterion "resolved or not". 

In some fields it has been useful to define the 

resolution limit of a system as the half width of the line 

spread func ti on. 

The resolution limit is determined by the closest 

spacing of the object for which its individual components 

are still detectable in the image. 	Various charts have 

been designed for determining this limit, some consisting 

of two—line objects of different spacings, and some 

containing more than two lines. 	Again, since detectors 

have widely varying sensitivities, it is advisable for test 

measurements of this kind to use the detector intended for 

use with the optical system in practice. 

To use either the edge gradient or the resolution 

I imit as a qual ity criteri on for an opt ical system may be 

quite misleading. 	The average extended object to be 

photographed or examined contains both coarse and fine 

detail. 	The edge gradient or acutance criterion is 

predominantly concerned with coarser detail,that is low 

spatial frequencies, whereas the resolution limit criterion 
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is concerned with finer detail or high spatial frequencies. 

A system may thus have a low acutance but a high resolution, 

or vice versa. 	If a system has a high resolution limit, 

this does not necessarily mean that objects having coarse 

detail will be imaged with good quality. 	It is this 

information that is of ten required. 

Sine Wave Contrast Transfer Function:- 

The image of an object having a sinusoidal 

distribution of intensity has itself a sinusoidal intensity 

distribution but with reduced contrast. 	If sinusoidal 

objects, of different spatial frequencies, are imaged by a 

systcm, the images corresponding to each frequency will 

have different contrast val ues. 	The relation between 

the image contrast and the object contrast is known as the 

contrast transfer function of the system:  and the value 

of this function varies with the spatial frequency of the 

object. 	In addition, there may be a lateral shift of the 

image relative to the geometrical image. 	Eecuase of the 

fact that the image of a sinusoidal object is of the same 

form, it is a simple matter to specify the object-image 

relationship by means of a factor representing both the 

reduction in contrast and the lateral shift. 	This latter 

term may be measured as a phase shift and included with the 

contrast transfer factor to form a single complex number. 

This is cal led the optical transfer function (or frequency 
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response) of the system. 

It should be noted that the optical transfer 

function may be evaluated directly, and more simply, from 

the wave aberration of the optical system without first 

calculating the line spread function. 

Attempts have frequently been made to assign 

a single number as an index of performance from the optical 

transfer function. 	One such method is to specify the 

equivalent bandwidth AB as indicated in Figure 3. 	This 

criterion suffers from the disadvantage that it does not 

specify the shape of the optical transfer function curve, so 

that the value of ,6,B could be misleading. 

(3) 	Conclusion:- 

In 1959, Dixon showed that neither the resolution 

limit nor the edge gradient criteria give sufficient 

information about an optical system's performance. 	These 

tests describe only the performance under specified 

conditions, and depend on the detector employed. 	If, 

however, the optical transfer function is known, it is 

possible to find from it both the resolution limit and the 

edge gradient. 	Thus it is clear that the optical transfer 

function gives sufficient information to be able to assess 

the performance of any system for the conditions under 

which it is to operate. 	An exception might be made in the 

case of the image of a star field, where the object consists 
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of isolated point sources. 	This corresponds to the case 

of a pulse circuit in electronics, where pulse—testing 

techniques are preferable to a detailed knaaledge of the 

frequency response. 	For a lens system of course, the 

"impulse response" is simply the spread function, that is 

the intensity distribution in the image of a point source, 

in the two—dimensional case, or of a line source in the 

one—dimensional case. 
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CHAPTER II 

The Theory of  the Qptical Transfer Function:- 

(1) Introduction  

As mentioned in the previous chapter, the optical 

transfer function is derived from the fact that the image of 

a sinusoidal (or cosinusoidal) object has itself a sinusoidal 

(or cosinusoidal) distribution of intensity. This distribution 

may be reduced in contrast, and also may suffer a lateral 

shift from the geometrical image position. 

The optical transfer function is the normalised 

inverse Fourier transform of the spread function, this latter 

being determined by the distribution of complex amplitude over 

the exit pupil of the optical system. This complex 

amplitude distribution is known as the pupil function, and 

is dependent on the wavefront aberration present in the 

system. 

(2) 3asic Postulatesand General Theory:- 

There are two basic postulates which must be 

satisfied in order that the theory of optical transfer 

finctions is valid. These are the postulates of 

	

(1) 	Superposition 

	

(ii) 	Stationarity or Space Invariance. 

If (i) and (ii) are satisfied, image formation may be 

considered as a passive linear process. 
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Let B1 ' (u v) 13l1   (u4,v') be any two--dimensional 

intensity distributions in the object and image planes 

respectively of an optical system. Then, the postulate of 

superposition requires that 

B1(ut
v)-1- B2(u'v) -).Bt1 

 (ur'
vt)-i- 3'(121 ,v 1 ) 	(1) 

for any B1  and B2. This is satisfied if dif ferent object 

points are mutually incoherent so that intensities are 

additive in the image plane. A self-luminous object is an 

example of this. 

The stationarity postulate requires that the image 

intensity distribution remains unchanged for a lateral shif t 

in the object plane. That is 

1 (u-u0) (v-vo) 	B 	(2) 
1 

This will only be valid for small displacements (u o i vo  ). 

(2) requires that the image of a point source be the same 

for all points in the object. In practice, a small region 

of the image plane is considered, and it is assumed in the 

theoretical treatment that the aberration for the whole 

image is the same as the aberration for the central point 

of the region o f the image cons idered. This i s justifiable 

if the aberration of a system remains constant over a region 

of the image plane which just exceeds the region within which 
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the intensity in the image of a point source differs from 

zero. This is the condi tion of isoplanatism, and it appears 

to be well satisfied in the case of corrected optical systems. 

If this condition were not satisfied, disagreement between 

theoretical and experimental values of the transfer function 

would necessarily occur. This in turn would require a non—

linear theory of optical systems to be investigated. 

Fortunately, good agreement is obtained between theory am: 

experiment, so that the i soplanat is condition may be assumed 

to hold. 

Now any two dimensional distribut ion B(u,v) may 

be represented by a Fourier integral of the form 

00 

B(u01v   0)=. k ff p(so,to  ) co s [ 27r(u0  so  +vo  to  )4.0 so, to  ) ]dsodto  

where k is constant and (s o I t o) are spatial frequencies. 

Each frequency pair (so,t0) in the integrand represents, as 

a function of (u o tv o) a cosine distribution of intensity 

along the direction given by 

tan 0 = t /s o o 

and has lines of constant intensity perpendicular to this 

direction. If new axes (u,v) are now chosen, with the v axis 

along the direction 0, the terms in equation (3) for which 

to/so  = tan 0 = constant, 

will give an intensity distribution varying along the direction 
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u, but constant along the direction v. Thus any two- 

dimensional distribution, such as (3), is the sum over 

all azimuths 0 of the above one dimensional objects. 

This result implies that the imaging properties 

of an optical system may be described by means of curves 

of a single spatial frequency variable for a number of 

azimuths. Also, for experimental purposes, slits and gratings 

in varying azimuths may be used to determine the hnaging 

properties of a system. 

Let G(ut) be the line spread function of an optical 

system. Practically, this means the intensity distribution 

in the image of an infinitely narrow, incoherently illuminated, 

slit lying along the v axis at u=o. Alternatively, G(u') 

may be considered as the output for a unit impulse at u=o. 

Any object distribution B(u) may be regarded as a spatial 

distribution of impulses of strengths B(u):  and for a linear 

system the output will be 

00 

Bt (ut) = f B(u) G(ut-u) du 	(4) 
-00 

This implies that the distribution of intensity in the image 

is given by the convolution of the intensity distribution 

in the object with the spread function. This is shown in 

Figure 4. The Fourier spectra of the functions in (4) are 

related by 

b t (s) = b(s).g(s) 	 (5) 
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where g(s) 
= f 

G(u 1 )exp(-127u1 s)dul etc. 
-co 

The significance of the relation (5) is that a cosine 

grating of the form 

B(u) = a +Pcos 277-us 	 (6) 

will always have an image of the form 

B'(u')= a + T(s)Pcosi27Tuts+0(s)i 	 (7) 

In these equations, u and ut are defined by 

n 1 sina 	 'sina'  
U = ............-1•MsaidwaMIZIN.A. 	

: 
U l  = 	 -........................ I 

?\ 	 ?\ 

where nsina, ntsinal are numerical apertures in the object 

and image spaces respectively, 	and 	are spatial coordinates 

and N in the wavelength. Note that 

u 1  = u, 	v' = v 

give the position of the geometrical image of the point 

(u,v)4 Also, intensity units are chosen such that a uniform 

object distribution of unit intensity gives an image also 

having unit intensity. 

The quantities T(s) and 0(s) are then related to 

g(s) by 

g(s) 
T(s)expii0(s)i = D(s) = — 

g(o) 
(8) 
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T(s) is the contrast transfer function and is the ratio 

of the contrast in the image to that in the object. 0(s) 

is the spatial phase shift, and shifts the component of the 

image of frequency s by an amount 

eut = - 0(s) /27Ts 

relative to the geometrical image. If 0(s) is a linear 

function of s, there results a bodily shift of the image. 

Any non—linear part of 0(s) results in different frequency 

components being shifted by different amounts, giving phase 

distortion. 

D(s) is the optical transfer function, and if 

specified for different azimuths completely describes the 

imaging properties of an optical system. It is important 

to note that only the postulates of superposition and 

stationarity have been used to obtain the relation (8). 

If an optical system were ideal, there would be 

a 1:1 correspondence between points in the object and image 

planes. Then D(s) would take the value unity, that is 

the image would appear with unreduced contrast and zero 

phase shift. However, because of diffraction, light from 

any object -point will spread, resulting in a reduction of 

contrast. The image of a diffraction limited system will 

have a transfer function decreasing with increasing spatial 

frequency. The presence of aberrations causes a further 

decrease in contrast, and may also cause a spatial phase 
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shift. These properties are illustrated in Figure 5.. 

(3) Calculation  of the 0 tical Transfer Function from  
Diffraction Theory :- 

One of the principal advantages of the above theory 

is the possibility of calculating the transfer function from 

the design parameters of an optical system. Tracing rays 

through a system enables the viavefront aberration 7(x,y) to 

be expressed in terms of the relative coordinates (x,y) 

of the points where rays intersect a reference sphere centred 

at Q1  - Figure 6- in the image plane, and passing through 

the exit pupil at E'. For an extra-axial region of the image 

the aperture angle at is here taken to be the angle subtended 

at the image point QT by a point situated on the reference 

sphere and in the sagittal section at a distance hs 
from 

the pupil ray VW (hs 
is the sagittal incidence height 

along this ray at the plane through El). Relative coordinates 

(x,y) are then defined by 

x 	L. x = hs • Y = hs 

The reduced coordinates in the image plane are 

ntsinat V 	ntsinat 77= 
ut -  	r  vt 

.7\ 

and have their origin t=77'=o at Qt. In terms of these 

coordinates, the complex amplitude at the point Pgut,v1)in 
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the image plane is, apart from a constant factor 

U , = exp(iS)11C((x,y)exp[ikW(, y) ] 

A 

6 exp [i27(u'xi-vty)]dxdy 
	(9) 

where k 
	27r 	and S = constant (u'24- v'2). ?(x ,y) is the 

wavefront aberration, and cc(x,y) is the real amplitude 

over the reference sphere. The region of integration A 

corresponds to the aperture of the system. 

To develop the theory further, the pupil function, 

defined by 

f(x,y) = outside A 

is introduced. In an aberration free system with uniform 

transmission over the aperture, Yi(x,y) is zero and a(x,y) 

has unit value, so that f(x,y) has the value unity in A. 

In the case of incoherent objects it is only the intensity 

in the point source image that is required. For this case, 

equation (9) may be written 

F(u',v') f (x,y)exp[i (u'x+v 1 y) ] dxdy 

omitting the phase factor exp(iS) which disappears on taking 

the squared modulus of F(u'lv1 ). The complex amplitude at P' 

is thus exactly the Fourier transform of the pupil function. 

The point spread function is given by 

G(u',v1 ) = IF(u1,v1) 

[a(x,y)exp[ikW(x,y)] in A 
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Now suppose the axes (u',v') and(xt,yt) are chosen 

so that vt and y' lie in the azimuth for which the optical 

transfer function is to be determined. The distribution of 

intensity in the image of an incoherent line source will then 

be given by 
Co 

	

G(ut) = 	G(1.0,v 1 ) dv', 
- co 

and the inverse Fourier transform of this line spread 

function is 
CO 	co 

	

g ( s ) = f 	J' G(ut,vi)dvi exp(-i271'u's) du' 	(10a) 

Also, the inverse Fourier transform of G(u',v') is given 

by 

g(s,t) = ff G(u t ,vi)expi-i277-(uts+v't)idu'dvt (10b) 

A comparison of (10a) and (10b) shows that 

g(s) = g(s,o) 

which gives the inverse transform of the line spread function 

in terms of the inverse transform of the point spread function. 

Equat ion ( lob) may b e writ ten 

or 

co 

g(s,t) = if IF(ul,v 1 )1 2exp[-i2liqu's+vttflduldvt 
-co 
co 

g(s,t) = f(x + S ,y + 1).ec(x- 2,y- 1 ) dxdy (11) 
2 	22 	2 
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Putting t=o in equation (11) gives for the optical transfer 

function 
00 

D(s) 	 A = 	ff f(x+ - 2'  y).fx(x - 2
,y) dxdy 
	(12) 

-00 

00 

where 
	

A = g(o) = g(°/°)  = Af(x,Y)12dxdy 

Since the influence on diffraction of the non-

uniformity of amplitude over the wave is generally negligible 

compared with the phase errors associated with aberration, 

it is usually permissible to write 

a(x,y) = 1 

Then equation (12) becomes 

D(s) = A f f expiik[W(x+3,y) - la(x-2,y)fl dxdy 	(13) 

S 

where S is the region common to two pupils centred on the 

points ( 2, o), (- i,o) respectively. The pupil domain A, 

and the displaced pupils Al  and A2, and the region of 

integration S are illustrated in Figure 7. 

If a system is free from aberration, 7(x,y) = o 

and then 

D(s) 	Do(s) = A 
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When s is greater than or equal to 2, there is no area S in 

common, and so 

D(s) = o 

This is the limit of resolut ion, and from the equation 

7\ 

we obtain 
0.57\ 

nIsinat 

This is simply the classical resolution limit 

Returning to equation (13), we may write 

V(X,y,$) = 1 — [W(x+2 	S  tY) 	.,0t—py) 

1 	S 	III 	1 
!  = “ 	Xpy)+'-- (w) jx 	(x,y)+ --(-) j x 

	

3! 4 	5 2 x  

so that 

D(s)- 	ffexp iiksV(x,y,$)] dxdy 	 ( 1 4 ) 

From (14), several properties of the transfer function may 

be derived. Firstly, we have 

T(s) = ID( )1 

dxdy 

.a. T(s) C To(s) 
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That is, for a system with aberration, the contrast is less 

than that for an aberration-free system for all spatial 

frequencies other than s=o and s=2. These correspond to zero 

frequency and the resolution limit respectively. 

Secondly, it is easy to show that the slope of the 

curve of T(s) at s=o is independent of the aberration present 

in the system. That is 

r a T(s)]  

as 
s=0 

aT(s)- 
o 

as 

This result explains why coarse structure in an object is 

discerned, even in poorly corrected systems. 

Thirdly, it may be seen that for a large amount of 

aberration present in the system, the transfer function will be 

small except for the smaller values of s. 

It is evident then, that the smaller the aberration 

present in a system, the finer the detail that may be resolved 

with good contrast in the image. 

It has been shown that for a geometrical approximation, 

equation (14) becomes 

DG 	A (s) - 	ff exp iias.7x(x,y)i dxdy 

A 

the region of integration being the whole pupil. It is clear 

that this approximation will hold only in the low frequency region 

Since the transfer function has significance in this region only 
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when the aberrations are large, it is to be expected that 

geometrical optics will hold for larger aberrations. 

For a circular pupil, calculations of the transfer 

functions for aberration-free defocussed systems, and for 

systems with astigmatism, were first made in 1955 by Hopkins 

and De. These curves showed a rapid collapse of the response 

for spatial frequencies above about s = 0.20. In 1958, 

Goodbody calculated the transfer functions in the presence 

of spherical aberration and coma. More recently Hindley has, 

using computer facilities, obtained transfer functions in 

the presence of any aberration, whether this be a single 

aberration such as coma or a combination of aberrations. 

It should be noted here that when the pupil A is 

symmetrical and VT(x,y) is an even function of the aperture, 

the optical transfer function given by (14) is real. This 

means that the phase term 0(s) is either zero or IT, the 

latter corresponding to the reversal of contrast in the image. 

The above formulation of the theory makes 

possible the derivation of a criterion for image quality. 

It is possible to find a value of spatial frequency s 

sufficiently small so as to male the modulus of the transfer 

function differ from that obtained in a diffraction limited 

system by as small an amount as desired. This is true even 

when large aberrations are present. The ratio of the 

moduli of the transfer functions, with and without aberration, 



is given by 

M(s) = 

   

24. 

  

S ffexp tiks V(x,y,$)1 dxdy 

  

D(s) 
Do(s) 

   

    

and the condition 

M(s) 	0.80 

provides a useful criterion for image quality. This leads to 

the following expression (Hopkins 1957) 

2,77-2s2 
M(s) > 1 	

?\2 
	K( s ) 
	

(15) 

where 
c K(s) = § IfOr(x,y,$)]2dxdy 	liAr(x,y,$)dxdyi 2  

K(s) is the variance of \(x Yts) • 

The relation (15) is valid provided the right hand side exceeds 

zero; when the right hand side exceeds about 0.70, the 

inequality may be replaced by an equal sign with good 

approximation. Since K(s) is a positive quadratic function 

of the aberration coefficients, it may be minimised with 

respect to any aberration coefficient .17. by satisfying the jk 
relation 

K(s) 
= 0 

jk 
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It is found that the above tolerance theory is 

valid for any frequency range, provided that M(s) exceeds 0.70. 

If the frequency range includes values of s?„ 0.20, the results 

of this treatment agree closely with those found using 

Marechal's formulation of the Strehl tolerance theory. This 

latter is simpler to apply practically, and is therefore 

preferred for cases with spatial frequency bandwidths exceeding 

0.20. It is only in the range s C 0.20 that the tolerance 

based on transfer function theory is of greatest practical 

value. 
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CHAPTER III 

A Survey_pi Methods for Measuring 0-yt is al Trans fer Func ti ons 

(1) Introduction 

Various methods of determining the optical transfer 

functionpractically have been devised. 	In this chapter, 

each method will be discussed briefly, the emphasis being 

placed on more recent methods. 

(2) Direct Scanning Methods:- 

It is sufficient to determine the distribution of 

intensity in the image of a point or line source for the 

evaluation of the transfer func ti on. 	Author s, such as 

Naish, R.E. Hopkins, Herriot, Kwabara, and others, have 

devised various techniques for doing this. 	The direct 

scanning method has, however, a serious drawback in that any 

fluctuations in light intensity will lead to incorrect values. 

Recently, K.Gt Birch has been able to obtain spread functions 

with reproducible int en si ty di stributi ons, using a highly 

stabilised light source 	To obtain the inverse Fourier 

transform of this intensity distribution, considerable 

calculation is needed; a large fraction of this may be 

avoided if the inverse Fourier transform can be determined 

directly. 

(3) Scannin with Periodic Screens:- 

If the spread function is scanned with a periodic 

screen, the inverse Fourier transform may be obtained 
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directly. 	Alternatively, one may use a periodic screen in 

the object plane, and scan the iringe with a slit. 	Schade, 

Lindberg, and Inglestam et al have used such methods, 

employing periodic screens of varying frequencies. 	Both 

modulus and phase measurements have be en obt ainab 1 e but 

difficulties, both mechanical and optical, have been 

encountered, thus producing errors; in some cases it has been 

necessary to move the periodic screens at constant speed 

across the spread function. 	Also, it is difficult to make 

a series of accurate screens having sinusoidal transparency 

of different frequencies. 	A method of determining the inverse 

Fourier transform using a screen of single frequency would 

therefore be advantageous. 	Born, Firth and Pringle devised 

such a method in which a slit rotates relative to a moving 

grating, the image of a line source being arranged perpendicular 

to this slit for all rotations. 	K.G. Birch has also an?loyed 

this method. 

With these scanning methods, the light is converted 

into electrical signals by means of a photo-detector, the 

output being related directly to the optical transfer function. 

A number of modifications of the above methods have 

been adopted by, various authors, but these need not be 

described here. 

(4) 	Interferometric Methods:- 

It was shown by Hopkins (1955) that the optical 

transfer function could be determined by measuring the total 
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light flux in an interference pattern as a function of the 

path difference in the two arms of an interferometer. 	Such 

an interferometer was constructed by Kelsall (1959), the 

design being shown in Figure (8). 	Montgomery (1961) 

simplified this design and al so employed a polarisation 

technique —Cerenkul (1964) used a shearing int erfermoeter of 

this type to measure transfer functions in the presence of 

primary coma. 	He was able to obtain good agreement with the 

theoretical values of both modulus and phase of the transfer 

func ti ons. 

(5) Conclusion: 

The two most successful methods to date appear to be 

the int erfermoetri c ane thod, and the t ype of me thod as us ed 

by Born; Firth and Pringle, and Birch. 	It is a modified 

version of the latter method that is in fact used for the 

present work and results suggest that this method is the 

sir:y.)1.0st and most Satisfying one. • • 
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CHAPTER IV 

A General Descri-Dti on of the C-Aical Transfer Function Test 

Bench.  

(1) Introducti on:- 

In this chapter a qualitative description of the' 

methods involved, and the construe ti on of the apparatus wi 11 

be given. 	It is desirable that the general layout of the 

apparatus be known, in order that the theory, to be described 

in detail in the next chaper, may be followed. 	In chapter VI 

a piece-wise detailed description of the components will be 

given* 

(2) A Method for Determining 0-3tical Transfer Functions. 

In order to determine the transfer function of an 

optical system, it is necessary to obtain the inverse Fourier 

transform of the point spread function or the line spread 

functions 	If the line spread function is considered, one 

convenient way of Fourier analysing it is as shown in Figure 

(9a), where the test lens is shown working with one infinite 

conjugate. 

The dis tributi on of int ensity along the 1 ength of the 

exit slit when parallel to the '-axis is in fact the line 

spread function. 	If the exit slit is now rotated through 

an angle 9, the di stributi on of int ensity along its length 

is modified by a term dependent on co. 	If the exit slit is 

also scanned by a moving grating (of fixed frequency or period), 
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it may be shown (see following chapter) that the output 

light flux is, apart from numerical factors, the value of the 

inverse Fourier transform of the spread function for the 

spatial frequency so  tan co, where so  is the spatial 
4 

frequency of the grating, andA is the angle between the 

length of the slit and the lines on the grating. 	VIhen .  9 

is zero, that is parallel to the grating lines, the 

corresponding spatial frequency is also zero. 	Thus, by 

rotating the exit slit relative to the grating lines; a range 

of spatial frequencies varying upwards from zero to infinity 

may be obtained. 	In practice, one is interested only in 

spatial frequencies varying between zero and the value 

corresponding to the resolution limit, that is 

0 < s < 2 

where s is the reduced spatial frequencye, 

As mentioned above, the light output from the slit— 

grating combination contains the inverse Fourier transform 

of the line spread functioni namely g ( s ) . 	It would also 

be advantageous to obtain simultaneously the value g(0) 

because the ultimate aim is to determine D(s) where 

D(s) = g(s) = T(s) exp 	O(s)} 
g(0) 

A convenient way of doing this is illustrated in Figure (9b). 

This shows a graticule containing a straight slit and a 

circular sl it, behind which is the scanning grating. 	The 
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shaded area indicates the intensity distribution in the 

line spread function. 	Suppose that the graticule is 

mounted accurately in a bearing. 	As the bearing rotates 

through an angle 9, the straight slit (or rectangular slit ) 

effectively scans the spread function at spatial frequency s, 

where 

s = 1 tan 9 

A 
Also , the secti ons of the circular s lit scan the spread 

function at spatial frequency 

s = 1 tan 0 = 0 

Hence, it is possible in this way to obtain simultaneously 

the inverse Fourier transform of the 1 ine spread function at 

spatial frequencies (1 tan 9) and zero . 	I f t hen the 
p 

corresponding light fluxes are compared, one may obtain the 

ratio g(s)/g(o). 

A qualitative way of seeing how s id dependent on 

tan 9 is illustrated in Figure (9c), where the shaded area 

indicates the spread function distribution. 	In case 	(i), 

the scanning sl it is parallel to the grating 1 ines, and t he 

scale of the spread function al ong the slit is 12•  

In case (ii) the scale of the spread function is 

where 

= 
cos 9 
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Also, the separation of the lines of ttvs scanning grating, 

as seen along the slit, is increased by the factor 	1 
sin rp 

that is 

p -÷ p/sin 9 

Hence the effective spation frequency at which the spread 

function is given by 

Spatial Frequency = sin (p  . 1 = 1 tan 9 = s 
p 	cos 9 p 

In case (iii) the scale of the spread function is infinite, 

while the line spacing of the grating along the sl it is p. 

Hence the spatial frequency is infinite which agrees with 

the value 

(-1  tan 9) 	00. 
9=7 2 

The light flux from the rectangular slit — referred 

to hereafter as the scanning slit — may be written in the 

form 

F = A(s) cos cot 	0(s)} 

where A(6)i 0(s ) are functions of the orientation 9, and 

thus of spatial frequency s, A(s) being an amplitude term and 

0(s) a phase term. 	0.)(=2iry ) is the angular frequency of the 

signal, which depends on the grating frequency and its 

speed, and t is time. 	The light flux from the sections A 

of the circular slit — hereafter referred to as the reference 

slits — may be similarly written in the form 

Fo = B(0) cos (cot) 
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(The phase 0(s) is chosen to be zero at zero spatial 

frequency.) 

If now these two light fluxes F and F0  are fed 

into one photomultiplier, the electrical signal output will 

take the form 

F = F + F0 
 = A(s)cosiWt + 0(s)} + 3(0)cos(Wt) 

If the value of 0(s) is changed to a new value of tir by 

shifting the spread function laterally (refer to chapter II), 

the resulting signal is 

F = iB(0) - A(s)1 cos(wt) 

If now the intensity B(0) is attenuated until it is equal to 

A(s), the resultant signal is zero in value. 

This combination of rectangular and circular slits 

is, then, the basis of a null-setting method for determining 

the optical transfer function D(s). 	The modulus T(s) is 

determined as a function of the attenuation of the reference 

signal required, and the phase 0(s) is a function of the 

lateral shift of the spread function. 	The attenuation is 

produced by means of density wedges, and the lateral' shift. 

is produced by a parallel plate micrometer placed just in 

front of the scanning and reference slits. 

It is importantto note that only one photodetector is 

used in this method, thus eliminating any errors due to 

fluctuations in photolultiplier sensitivity. 	Also, since 

a null-test is employed, amplifier linearity is not important. 
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Thirdly, any fluctuations of light intensity in the source 

introduce no errors, as both the scanning and reference 

signals are affected in a similar way. 	The accuracy of the 

null setting is thus determined solely by the signal to noise 

ratio and the resulting measurements then rely only on the 

calibrations of the parallel, plate micrometer and the density 

wedges used for attenuations 

( 3 ) 	A General Deacrilption of the .rnaratus:- 

Figure (10) shows a block representation of the 

apparatus used‘ 	The light source L illuminates incoherently 

the object slit which is arranged to be in the back focal 

plane of the lens to be tested (T/L). 	The light emerging 

from the test-lens is thus collimated. 	This arrangement is 

desirable for testing systems working with one infinite conjugate. 

For systems working with finite conjugates, this arrangement 

would require a slight alteration. 	This is also true for 

telescopic systems. 

Following the test-lens is a decollimator C which 

produces an image of the object slit at Z1. 	Near to 	however, 

is placed a magnifying system to enlarge this image to a 

suitable size. 	The magnification is chosen so that a useful 

range of spatial frequencies may be covered when the scanning slit 

is rotated through a maximum angle 9 of 450. 	The image of the 

object slit then a ears at Z2. 
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In the beam converging to Z2  arc placed a parallel 

plate micrometer and an image rotating prism. 	The former 

provides the means for obtaining phase measurement s, as 

mentioned above, while the latter is used to return the image 

of the object slit to a direction perpendicular to the scanning 

grating lines when the object slit is in different azimuths. 

The image rotating prism must precede the parallel plate 

micrometer, as lateral shifts of the spread function are 

required in order to determine the phase of the transfer 

func t ion. 

In the plane through Z2 and perpendicular to the 

optical axis, a graticule is placed containing the 

rectangular and circular slits. 	This graticule is mounted 

in a precision bearing which may be rotated through any 

angle cp. 	In close prpxtrtity to the graticule is the scanning 

grating containing lines of a fixed separation. 	It is in 

fact a square wave grating mounted around the periphery of a 

glass cylinder. 

Following the scanning grating is an optical system 

which feeds the light from the scanning slit directly into 

a photcmaltiplier tube. 	The light from the reference slits 

is fed to the same photomultiplier tube after first passing 

through density wedges. 	The layout of these components is 

shown in Figure (11). 	The output from the photomultiplier 

is fed through a frequency-selective amplification system, 
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and then to a final detecting circuit which enables the 

null—reading to be observed. 

From this brief description of the ap-mratus, it is 

pcssible to visualise the apparatus as consisting essentially 

of two "black boxes" — one containing the illuminating system 

and object slit; the other containing the scanning system 

and detector. 	This concept is illustrated in Figure (12). 

Any optical system may then be placed between the two boxes and 

its transfer function determined. 	In addition, if the spread 

function is required to be scanned directly, a beam splitter 

may be inserted in the light path as shown in Figure (12)i 

The concept of two "black boxes" is very realistic, 

and thus makes the instrument an extremely versatile unit 
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CHAPT.E.I.A. V 

Theory of the ,Method of~ Ins trument o e rat ion. 

(1) Introduction 

In this chapter a detailed analysis of the methods 

of operation of the instrument will be given. Expressions for 

the light flux leaving the scanning grating will first be 

derived. Then it will be shown how the parameters in these 

expressions may be chosen in order that the signal to noise 

ratio may be optimised.. Next, tolerances on, for example, 

the shape of the object slit, and other parameters will be 

derived. Finally, expressions for the actual signals fed to 

the photomultiplier will be obtained. 

( 2) ih22zatis2.lA.aaLyfji asZsa.tann 	Technique .  

The notation to be used here is identical with 

that used in Chapter II, 

Let 13(u) be the distribution of intensity in the 

object plane of an optical system - in this case B(u) refers 

to the intensity distribution across the object slit. Also, 

let Bt(ui) be the intensity distribution in the image plane. 

Then one may write 
Co 

B1(11 1 ) . 	B(u)G(ul—u) du f 	 (1) 
-00 

where G(u1 ) is the line spread function in the image plane 

of the system. Taking inverse Fourier transforms, one obtains 

b'(s) = b(s) g(s) 	 (2) 
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where g(s) is the inverse Fourier transform of G(u') and 

b(s), b'(s) are the inverse Fourier transforms of D(u) and 

)5 1(u.') respectively. s is the spatial frequency. Equations (1) 

and (2) express the fact that the convolution of functions in 

the space domain goes over to the product of functions in the 

frequency domain. 

Referring now to Figure 13(a) where the relevant 

coordinates are shown, let .ABCD be a rectangular slit, of 

length a and width b, placed in the image plane at an angle 0 

to the u'—axis. The image of the object slit , which is set 

to be in coincidence with the v'—axis, falls on the former 

.slit, and it is necessary to find the distribution of intensity 

as seen through this "scanning" slit. The transparency of 

the slit may be represented by 

T(1.0,v 1 ) = U(u').V(v') 

where 	U(u')=1, 
	

l ull 
	

Tacos 0 

V(v1)=1, u'tanO lbsecustan0+-bsec0 

Then, the distribution of intensity, as seen through the slit, 

i s 

B 1 (10).U(u1 ).V(vt) 	 (3) 

Suppose now a moving grating is placed behind the scanning 

slit as shown in Figure 13(b). Let this grating have a 

transparency varying with position, which at time t=o may be 

represented by the Fourier series 

co 
= 	J4  exp[—i 2gn  vti n=  --co 

n= 0,1,2,... 

(4) 
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4t. 
where p is the grating period (in reduced coordinates). At a 

later time t after the initial instant t=o, the transparency 

at the point 	will be 

( . 27n 
3 ( 1 —yt) = 	jn  expt-1 7— 

— co 
v —yt)i 

or 
00 

3i (v 1 -Yt) = E j exp?Pn  vq.expH. 22-11 yti (5) 
00  n 

where y is the tangential speed of the grating. 

Now the total light flux, as seen looking through 

the grating, is 

F(0,t) = ff Et(11 1 ).U(ut).V(v 1 ).3'(vt-yt)duldvt 	(6) 
utv' 

We may allow the limits of integration for ut to extend to ± 

if the length a of the scanning slit is such that 

Bt(ut) = o for lutIA-acos0 

That is to say, the limits of integration may extend to ±00 

provided the image intensity distribution does not have a 

lateral dimension exceeding acos0 in value. 

The limits of integration for vt are determined by 

the range of vt values for which the scanning slit is 

transparent, namely 

uttan0- lbsecKy'.‹,Uttan01-lbsec0 



(grlb ) 
-ocos0 .bg-tan0).expii 2vn  yti 

(8) 

sin 

Thus 

F(0,0 

uttanch-lbsec0 

i.Bi(ut) 	jn  
-co 

ultan0-lbsec0 

exA . 27TH . 2gn 
- 1 	vliexph. P 

or 
co 	u'tanch-Ebsec0 

F(0,t) = iBt(u 1 ) [ 
f 
	jnexpi-i 2.7La v c 2gn. 

CO 
ultan0-lbsec0 

(7) 

ultan0+lbsec0 

Now jn  exp 
-co 

ultanci-lbsec0 

2arn --lidvt 
00 

z 
•"00 

in 

 

Zgn ultan0/ 

   

.sin 

which substituted into (7) giVes 

= 	33 1 (11 1 ).Z jn.expi-i --- u tan0i4sin(7;0). 
00 	 gni) 

p F(0 t 	 2gn 

Tn 
T) 

(2.1rn 	) expz i--- yt 3 du' 

Collecting under the integral sign the terms in ut, this last 

expression may be written 

•••• 00 	 -̀̀ 00 

F(0, t) = E jn. 
— co 



Thus 

b(ns) = f K.exp f-i2gns.td du = K. 

-d/2  

d 2 
sin (imsd) 

(Uhs) 

co 

where b' (ntan0) = f 0'(11 )expi-i27T(ntanCuti dui is, 
m 

by definition, the inverse Fourier transform of D 1(10). 
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Introducing now the notation 

= 1 	1 s = stan0 = -tan 0, 

where so is the fundamental frequency of the grating, one 

obtains 

00 	sin 
WTISob) 

O F(O j t) = E in 	
coS 	.bl(ns).exp[i2ffnsoyti 	(9) 

""CO 	 ?Tns 

From the relation (2), b'(ns) = b(ns).g(ns) so that 

Wnsob 
sin( cos - 

) 

in. 	 

-- 0 -----
.b(ns).g(ns).exp[i2unsoyti 

	

(lrnso) 	 (10) 

Now the geometrical image of a rectangular slit is 

itself a rectangular slit. If it is assumed that the object 

slit is uniformly illuminated then one may write 

13(u) = K 

=0 

2 

2 

where d is the slit width in reduced coordinates. 

F(G,t) = 
00 



Hence 
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CO 

F(0,t) = 
— 00 in' 

(71-nsob) 
sin. 	 

.K. sin(Trnsd) g(ns) 

  

    

 

(7711S ) 

 

(irns) 

 

.expii2Wnsoyti 	(11) 

(11) shows that the light flux F(0,t) leaving the grating 

varies periodically with time. F(0,t) is real, and the right 

hand side of (11) is the complex Fourier series representing it. 

Now for a real function F(t) of period T, the complex Fourier 

series has the form 

Co 

F(t) = 2 jn  exp 	27Th 
t 

and writing 

jn = 7 an expk ni 	j = i ann 

this takes the form 

00 
F(t) = E an cos i 277-nt n 0 

Thus, only the zero and positive values of n are selected, and 

then, in the complex series, 

o = amplitude of the D.C. level 

2jn  = complex amplitude of the A.C. term of 

frequency (n/T). 
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Hence in (11)i if only the D.C. term (n=o) and the 

fundamental frequency term (n=1) are selected, the light 

flux, as seen through the grating, may be written 

Fo,1(0,t) = jo.(cipos0) .K.d.g(0) 

Vsob\  
+ 2Ij11.sin  (-737°) 	sin (wsd)1g(s)1 1 cos[27rysot 

(Its o) 7W77  

+ arg(j1 )+arg(g(s))1 	 (12) 

If the DeC4 component is also removed, then 

F1(0,t)  = 21j 

(Wsob 

.(b Or.sin cos4  .K.d.sinsd),  
cos0 	 (ITsd) irsob ( 	\‘ 

cos0 

Os) I 

icos 2wysot+arg(j1 )+arg(g(s))] 	(13) 

(13) gives the light flux F1(0,t) in terms of the different 

parameters of the system, and the modulus and phase of g(s), 

the inverse Fourier transform of the line spread function 

of the system under test. 

If the value 0=0 is chosen — that is, the scanning 

slit is arranged to be parallel to the ue_axis — the 

expression for the AlCji component of the light flux, (13), 
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reduces to 

F/ (0,t) = 2141b.sin(7rsob).k.d. g(0)I.cosi2Trysot 	arg(j i ) 

arg(g(Q))i (14) 

Also, the ratio of the an?litudes of the fundamental 

frequency for 9 = 9 and 9 = 0 is given. by 

F1(9) 
F1(0) = 

(77's0
b 

) 
sin(cos 

(rs„13) 
. sin (Trsd) . T(s) 	(15) 

-- 

where T(s) apil is the modulus of the optical 0) 

transfer function of the systen for the apatial frequency 

s = so tan 9, where so(= 1) is the spatial frequency of 

the fundamental of the grating. 

The phase of the fundamental term (13) is 

arg(j1 ) 	arg(g(s)) 

in which arg(j1) is constant and 

arg(g(s)) = 0(s) 

is the phase of the optical transfer function. 	If the 

phase zero is chosen such that 0(0) = 0, the transfer 

function may be written in the form 

D(s) =(0) = T(s) exAi 0(s)} 	(16) 

From (15) it may be seen that, apart from two 

correction factors, the optical transfer function at 

spatial frequency s is given by the ratio of two light 
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fluxes seen through the grating when the scanning sl it is 

at angles of 	and zero relative to the grating lines. 

The two correction factors are due to the finite widths of 

(7-rsob• ) 

(a) the scanning slit --sin cos  cD 
gil"(ITS '0) 

0 

(b) the geometrical image of the object sl it - sin (IrjC1)  
(7rsd) 

As will be seen in a later section, these factors are not 

negligible, and if omitted from (15) would lead to 

significant errors in the values of D(8). 

In practice, the light from the scanning slit, 

together with the 1 ight from the tvo reference s lit s (for:_ led 

by selecting the parts of the circular slit at which 9 =0) is 

fed into one photomultiplier. 	The output signal from the 

photomultiplier is thus proportional to the sum of the light 

fluxes from both the scanning si it and the two reference 

slits. 	The light from the scanning slit is phase shifted to 

give a minimum output signal, and the light from the reference 

slits is then attenuated until zero output signal is obtained. 

(3) 	Optimisation of Parameters for  Si.gnal  to  Noise Ratio:- 

The expression (12) gives the total light flux 

F oti ( s t) seen looking through the grating, namely 
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ITS b 

Foil(Tt) = jocos T 	+ 2Ij I.sin cos p 

ITS 
0 

X 	Vri O4ain(d)Od0 

Tzrsd) 
.cosi2gysot + arg(ji ) 

+ arg(g(s)fl 

This light flux contains a D.C. term (first term), and an 

A.C. term (second teen) of frequency yso(=y/p). 	Rewriting 

the above in terms of the modulus T(s) and phase 0(s) of the 

optical transfer function, and taking 

= 	 0(0) = 0 , 

one obtains 

F 	(Tit) = j o,1 	o cos w 

(Vs b 

1:sin cos_j .k.sin(vds).g(0).T(s).cos[2vyso 

, 	o 

(1e6-01 	TiiaT 

gi  e(s)i (17) 

and for T = 0 

Foil' (0 t) = jo.b.K.d.g(0) + 2141.b.N.d.g(0).sin(rsob ).t(0) 
(7rs b) 

cos2vysot + pil 	(18) 

If one assumes uniform illumination of the object slit , 

and consequently uniform intensity along the length of its 



This relation gives 
(us b 

sin(Trsd) 	sin 	cosT,  2[A(s) 	= ' sin (vso
b)$ T(s) .  
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image, the total light flux entering the -Dhotomultiplier 

will be 

F = F00.(T,t) 	2 F0  1(0,t) 

where F0,1(pt)  and  F0,1(0,t)  are given by (17) and (18) 

respectively. 	The flux F01 (9,t) is phase shifted to 

produce a minimum output signal, and then the flux 

2 Fo,1(0
'
0 is attenuated to produce zero output signal. 

If [A(s)?dal 	is the attenuation required to 

produce zero A.C. output signal when co has the value 

corresponding to the spatial frequency s = so  tan p 	n , the 

tiwtotal A.C. light flux equated to zero gives 
sob 

_2_ 	ir F1 = 21j .b.k.d.g(0) sin cos • in( sd) 
• 

Orsd) T(s) (irsob) 

snOrs b — 2 A(s) 	i 	 0 
)3a1A 	(irsob) 

(19) 

F is the difference of the amplitudes of the A.C. 
1 

components of (17 and (18), where, from definition 

T(0) = 1. 

When near balance, an attenuation setting 

A( s ) = €A(s)13,1.  + 6A(s) 
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will correspond to an error 6T(s) in T(s) given by 

26A(s) 
rirsob 

sin(irscl) sin cos c 
--"Tirsd ob ST((s) 

Thus, from (19), the A.C. component of flux when out of 

balance by an amount SA(s) is given numerical ly by 

6'F1  = 2141.b.k.d.g(0).2SA(s).sin(Irsob ) or, expressing 

irs  SA(s) in terns of orT(s), and including 	S which 

represents the signal sensitivity of the detector 
(irsob 

2141.S.b.k.d.g(0).sin(ttscl).sin  cos cp).6r(s) 1 	 (irs ob ) 

(20) 

In addition to the A.C. signal given by (20), there 

will be a noise signal generated. 	The noise is 

predominantly due to photon fluctuations in the light bean; 

this effect is taken to be much more significant than 

effects due to Johnson noise etc. 	In the classical 

approximation, that is for a large number of photons 

present, the root man square fluctuation in photon flux 

density is given by 

• 5fr7-1.2  = —n 

where n as the mean photon density. 	Thus the noise signal 

is given by 

FN = (Total light flux)-2- 



51. 

Now the total D.C. light flux from both the scanning slit 

and the two reference slits, when the system is near balance 

is given, from (17) and (18) by 

Fo = jo (cos0 .K.d.g(0)+2A(s).j0.b.K.d.g(o) 

where A(s) is the attenuation of the flux from the two 

reference slits. That is 

F = j .b.diK.g(0)  0 	cos0  
2A(s)1 	 (21) 

The bracketed term in (21) is insensitive to small variations 

in the values of so b, and di  and varies in the range of 

approximately 1.3±0.1 for values of 0 (1.‹. ¢C 	The 

remaining factors of (21) have the greatest effect on the 

C. flux. The noise signal due to photon fluctuations is 

therefore, to a good approximation, 

jo.b.K.d.g(0) 	]2  
ON = SN 1.3 

where SN is the noise sensitivity of the detector. For an 

out of balance signal corresponding to an error ST(s), the 

signal to noise ratio is given by 

ISignal/Noisel 
S01 	1 (S (21j1 (sin(ffsd) 

= 	= 	) 	• 7) 	irsd2  N 473 N Jo   

(msob 

(sin Va7W).47-(;).ST(s) 
irs0B7  

(22) 
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The factors in (22) have the following significance :- 

( 	
Signal sensitivity of Photo-detector 

SN 
	•V•MI 	  

Noise sensit ivity of Photo-detector 

(210=
Amplitude of grating fundamental 

(Mean transmission of grating) 2  

s in(irsd) 
Effect due to finite height of object slit. 

(a)  

(b)  

(c)  

(d) 
sin sob)cos Effect due to finite height of scanning slit. 

  

I 	miallocliarag 

  

ITS 
0
b2 

(e) Ig(o) is a photometric term. 

It should be noted that the noise simal ON  will 

be modified to some extent by the bandwidth al of the 

detecting apparatus. However, this is a separate effect, and 

will not be considered at this juncture. 

It is clear from (22) that the signal to noise 

ratio should be made as large as possible in order that the 

sens it ivity or accuracy of the instrument be maximised. The 

larger the signal to noise ratio, the anal ler is the value.' 

of OIT(s) that can be sensibly detected. Alternatively, for a 
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small error ST(s) in T(s) to be detected, the factors in (22) 

must be maximised. 

Considering first the factor (c) in (22), for this 

to be a maximum 

a[(c)] 
••••••••••111Mil.~1••••••••••=.....M.M1 

	
0 

ad 

This is so when 

tan (7rsd ) = 2(v-sd) 

Similarly for the factor (d) in (22), one obtains as a 

condition for maximum value 

Aso tan( ---2-- 
) 

cos 

2/  vsob 

cos(' 

Solving these equations graphically gives 

irsd = 	?T(P) tan 0 = 1.167 

vsob = 	1 
V(—) 	= 1.167 

cosO 	cos0 

(23) 

As may be seen, a particular angle 0 must be chosen at which 

to maximise the signal to noise ratio. Now the signal 

strength will, in general, decrease with increasing spatial 

frequency, so that it would appear advantageous to have a 

maximum signal to noise ratio at a high spatial frequency. 

From practical considerations it appears useful to choose 

0 = 1. Then one obtains from (23) 

= 0.372 ; r = 0.262 . 
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If a different value of 0 is chosen for 

optimisation, different values of (—) and (—) will be 

obtained. Figure 14(a) shows the variation of (—) with 0 

to give maximum signal to noise ratio. The relation between 

(—) and 0 gives a similar curve. 

Figure 14(b) shows the variation of signal to noise 
7T ratio with (—) for a fixed value of 0(= 4). The value 100 

has been chosen arbitarily as the maximum value. As may 

be seen, the curve is slowly varying, so that the value of 

(—) is not particularly critical. The same holds for (12
P
). 

Turning now to the factor (b), the value of 
2ii i i 	is determined by the mark: space ratio of the 

o scanning grating. The grating may be considered to have a 

transparency T(vt) where 

	

3(v') = 0 , 	- P/2  <vl< T 

= 1 	, 	- T <v '< T 
	see Figure tiiiitiE)05.  

= 0 	, 	T <v'< 13  I 2  

This transparency is represented by the Fourier series 

3(v') = E 	jn  exp 	271-n vt] 
"00 

where 

= 

/P/2 
1 ) exp(i2Trn vt) dv,  
P 

13/2 
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If the terms of order n=0 (D.C) and n=1 (fundamental) are 
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chosen, then T 
1 f 
P _T  

CIT 

1 
1 exp (i 20 vt) dv' = 

T 	p 

sin (22Z) 
ma MOM 4.000011Pmniminlosi•21.41 

7T 

Thus 

 

2111  = 2 
• 

 

430  

   

This has a maximum value when 

?.a; = 1.167 or . 	= 0.372. 
p 	 p 

Hence the mark to space ratio required to maximise 

is 

M:S = 0.372 : 0.628 x 4:9 

The physical significance of this result may be seen in 

Figure 15. For a fine line scanning the spread function, 

there will be a small D.C. level and a mall A.C. level. 

As the line width increases, so does the D.C. level and also 

the A.C. level, the ratio of these levels being given by 

As the line width increases still further, the D.C. 

417 
level rises until it eventually swamps any A.C. present. 
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The factor (a) in (12) is a function of the 

sensitivity of the photodetector, and thus represents a 

constant in the signal to noise ratio expression (601/0N) 

(4) Influence of Variation in a..  Intensity in  §pread 17unction -.a. 	 mmeamm. 

In all the foregoing discussion it has been assumed 

that the intensity distribution in the spread function is 

the required distribution. 	This in turn requires uniform 

illumination of the object slit, which itself must be truly 

rectangular in form. 	In addition, the transmission through 

the optical system has been assumed uniform. 	If any of these 

assumptions are not correct, the measured spread function will 

not usually be Cle true function required for analysis 

Let G(u') be the true spread function, and let 

G(ul tve) be the measured spread function. 	It is now 

assumed that the relation between G(u1 ) and G(u'or l ) 

is of the form 

G(u'or') = G(u').L(u').M(vI) 

where L(u') = (1 + a1u' 	a2ul
2 + ,..), M(v 1 ) = (1 + 	vi 

	

132v'
2 
 + 	• • ) 

Then, if only terms of the zero and first order in u' and v' 

are considered 

G(u'or') = G(u1 )11 + alu'ill + 0111'1 

Now the variation of intensity along the v'-direction will 

result only in different attenuations being required for the 
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two reference signals - this difference, if present, may 

be determined experimentally, and so may be neglected here. 

Thus the relation between the measured and true spread 

functions may be written 

G(u 1 07.1 ) 	,) = G(u')il 	al  u'i 

Taking inverse Fourier transforms, and noting that 
CO 

g(s) = 
i

G(u 1 ) expl-i 217-  ulsi du' 

"' 00 

one obtains 

00 

gTs) = c f g(s-s')T 1  tl + alut! 	trls s=s 
00 

where T 1 denotes an inverse transform. 

Using the relations 
f 00 	 co 

C(s) = 	exp [-i2vulsidul 	S'(s) = (-i2/rul)expi-i2Trulsif 
m 	 -m 

where C(s), a'' (s) are the delta function and its derivative 

respectively, one obtains 

co 

g(s) = fg(s) t6'(s) + 1"a1 SI(s)i ds' 
00 	 21-r 

ia1 g(s) = g(s) + 21T 	g 

Or 
(s) 



Hence the required spread function is given by 
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ia1  
g(s) = g(s) 	271-  (s) 	 (24) 

To obtain quantitative values of this effect, a simple 

example is chosen. 

Choose G(10) = 1 	Iu'l d/2  

= 0 	lull > d/2  

Then g(s) = sin(Vds) 	, g'(s) = 	irds.cos(irds)—sin(Irds)  
IT s 

ITS 
2 

Figure 16 shows the function g(s) plotted against s, and also 

the variation of g'(s) with s. 

From (24) we have 

los) - grs)1 = 
a1 

If the optical transfer function is to be measured with an 

accuracy of 10/0 , then 

al  
Ig(s) 	g(s)! = 0.01 = 	g'(s) 

r•S 
0.06 	 (25) 
ri l (S) 

The expression (25) gives the permissible value of a1 
consistent with a 1 0/0  accuracy in g(s), for any value of s. 

For example, take s = 1/d. Then 

g'(s) = —d2  -0.06 

 

or 

a1  
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Remembering that d is the reduced height of the object slit, 

and taking 

D = 4x10-3inches, where d = nsina D , 

one obtains, for a 10/0 accuracy in g(s) 

(F/No.) Image Space Fs 55  

That is, for a given value of D and X, the F/No. in the 

image space must not be less than ab ut 55. This condition 

is satisfied in practice. 

(5) jaLlasac921J29s21.linktorar ipSstem 
Aberrations on the Spread .Function.  

Let VT(s,y)T, W(x,y)c, 7(x,y)m  be the aberrations of 

the test lens, decollimator, and magnifying system respectively. 

The total aberration is then 

W = VT(x,y)T  + 7(x,y)c 	71(x,Y)m 

or 

[ 	
VT(x,y)R ] 

W = 7(x l y)T  1 + ------ 
7(x,y)T  

(26) 

where W(x,y)71  = W(x,y)c  + W(x,y)m. 

From (26) it may be seen that the better the correction state 

of the test-lens, the greater the effect have the residual 

aberrations. Thus it is important that both the decollimator 

and the magnifying system are well corrected. The conditions 

under which the decollimator and magnifying system work are 



6o. 

advantageous in this respect since they are working at a much 

lower F/No. than is the test lens. 

One method of estimating this effect is to consider 

a perfect lens defocus sed by, say, T/4 At each spatial 

frequency, the quantity 

OT(s) = T(s)0 	T(s) 

may be determined. The maximum value of ST(s) for this case 

is approximately 

ST(s) = ST(0.8) N 0.20 

This implies that if the decollimator and magnifying system 

contribute only N/4 to the total aberration of the complete 

system, then the error in T(s) may be as high as 0620 at 

this particular spatial frequency. For the error ST(s) 

to be reduced to about 0.01, the aberration introduced by 

the decollimator and magnifying system would need to be 

approximately N/50. It is to be stressed that these values 

apply only in the case of a perfect test-lens. For a 

normal test-lens, the tolerance on the aberrations of the 

decollimator and magnifying system w - uld not be as severe. 

In practice, the decollimator and magnifying system 

are working on axis at very low apertures, so that the 

abberations introduced are negligibly small. This statement 

is verified by the fact that good agreement is obtained 

between theory and experiment when the test-lens is stopped 
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down to F/40 — it is then working as a perfect lens. 

(6) Aberrations Introduced by Image Rotating Prisms.  

The image rotating prisms in this instrument take 

the form shown in Figure 17. The primary spherical aberration 

introduced by such a prism is 

1 1'140  
lis  
8 I 	I I 	8 

(µ
2

1) 
u
4
d •=1•••••••-

/1 

3 

 

 

where 4 = refractive index 

d = thickness 	] Here the prism is considered 
equivalent to a plane 

u = ray angle 	parallel plate. 

For g = 1.5 and d = 7.5 cm. 

"40 	
0.3u4 

If the prism is working in parallel light 

u = o and W40 = 0 

If u # 0 40 
	o, and a value of u may be found such that 

VIT40 is less than some specified value. For W40 
to be less 

than X/50, u must be less than 0.04. That is, the aperture 

ratio must be less than F/12. This tolerance is mot in 

practice, since the prism in the object space works in 

parallel light, and the prism in the image space works at 

apertures less than F/50. For this reason, other types of 

aberration introduced by the prisms will be negligibly small. 



Surfaces A,B,C. reflecting. 
Surfaces 1,2, transmiting. 

.• 

Figure 17. 
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Of far greater importance, therefore, is the optical 

accuracy of the reflecting surfaces of the image rotating 

prisms. Over the aperture of these surfaces used, the 

flatness is better than 7\/20. 

The theory of operation of an image rotating ,:rism 

is given in Appendix I. 

(7) Aberrations Introduced by_TArallel Plate Micrometer 

As is shown in Appendix II, the expression for the 

lateral shift produced by a parallel plate micrometer is 

Sy = BC = t sin I (1 - NcosI 	) 
NicosIi 

and for small I, It 

ey = BC = t sin I ( 1 - RI ) 

Now the aberrations (first order) introduced by a 

parallel plate are given 

(g2 - 1 

sII ( 	 

2 

g  ; 1) 
tO u1

3  

Y2 - 	) tO2 u
1
2 

 

SI = - 	3 
A 



	

where A 	= refractive index of plate 

	

t 	= thickness of plate 

u = angle between incident ray and axis ox 

	

0 	= angle of tilt of plate 
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	..ar X 

 

- t 

   

     

The above formulae are obtained by substituting 

upr = 0 

in the standard formulae for the aberrations of a parallel 

plate (see Wave Theory of Aberrations p.141). In the present 

case 

t = 0.25" , A = 1.5 , u1 	0.01 

Thus 

S 	= 1.67 x 10-9 	S II 

SIII= 1.67 x 105 .02, SV  = 	1.67 x 10-3.0 3 

It may be seen that for any reasonable value of 0, the 
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aberrations introduced by the parallel plate are negligible. 

(8) Effect of Position and Shape of Scanning  Grating 

In developing the above theory, it has been assumed 

that the spread function, scanning slits, and scanning 

grating all lie in the one plane. In practice this is not 

so, it being impossible to make the scanning slits and 

grating exactly coplanar. 

If all three were exactly coplanar, the scanning 

grating would behave as a true rectangular grating as shown 

below (heavy line) 

"". 

Due to defocussing effects however, the grating will behave 

as shown by the dotted line. There will, in general, be 

a reduction in contrast together with a small change in the 

D.C. level, The frequency content in the light output 

from such a defocussed grating will be the same, 	but will 

appear with reduced amplitude 
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Using a cylindrical drum involves a further 

photometric factor due to the circular slit being further 

from the grating than the scanning slit. 	This is one 

reason why it 18 desirable to use two reference slits — the 

A.C. signal from the reference slits will then always be 

greater than that from the scanning slit. 

(9) 	Influence of  Circular Slit on Reference Signal: 

Ideally, the reference slits should be parallel to 

the grating lines. 	However, as will be demonstrated below, 

the effect due to these slits being circular is negligible. 

In a diffraction limited system, the diameter of the 

first Airy ring is given by 

d' = 1.22X 	= 2.44X (F/no.) 

n'sin a' 

The spread function, even in badly corrected systens, will 

not in general exceed ten times this diameter, that is 

(d l )sti?  < 25X (F/no.) 

Taking T = 5.5 x 10 	mm. and (F/no.) 	= 200, 
max. 

1( dy )s/0 max. 	2.5 mm. 

If the diameter of the circular slit is taken to be 

12.7 mm., then the sagitta for en apetture of 2.5 mm. is 

approximately 0.05 mm. 	If the scanning grating has 4 lines 



66, 

per millimetre on it, this sagitta is 20-1/„ of the grating 

period. 	Hence the reference light flux from one slit 

will contain frequency dependent terms in addi tion to the 

zero frequency term. 	That is 

(Flux)ef .1 = B cos wt + Bi  cos(wt + 01 ) + B2  cos(wt + 02 ) +... R 2 

If now the diameter of the circular slit is arranged to be 

an integral number of grating periods, the light flux from 

the other reference slit will be 

(Flux)Ref .2 = P2 cos wt + B cos(wt + 0 + V) - 1 	1 

+ B
2 cos(wt + 02 + V) + 

The total A.C. light flux from the two reference slits is, 

then, 

(Flux)Ref.1 2 = a cos wt 	B1  cos(wt + 61 ) 
2 

+ B2 cos(wt + 02
) + 

+ D cos wt 	131  cos (wt + 01 ) 	B2 cos(wt + 0
2
)+'" 2 

or (F1ux)Ref.102 = J cos wt. 



61, 	s[T(s)] 

accuracy in we must have the value of A 

T(0) 

T(_s) 
T(0) 

the wedges is given by 

Hence 

For a6 
0 • 

accurate to 26 

Now the density n of 

67 . 

Hence, any effects due to the reference slits being 

circular and not rectangular are cancelled out. 	This is 

the second, and most important, reason for employing two 

reference slits. 

(10) 	Tolerance  on Calibration of Density WedLes: 

The density wedges are anployed to attenuate the 

reference signals until the A.C. component of their sum is 

equal to that of the scanning signal. 	If A(s) is the 

attentuation coefficient of the wedges, then effectively 

A( s ) 

where k Z 1 

k[ 
 T(s') 
757— ] = [k Contrast Transfer Function 

1°g10 A  
or 

A = 10
-D 

Differentiation of this relation gives 

= -2.302485A obi 

= 1, 16b1 = 0.008 

accuracy in the contrast transfer function, 

wedges must be known with an accuracy of 

For SA = 0.02, A 

That is, for a 43  

the density of the 

0.008 units. 
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If circular wedges are used, with a linear density 

ran!7e Ov2.0, then 

D = 0.00575 y 

where 0 degrees is the angle through which the wedges are 

totated. 	Thus the above tolerance may be achieved if the 

angle 	can be set to within one degree. 

(11) 	The A.C. Components of the Signals Fed to the 

Photomulti-plier: 

Referring to expression (17), the A.C. signal fed to 

the photomultiplier from the scanning slit is 

- 	(rsb 
2Iji).K.sin\cos  co/.  sin (irsd). g(0).T(s) 

(7rs
o
) 	Ors I 

cosi2vysot + pi  + 8(s)1 

while the A.C. signal from the reference slits is 

41j11.K.d.sin(7rsob).g(0).T(0).cosi27rys0t + pl i 
orsj  

The signal from the scanning slit is first phase 

shifted using the parallel plate micrometer until its phase 

relative to that of the reference signal is equal to IT. The 

shift of the -Parallel plate micrometer required for this is 

given by 

— 0(S) = — 277R tan 9 SV 



1
.sin(7rs b) .(irsd) 

(we 0  b ) sin(gsd) 
sin 7737 -p 

(27) 
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where R tan p is the number of lines per inch in the image 

plane, and CV inches is the lateral shift of the image 

produced by the micrometer. 

The two reference signals are then each attenuated 

by an mount A(s) to prduce zero A.C. output. 	For exactly 

zero output, the value of A(s) is 

2A(s)Bal , 
(irsob 

= sin(ffsd).sin cosp  
(irsd) 

sin( o  gsb  
T 

But, A(s) is a function of the density of the attenuating wedges; 

that is 

A(s) = 10 	= 10
-0.00575 0 
 

where D = 0400575 0 is the relation between density D apd 

angle of rotation 0 of the wedges. 

Thus 

T(s)= 2 10-  0.00575 

T(0) 

(27) then gives the value of T(s) as a function of spatial 
T(0) 

frequency s, and the angle of rotation p of the density 

wedges. 
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CHAPTER VI.  

A Detailed Description of The Apparatus Construction. 

( 1 ) 	Introduction: 

This chapter describes in detail the apparatus 

used for the measurement of optical transfer functions. 

Referring to Figure 10, each component will be discussed 

separately, working from left to right, 

(2) 	General Remarks: 

In designing the apparatus, five main points were 

taken into account 	These were 

(a) Availability of a 115" focal length 

dedollimator and a 20" test lens initially. 

(b) Availability of a scanning drum of 

frequency 100 lines per inch. 

(c) Magnification through the complete system 

must be such that (i) a reasonable range of 

spatial frequencies in the object space may 

be obtained; (ii) the slit sizes are near 

those required to optimise the signal to 

noise ratio. 

(d) Mechanical tolerances required on various 

components are not too severe. 

(e) Minimum amount of optics so as to eliminate 

possible errors in the obtained measurements. 
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With these points in mind, an initial layout was 

obtained as shown in Figure 18(a). 

To be able to use the test lens at near its 

resolution limit, it is desirable that the object slit has 

a width less than this limit. 	Figure 18(b) shows the 

resolution limits at various apertures, and it may be seen 

that very narrow slits are required. (Ideally, the sl its 

should have a width of about one quarter the resolution limit.) 

To eliminate the need for a reducing system here, it was 

decided to use an available slit width and adjust the 

aperture of the test lens accordingly, 	Should the lens 

be tested at higher apertures, the corresponding range of 

spatial frequencies would be reduced. 

Another factor involved is that it was considered 

advisable to check the operation of the apparatus initially 

with the test lens working paraxially. Under these conditions 

the lens could be considered as diffraction limited. 	Taking 

these thoughts into consideration, it was decided to test the 

lens initially at F/40 using a 7.5 micron object slit, and 

to design the apparatus to suit these figures. 

It has been shown that, for maximum signal to noise 

ratio, the width of the image of the object slit should be 

0.372 that of the scanning grating period. 	Thus for a 

grating period of 0.01", the width of the imaging slit should 

be 
D = 0.00372" 



Object 
Slit. Test 

Lens Magnifier 
Decollimator Scanning Grating. 

(a) 

fr 
	 fc 
	 x M2 

Total Magnification. = M2  (fc  
Tr 

(b) 

0 
N 	5461A, 

Aperture. 	FIN o. 40 20 10 5 2.5 1.25 

Resolution Limit (A) 21.8 10.9 5.45 2.72 1.36 0.68. 

Figure 18. 
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Also, using the same criterion, the width of the scanning 

slit should be 

B = 0.00262". 

The value D = 0.00372" means that the total magnification 

required in the optical train is x 12. 	The magnification 

produced by the test lens and decollimator combination is 

approximately x 6, so that an auxiliary system having 

magnification of x 2 is required. 

With these general remarks, we may proceed to 

describe each component in detail. 

(3) 	Illuminating  §ystem: 

It is essential that the object slit be illuminated 

incoherently. This requires the aperture of the condensing 

system to exceed that of the test lens, and that the 1 ight 

be provided by 8. thermal source. 	Also, the object slit must 

be able to rotate so that measurements for different azimuths 

may be made. 

The lay out of components in the illuminating system 

is shown in Figure 19. 	The light source is a standard 

Philips medium pressure merucry arc source rated at 125 

watts with the pearl glass envelope removed. 	The source 

supply is obtained from a Westat constant D.C. output unit. 

The current drawn by the source is regulated by means of 

series resistances, and is maintained at about 0.7 amps. 

The output voltage from the supply is 180 volts. 	The 
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mercury arc is enclosed in a lamp house to eliminate stray 

light. 	A heat filter is included to minimise the risk of 

damage to the Wratten filter, which is next to the lamp house. 

The Wratten filter is a gelatin type 77, which isolates the 

5461A°  line of the mercury spectrum. 	The characteristics 

of this filter are shown in Figure 20. 

Following the lamp house and filter assembly is the 

condensing system,. 	This consists essentially of two doublet 

lenses, each of focal length 2". 	The first doublet collimates 

the mercury arc source, and the second acts as a decollimator, 

the arc being brought to a focus in the plane of the object 

slit. 	Between the two doublets is placed an image rotating 

priSmp thus enabling the image of the arc source to be made 

to coincide with the object slit. 	This makes possible 

uniform illumination of the object slit for any azimuthal 

setting,  

The image rotating prism is mounted inside a duralium 

cyl i nder whose position relative to an out er cylinder ( also 

duralium) is controlled by the four adjusting screws A and the 

s firing loaded plunger 13, (see Figure 19). 	The outer cylinder 

is mounted in good quality ball bearings. 	With this 

arrangement it is pos sible t o adjust the image rotating prism 

so that when the outer cylinder is rotated, the motion of the 

arc image is purely rotational, with no lateral shift from 

the optical axis. (See Appendix I for the operation of the 

image rotating prism.) 



Figure 20.  
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The aperture of the condensing system is chosen 

to be F/5 so that incoherent illumination is ensured* 

With 2" focal length lenses, this means the clear aperture 

of the image rotating prism and the lenses must be at least 

0.4". 	This requirement determines the physical dimensions 

of the prism needed. 	The value obt ained for the minimum 

prism length is 2.1". 	The actual prism used has a length 

of 2.55", and is made with glass of refractive index ne  

1.51738. 

The 2" f -lcal length condensing lenses are fitted in 

mounts which slide along the inner cylinder. 	Their position 

is adjusted to leave a minimum air gap between them and the 

image rotating prism. 	As each doublet is separately 

corrected for working with one infinite conjugate, the 

resulting aberration function will contain only astigmatic 

terms, and at F/5 these are not serious. (Note the image 

rotating prism is working in parallel light so that no 

aberrations are introduced here). 

The object slit is supported in a bearing which may 

be rotated by means of a worm-drive, thus allowing the slit 

to be set in various azimuths. 	The slit itself is ruled 
„ 1 on a chrome plated class disc about 8- thick. 	A second 

disc of glass is cemented to the first to protect the slit. 

The length of the slit is 1 cm. 
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Some difficulty was experienced in determining 

the width of the object slit, due to the thickness (13-"") 

of the glass discs. 	No direct measurement, using a high 

power microscope, was possible as the working distance of 
1 such an instrument is less than 8—". Two other methods 

were employed, namely a projection method and a measurement 

of the diffraction pattern produced by the slit. 

In the first method, an image of the slit produc ed 

by a lower power microscope was projected onto a screen. 

The size of the image projected depends on the distance from 

the microscope eyepiece. 	Having selected a suitable distance, 

the slit being measured was replaced by a calibrated graticule 

and the image size again measured. 	The width of the sl it is 

then given by 

Slit width = (Size of graticuie spacings) Graticule Image 

Size)lit ImageTize 

The second method involved measuring the 

Fraunhofer diffraction pattern produced by the slit. 	The 

slit was illuminated with collimated light (X = 5461 	) and 

the diffraction image formed using a corrected 2" focal 

length lens. 	The image was recorded photographically, and 

measured wi th a travel ling microscope. 	To check the 

calibration of the system, the diffraction pattern of a sl it of 

known width was also measured. 
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Both methods gave good agreement for the value of 

the slit width, the former 7.44 /2, and the latter 7.48 A. 

This second measurement was considered to be more accurate 

than the other, as a larger number of readings was obtained. 

The size of the object slit was, then, taken to be 

7.48 IL 

No non—uniformity of int ensi ty in the di f f racti on lines was 

observed, so that the parallelism of the object slit is 

assumed to be within the toleranced value (see Chapter V 

Section ( 4) ) 6 

Mounted as close as possible to the object slit is 

a field lens of focal length of 2.25 inches. 	The function 

of this lens is to image the pupil of the condensing system 

into the entrance pupil of the lens under testa 	The f iel d 

lens is also a corrected doublet. 

The assembly containing the object slit and field 

lens has provisions for both lateral and longitudinal 

movements, thus permitting accurate alignment of the optical 

axis. 	The longitudinal movement may be set with an accuracy 

of bettern. than 0.001". 	The image rotating prima assembly 

and the lamp house may be moved independently of the slit 

assembly, so that maximum illumination of the object slit 

may be obtained without altering the position of the object 

slit itself . 
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The entire illuminating system is supported on 

a table attached to the optical bench, and may be moved 

vertically relative to the bench. 	This enables correct 

height adjustments to be made. 

(4) 	Test Lens and Nodal Slide: 

As mentioned previously, the first test lens has a 
-• 

focal length of 20". 	This lens is a wartime aerial survey 

lens, and has the following design parameters:- 

Surface Curvature 
In-1  

Thickness 
In 

Ne Ne 

1 .196502 .6080 140 1.61509 

2 .049652 45140 1.61509 1.0 

3 .126295 .1760 1.0 1.57217 

4 .126295 .2055 1.57217 1.0 

5 .00(stop) 42055 1.0 1.0 

6 .115844 .1736 1.0 1.55414 

7 .131130 45680 1.55414 1.0 

8 .054466 .4380 1.0 1.61509 

9 .197941 1.61509 1.0 

tf 

Equivalent Focal Length = 19.786 	
Maximum Aperture F/5.6 

Back Focal Length 	= 18.473 
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The lens is mounted on a nodal slide so that off axis 

measurements may be made. 	The nodal slide and accompanying 

oprical bench are supported on heavy steel girders, the 

girders themselves resting on a thick layer of foam rubber, 

In this way, any vibrations due to movements of the building 

are minimised, and no effects due to vibrations have been 

detected in practice. 	The total weight of the nodal slide 

test bench is estimated to be about one ton. 

The test lens may be rotated in its mount on the 

nodal slide, and this facility is used to determine 

approximately the correct height of the optical axis. 	The 

exact position of the test lens is determined by a micrometer 

screw/dial gauge combination attached to the bench. 

(5) Decollimator: 

The decollimator lens has a focal length of 115 

inches and a diameter of 8". 	It is a triplet type objective 

with small air spaces between components. 	Its state of 

correction was judged by examining qualitatively the 

interferogram produced by it in a common path interferometer. 

There appeared to be negligible spherical aberration and 

about Tr  wavelength of coma present at full aperture (F/14.5). 

As the decollimator is always used at much lower apertures, 

this mount of aberration is insignificant. (Should the 

aberration not be insignificant, this would appear as a 

discrepancy in the measured results. 	No such discrepancy 

has been observed,) 



TEST-LENS MOUNT, NODAL SLIDE, & DECOLLIMATOR 
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The clecollimator is mounted on a fixed support 

attached to the end of the nodal slide bench. 	Adjustments 

to posi ti on are achieved by means of three levelling screws 

120 degrees apart. 

(6) 	Magnifying  System: 

This is to be a x 2 system working at a maximum 

aperture of F/28. 	The requirements for this system are 

( ) Aberrations introduced are negligible 

(ii) Distance from final image plane sufficient 

to allow room for an image rotating prism and a parallel plate 

micrometer. 

The detailed design of the system is given in 

Appendix III, but the final parameters are as below:— 

Surface 	 1 	2 	3 

Radiug 	(In.) 	1148565 	349515 	—8.9977 

4 

—5.0489 

Thickneds (In.) 0.10 .._ 9.925 0.25 

Ne 1.0 1.5094 1.0 1.5152 

Ne 1.5094 1,0 1,5152 1.0 

Object distance = 11" 

Image Distance 	= 20" 

The aberrations of the system may be written in the loin 
, 	 3 cos T2  r2 	T2  r2 	2 

1 731 T r 	o ci)  W(r1W )  = 0/"40r4 + 1 	 . + 2V120 T  r  + 21122 T r cos 

3 + 3W11 T r cos o 



1 where OW40 = 8 SI, 1W31 = 	SII' 21720 = 4~S III 	 SIV] 
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2W22 
1 
2 in" 3W11 

1 
SV 

and SI, SII, S 	SIV' SV are the Seidel aberration 

coefficients. 

The resultant aberrations of the magnifying system 

are 

SI = 0.000210, SI, = 0.086551, S
III = 0.546811 

S IV = 0.290840 	SV = 5.493466 

At F/28, the total aberration present is completely negligible. 

The components of the magnifying system are mounted 

on a small auxiliary optical bench placed so that the back 

component is about 20" from the desired final image position. 

Provisions are made for adjusting precisely the position of 

these components. 

(7) 	Image Rotating Prism: This is of the same form as in 

the illuminating system, but of slightly smaller dimensions, 

the base length being 1.852". 	The prism is mounted in a 

similar way to the one in the illuminating system, but here 

more precision is desirable. 	When aligned to the optical 

axis by means of the adjusting screws, on rotating the prism 

the axis does not shift more than 10-4 inches from its mean 

position. 	This figure is determined by passing near-collimated 

light rhough the prism and observing the movement of a pair of 
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cross—wires as the rism is rotated. 

The tolerance of 10-4 inches on the shift of the 

optical axis was originally determined by the fact that 
0 

phase measurements were required to an accuracy of ± 	. 

This was assuming th-I the spread function was to be rotated 

for each spatial frequency. 	However, as the spread function 

is fixed in orientation relative to the scanning drum for each 

azimuthal setting of the object slit, this tolerance may be 

relaxed somewhat. 	All that is required is that the image 

rotating prism rotates the spread function to be normal to the 

lines of the scanning drum in such a way that the illumination 

remains constant across the diameter of the circular slit. 

As the physical length of the spread function exceeds 5 cm., 

this is no problems 	Any lateral shift of the spread function 

due to rotation of the prism may be corrected by initially 

readjusting the zero phase setting. 	The accompanying 

photograph shows the mounting of the image rotating prism. 

(8) 	Parallel Plate Micrometer: 

The accuracy required for phase measurements is ± 

For a grating period of 0.01", this means that the lateral 

shift of the spread function must be known to 10-4  inches. 

Hence a. parallel plate micrometer calibrated to this accuracy 

must be obt ained. 

A modified version of the Hilger and Watts standard 

1" parallel plate micrometer was obtained. 	The modifications 
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consisted of altering the parallel plate to be 0.25" thich 

and correspondingly alt ering the cal ibrat ion. 	This is 

specified in terms of the lateral shift of the imgel  and is 

recorded on a micrometer screw head which actuates the 

parallel plate, 	The range of shift possible with this 

parallel plate is 0:0.020 inches the graduation on the scale 

being in steps of 10-4 inches. 

For small values of co, the angle through which the 

scanning slit is rotated, the effective period of the 

scanning grating exceeds 0;020". 	For example, if q) is (Tr/18) 

the effective grating period is increased by cosec (Tr/18), so 

that for a grating of 100 lines per inch, the effective period 

becomes 0.0575"4 	If there is no phase tear present in the 

transfer function, then the lateral shift required to obtain 

a minimum signal is 040288". 	This is beyond the range of 

the parallel plate micrometer, and therefore erroneous values 

will be obtained for the modulus of the transfer function. 

To overcome this difficulty, a second parallel plate 

micrometer was made with a plate about 1" thick. 	This is 

shown in the accompanying photograph. 	The setting is again 

ochieved by using a micrometer screw. 

To calibrate the parallel plate micrometers, an 

arrangement as shown in Figure 21(a) is used. 	A graticule 

containing a pair of cross—wires is illuminated by light of 

wavelength 5461 A°. 	The image of this graticule produced 
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by lens L is observed with a microscope and micrometer eye- 

piece, the light first passing through the parallel plate 

micrometers. 	The aperture of the converging beam is 

arranged to be near that used in practice. 	The microscope 

itself was calibrated using a graticule with known line 

spacings on it , 

Figures 21(b) and (c) show tables giving the 

mean image shift produced by each parallel plate micrometer 

as a function of the movement of the micrometer screws. 

Figure 22 shows graphical ly these calibrations. 	In both 

cases the curves are very nearly straight lines: 	For curve 

(b) the maximum error involved in assuming the curve to be a 

straight line of slope 1.1 is 1/0  except for the encircled 

region where the error is 3Z . 	For curve (c) the slope is 

taken to be 0.0313 in. 	and the maximum error is less than 

lqo  . 	Hence, for all practical purposes we take 

(b) (Image shift )" = 1.1 (Scale reading )" 

(c) (Image Shift )" = 0.0313 (Scale reading )mm, 

noting tha (b) does not hold for scale readings between 

0.0045" and 0.0055". 	(In practice, this range is used 

infrequent ly. ) 

(9) 	Scanning and Reference Slits : 

As mentioned previously, these are respectively a 

rectangular slit and a circular slit. 	They are ruled in a 

chrome film on a glass disc r," thick, and have the following 
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specifications:- 

Width of Rectangular Slit = 0.003" 

Width of Circular Slit = 0.003" 

Length of Rectangular Slit = 0.330" 

Mean Diameter of Circular Slit = 0.500" 

These dimensions were determined using a high power (x 80) 

microscope. 	They satisfy the following requirements: 

(a) Slit widths correct for optimum signal to noise 

ratio (Theory predicts optimum width of 0.0026"). 

(b) Length of scanning slit greatly exceeds the lateral 

dimension of the spread function. 	At F/400, the maximum 

width of the spread function does not exceed 0.20"i even in 

the presence of very large aberrations. 

(c) Diameter of the circular slit is such that uniforrp 

illumination of the spread function is ensured across this 

diameter. 	With a diameter of 0.5" and a total magnificati on 

of about 12 through the system, only 0.04" of the object slit 

is being used. 

The mounting of the graticule containing the slits 

has the tightest tolerance of any component in the whole 

instrument. 	In order to maintain a 10/0  accuracy in phase, 

the graticule must be able to rotate about its centre with 

an accuracy_of 	of the grating period, that is to with in 
4 . 10 	inches. 	To this end a special bearing was constructed 

and this is illustrated in Figure 23. 	The bearing is of the 
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taper type with a taper angle of about three degrees. 	The 

shaft A is made of hardened steel, and the seating B is a 

softer lead-like material. 	The rear end of the steel 

shaft has a 20 threads ,per inch screw cut on it, and is held 

firmly in the seating by means of a brass locking nut C. 

A second nut D is included to prevent C from loosening. 

As the soft seating B wears, nuts C and D may be tightened 

to remove any slackness which may develop. 

Space is provided in the steel shaft for inserting 

the graticule containing the slits. 	This space has a 

diameter slight ly larger than the di ameter of the graticule 

to al low for any errors in centring the slits on the 

graticule. 	Using a high power (x 80) microscope, the 

movement of the slits on rotating the bearing shaft could 

be noted. 	The posi ti on of the graticule was adjusted 	until 

the sh if t of the edges of the circular sl it was less than 
-4 . 10 	inches. The movement of the rectangular slit was then 

checked and found to be central. 	The final decent ring error 

of the sl its was better than 6 x 10-5  inches over a complete 

revolution of the g rat i cu 1 es 	The graticule was then firmly 

fixed in place with a mixture of beeswax and resin, and checked 

for any accidental movement. 

(10) 	Scanning Drum and Gratim: 

The scanning drum is a glass cylinder of diameter 

3.55" and width 1.125". 	The wall thickness is approximately 
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0.25", and the glass is of good optical quality, so that 

transmission through it may be considered uniform over the 

entire circumference. 

The grating is a square wave grating and takes the 

form of a photographic film wrapped around the inside 

circumference of the drum. 	The film has lines printed on 

it with a frequency of 100 lines per inch, and a mark to space 

ratio of 1:1. 	(This is contrary to the theoretical value of 

4:9 predicted for maximum signal to noise ratio, but due to 

availability, a grating with a mark to space ratio of 1;1 was 

used.) 	The film was produced by contact printing a master 

grating• 

With a grating frequency of 100 lines per inch, the 

number of periods around the circumference of the drum 

exceeds 1,200. 	Hence, the effect of mis-match at the join 

in the film is negligible, since the width of the join is of the 

order of one period. 	Any non-negligible effect could however, 

be filtered out in the electronic circuitry later. 

The scanning drum is driven at constant speed by a 

synchronous mot or coupled to the drum thro ugh a 1 :6 

reduc t ion gear box, 	The motor is connected to the gear box 

by means of a rubber shaft which helps to minimise any 

vibrations present. 	For a motor speed of 1500 r.p.m., the rate 

of rotation of the scanning drum is 250 r.p.m. 	The A.C. carrier 

frequency generated is given by 
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v = (Y/p) c/s where y is speed (ins.sec-1) 

p is grating period (in) 

Or 

V = 21110-  r/60p 	where Cr is the number of r.p.m. 

r is the drum radius 

For Cr = 250 r.p.m., 2r = 3.55", p = 0.01" 

V = 4,648 c/s. 

This, then, is the frequency at which signals will be detected, 

and standard audio amplifier and detector circuits may be used 

with no difficulty, 	It is important to note that this 

frequency is no multiple of the mains 50 c/s. frequency, so 

that mains interference is automatically eliminated. 	The 

frequency is also sufficiently high to avoid excessive 

bulkiness of the electronic components required for frequency 

selective devices. 

(11) 	Post Drum C:111:LIE: 	The layout of components 

following the scanning drum is illustrated in Figure 24, 

where a plan view is shown. 

Immediately following the drum is a 45°  prism which 

deviates the light beams by 90°  in order to make them 

accessible. 	The prism has a base length of 0.8" so that 

the equivalent air path through the prism is 0.533" 

(refractive index 1.5). 	The prism is mounted on an 

adjustable support csothat the deviated optical axis may be 
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made truly horizontal. 

Cemented to the front face of the prism is a 

piano-convex lens (1) of focal length 2.5". 	The purpose of 

this lens is to image the decollimator pupil into the pupil 

of lens (2). 	As the decollimator pupil may be considered 

to be at infinity, the pupil image will be formed approximately 

2" behind the rear face of the prism. 

Lens (2) is used to form an image of the circular 

and rectangular slits. 	The size of this image must be such 

that the light from the parts of the circular slit acting as 

reference slits may be tapped off without interfering with 

the light from the scanning slit.Also, mechanical problems 

must be taken into account here. 	Referring to the dimensions 

of the reetangtilar and circular slits, it seemed desirable to 

have a magnification of about x 2.5, 	The length of the 

rectangular slit would then be 0.825, and the diameter of the 

circular slit would be 1.25", 	For an object distance of 

2.5", this means that lens (2) must have a focal length of 

1.79", and that the image distance is 6.25". 	In practice, a 

lens of focal length 1.75" is used, giving an image distance 

of 5.833" and a magnific-tion of x 2.33. 	With these final 

parameters, the diameter in the image of the circular slit 

is 1.165", and the length of the image of the rectangular 

slit is 0.777". 
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Lens (2) is a corrected doublet and is held in a 

mount which fits in a threaded sup )or t, thus producing a 

focussing control. 
11, In front of lens (3) two small prisms of 4 face are 

placed to deflect the light from Ube reference slits onto the 

density wedges. 	The prisms are fixed*  on one edge to 4 

plane parallel glass plate which acts as a support *  one prism 

fixed to the top*  and one to the bottom 	The outer edges of 

the prisms are fixed to small metal rods which are attached 

to a mounting framework. 	The width of the parallel plate is 

0.9'1 4 	In this way the light from the scanning slit passes 

through the parallel plate to form an image in the pupil of 

lens (3), while the light from the two reference sl its is 

deflected by the prisms, and comes to a focus in the planes of 

the density wedges 

The mounting of the circular density wedges is shown 

in the accompanying photograph. The wedges are mounted on 

shafts which rotate in good quality bearings. 	The shafts are 

connected through a 1:5 reduc ti on gear to a control knob and 

calibrated scale. 	The scale is a circular metal disc with 

radial lines at intervals of 15°  ruled on it. 	The order of 

accuracy of setting the pointer attached to the knob is bettatl 

than 5op so that the density wedges may be set to an accuracy 

exceeding 10,0 
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The range of density chosen for the wedges is 

0-2.0. 	This coverage theoretical ly enables measurement s 

of moduli of transfer functions in the range 1 	T(s) 	0.01 

to be made, 	It is desirable that the density range vary 

linearly with the angle of rotation of the wedges, and that 

the relation between density and the angle of rotation be the 

same for both wedges. 	A pair of matched wedges was obtained 

from a commercial source, and their calibration checked using 

a Hilger and Watts recording photometer. 	The resulting 

calibration curves are shown in Figure 25 where density is 

plotted against the angle of rotation 0. 	It may be seen 

from the curves that the two wedges are well matched, and that 

the relation between density D and angle of rotation 0 is 

linear, (Note that for practical purposes a linear relation 

between 0 and the transmission A would be preferable, but it 

is not possible to obtain such density wedges). 	The mean 

slope of the lines is found to be 0,00575 density units per 

degree of rotation, and the error in assuming 

D = 0.00575 0 
0 

over the whole range amounts to less than 1/0  . 

Now, the image of the scanning sl it is formed in 

the pupil of lens (3). 	This lens has a focal length of 

3.0" so that the pupil of lens (2), containing light from 

the scanning slit, is imaged 6.2" behind it onto P. 
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Immediately behind the density wedges are placed lenses (4; 

of focal length 3.2", which, together with the mirrors M, 

image the pupil of lens (2), containing light from the 

reference slits, onto the same plane through P. 	The 

lenses (4) are attached to the mounts of the density wedges, 

while the mirrors M are supported on adjustable mounts close 

to the lenses (4). 	Focal lengths and path lengths have 

been aclusted so that all three images are in focus, and 

coincide at P. 	Lens (3) is supported in a mount similar to 

that for lens (2), thus providing a method of achieving focal 

coincidence. 

(12) 	Photomul tipl ier Detector 

A photomultiplier is employed to convert the 

sinusoidally varying light fluxes into sinusoidally varying 

electrical signals. 	The photomultiplier, mounted in a 

blackened brass tube, is arranged so that the centre of the 

photocathode coincides with the point P. 	Provisions are 

made for the position of the photomultiplier to be 

adjus tab le in three dimensions . 

The 'Dhotomultiplier used is an 	type 6094 B, 

Having a spectral response as shown in Figure 26(a). 

The 6094 3 is an eleven dynode, venetian blind type tube, 

with a 1 cm. diameter photocathode. 	Just in front of the 

photocathode a lenticular screen is placed to diffuse the 

incident light. 	Thus effects due to variations in 
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sensitivity across the photocathode are eliminated. 

The high tension for the tube is obtained from a 

stabaised 2000 volt D.C. supply coupled with a potentiometel- 

unit. 	Figure 26(b) shows the resistor chain used to supply 

equal potential differences between each pair of dynodes. 

Typical operating characteristics for the 6094 D are as 

follows 

E.H.T. 	 1400 v 

Voltage between dynodes = 117 v 

Current Drain = 0.705mA 

Dark Current = 3 x 10-10A 

Sensitivity 	= 200 A/Lumen. 

The 100 Kn resistor at the cathode end of the resistor chain 

is a safety precaution 	The choice of 166 KR resistors in 

the chain were chosen to permit the safe use of 2000v across 

the tube. 	In practice this is found unnecessary. 	A load  

resistor of 100 Kn was chosen to match the impedance 

of the following electronics. 

(13) FrequencySelectiveAmalifier: 

The output from the photomultiplier is fed into a 

frequency selective amplifier which filters out all but the 

fundamental frequency produced by the moving grating. This 

frequency is 4,643 c/s. 	The circuit of the amplifier is 

shown in Figure 27. 	Frequency selection is achieved by 

employing tuned circuits in feedback loops, as shown in the 
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figure. 	The tuned circuits are of the twin-T re jecti on type 

the rejection frequency here being 4,648 c/s. 	Figure 28(a) 

shows the actual tuned circuits used. 	The resis tone es are 

made variable to al low the circuits to be "peaked". 	Two 

filter circuits are employed in the amplifie r, and these are 

stagger tuned to al low for small varia tions in the speed of 

rotation of the scanning grating. 	The final selective 

characteristic of the amplifier is shown in Figure 28(b), 

and it may be seen that the second harmonic contributes , less 

than 14)  to the total output 

The input volt age from the photomult i-)1 ier is 

on the average, after attenuation, 0.005 vo lt s , and the 

frequency selective amplifier works with a gain of about 

300, giving an output of about 1.5 v. 

(14) Main Power 45_,..e.:21 if ie r: 

The output from the frequency sal ect ive amplifier is 

fed into a Mul lard 5-10 paver amplifier, the circuit of 

which is shown in Figure 29. 	The signal output is taken 

from one anode of the push-pull output valves. 	Normally, 

the voltage gain is about 10, al though this may be increased 

considerably is required. 	The output vo It age then is about 

15 vto It s, and the output impedance r2: out 4, 000 ohms . 

(15) Detector and Output Cont ro 1 : 

The out put from the ma in ainp 1 i f le r is fed to a 

detector and measuring circuit which is shown in Figure 30• 
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Firstly the A.C. signal is rectified, using one half of a 

6 AL5 valve. 	The rectified output then passes into a R-C 
integrating circuit which has a time constant exceeding 

1 second. This removes any A.C. signals which may be 

superimposed on the D.C. signal. 	An important feature here 

is that a very large percentage of the voltage fluctuations 

due to photomultiplier noise, variations in scanning grating 

transmission, and valve noise are removed. 

The signal then passes into a DEC. L-mplifier and 

bridge circuit. 	The output meter measures the "out of 

balance" of the bridge circuit. 	Adjustments are provided 

for ensuring the non-saturation of the D.C. amplifier valve, 

and for controlling the out of balance current in, the bridge 

network. Linearity of the detector circuit may be obtained 

by suitably setting the adjustment s. 	This is not necessary 

though, as a zero reading only is required. 

The meter for measuring the out of balance current, 

and hence the out :put signal, is a standard 0-1000. meter. 

A large capacitance may be connected across the meter to 

bypass any residual signal fluctuations. 

( 16) 	Method of Ope rat ion: 

The gains of the amplifiers are first adjusted so 

that the initial incoming signal gives a suitable output on 

the meter. 	The parallel plate micrometer and the densi ty 

wedges are then adjusted to give an approximately zero output. 
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The amplifier gains may then be increased and readjustments 

made to the micrometer and density wedges. 	This 1-Tocess 

repeated until an accurate null is obtained. 	The only 

limitation on accuracy is how effectively noise fluctuationz 

have been el imina ted, and this in turn depends on the time 

constants in the detector. 
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CHAPTE1 VI I 

Setting Up and Alignment of the A 3-Da rat us . 

(1) Introduction.  

This chapt er describes the methods used to al ign 

al 1 the components in the ins trument . 	The alignment is 

achieved in eight stages, each of wh ich w ill be described in 

detai 1 . 	Once the al ignment has be en carried out , the 

instrument is ready for testing and the taking of 

measurements. 
(2) Mounting of gem_p_oleat s on a 2. s e-Pla te : 

The base-plate is a machine finished die-cast 

duralium chassis measuring 18" x 15" x 2:5". 	The surface 

cont ains a large number of tapped holes, and each mounted 

component is held in place by right angle brackets screwed 

to the base-plate. 	Each component is supported in it s 

mount at a standard hei t of three inches above the base-

plate surface. 

It is important that each component be mount ed 

perpendicular to the opt i cal axis and t o meet this 

requirement the f ollowing procedure was adopted. 	An 

autocollimator, with a setting accuracy of one second of 

arc, was set in a fixed position, and the base-plate adjus ted 

until its surface was parallel to the autocollimator axis. 

This was done by autocoll imat ing off a mirror attached to the 

side of the base-plate. 	Next, the bearing mount containing 
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the graticule was positioned, and autocollimation used to 

obtain both the correct orientation and normality of the 

graticule to the opt ical axis. 	The graticule remained 

nonnal to the axis when the bearing was rotated. (The majo:2 

area of the graticule has a high reflectivity which provides 

an ideal surface for autocollimation.) 

The parallel plate micrometers were then positioned 

and their angular settings adjusted until no shift of the 

optical axis was observed in the autocollimator pupil. 

The setting accuracy here is one second of arc, which 

corresponds to a shift of about 10-5 inches of the (DAlgal 

axis. 

The image rotating prism was then placed on the 

base-plate, and its position adjusted using the above 

procedure. A check was made to ensure that the rotation 

axis of the prism coincided with the optical axis. (Refer 

to the Dr eVi ous chapter for details concerning the ad j-us tement 

of the image rotating prism in its mount.) 

Following this, the scanning drum and its associated 

drive mechanism were fixed to the base-plate, the drum being 

placed as close as possible to the graticule. 	Normality 

of the drum surface to the optical axis was obtained by 

sliding feeler gauges between the external surface of the 

drum and the rear of the graticule bearing. 
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The prism, wi th lens attached, for turn ing the 

optical axis through 90o was next placed as close as 

possible to the inner surface of the scanning drum. 	To 

ensure that the optical axis was turned thr ouji. exactly 90 

the autocollimator was moved and autocollimation obtained 

off a small mirror attached to one side of the graticule 

bearingmount! 	The orientation of the -Irian was then 

adjusted so that its rear face was normal to the 

autocollimator axise  

The scanning graticule was next illuminated, 

through the image rotating prism and the izrallel plate 

micrometers, by a coil innted point source. 	A smal 1 pinhole 

in a mount at the standard height above the base-plate 

surface was used to locate the image of this point source 

produced by lens (1), attached to the ,)rsim. 	Having 

located the image position, the pinhole was removed and,  

replaced by the first imaging lens (lens (2)). 

As lens (2) produces an image of the scanning and 

reference sl its*  the same procedure as above was adopt ed 

to locate the posit ion of lens ( 3) . 	Hcw ever, an extended 

source was used here so that the reference slits were 

illuminated*  

Having located the posit ion of lens ( 3 ) , the 

mount containing the glass plate with the small prisms 

attached to it was placed in such a way that the image of the 
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scanning slit did not alter its position, while the light 

forming images of the reference slits was turned through 

90°  by the small prisms. 	The se image pl ernes were de term inc 

and the density wedges fixed in poitition 

The image produced by lens (3), of the pupil of 

lens (2), was next located, 	Lenses (4) were then fixed to 

the density wedge mounts as described previously, 	Placi ng 

a large pinhole in the image plane of lens (3), and then 

blocking out the light from the scanning slit, the mirrors 

M were adjusted until maximum light from the reference slits 

passed through the pinhole. 

(3) 	Determination of the Opt lea' Axis 

The optical axis of the comple to system was determined 

using a series of pinholes. 	Initially the decollimator 

and test-lens were removed from their mounts. 	Two small 

pinholes, one supported in the test-lens mount and the other 

in an auxiliary mount, were placed on the nodal slide at the 

same height above the T-•bar. 	The auxiliary mount was placed 

on the object side of the test-lens mount . 	The two pinholes 

were illuminated by a point source whose position was adjusted 

to give maximum light transmission. 	The auxiliary mount was 

then moved to the other side of the test-lens mount, that is 

towards the deco 11 imator positi on. 	A third pinhole was then 

placed in the approximate focal plane of the decollimator/ 

magnifying system, and its position adjusted to give maximum 
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light transmission. 

Two more pinholes were placed in the lens mounts of 

the magnifying system, 	Their positions and heights were 

adjusted to give maximum light t ransmis sion. To ensur 

that the axis of the auxiliary opti cal bench on which th 

mounts move, was parallel to the trio optical axis, the mounts  

were moved some distance from their correct posi ti ons in both 

directions. 	Being supported on an adjustable table., 

adjustments could be made to the bench in order that maximum 

light was transmitted through the pinholes for any position 

of the lens mounts. 

The light source was then placed behind the pinhole 

in the image plane of the decoll irna tor /magni fyin.g sys ten. 

The object sl it was replaced by a pinhole. and its posi ti on 

adjusted for maximum light transmission. 

The optical axis between object and image planes 

was thus determined by six accurately r_ligied pinholes. 

Following t his, the lenses of the magnifying sys tan 

were placed in their mount s. 	Next, the deco I 1 ima for was 

placed on its support, and its position adjusted to again 

give maximum light transmission. 	Then the test-lens was 

placed in it s mount 	On rot ating this lens in its mount 

it was found that the light intensity through the ?inhol e 

in the object-plane varied. The azimuth giving maximum 

1 ight transmis si on was c hos en. ( I t ci 11 be shown later that 
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this intensity variation is clue to the decentring of one 

or more components in the test-lens. 	This gives rise to a 

discrepancy between predicted and measured values of the 

transfer function which arises from the presence of on-axis 

coma.) 

Having determined the position of the object slit, 

the other components of the illuminating system were added, 

their position being adjusted in order that the pinhole in the 

object slit mount received maximum light from the source, 

( 4) 	Determination of  Image Plane: 

To determine the image plane precisely, a collimator 

was used to form an image at infinity of a pair of cross-wires. 

The coll ima for was placed al ong the opt i cal axis be tween the 

test lens and the decollimator. 	The image of the c sta ss.-wires 

produced by the decollima tor and magnifying system was located 

using a finely ground glass screen and a microscope. 	The 

position of this image was marked for future reference, as 

this is the position to be occupied by the scanning graticule. 

(5) 	Positioning of the Base-Pla t e : 
0.11•4+••••••••1 	 daa•m• 

Once the final image plane was located, the base- 

plate was moved into position. 	The base-plate itself is 

supported on a table and framework attached to the steel 

girders which hold the nodal slide in place. 	This table 

is adjustable in three dimensions, and provisions are made 

for lateral movements of the base-plate relative to the table. 
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In order to determine the correct position of 

the scanning graticule, an image of it when illuminated 

was observed with an autocollimator placed along the 

optical axis in front of the deco 11 inn tor . 	When the 

scanning graticule is in the correct position,the image 

of it, as seen in the autocollimator should be sharp. 

Also, on rotating the graticule, the imge of the 

rectangular slit should only rotate about the optical axis 

of the autocollimator. 	To obtain the sharpest focus, one 

of the lenses of the magnifying system was shifted a small 

di stance. 	This was necessary as the decollimated beam 

passes through a finite thickness of glass before striking 

the scanning graticule. 

The autocollimator was also used to check the 

normality of the scanning graticule to the optical axis, 

and coonsequently the coincidence of the opt ical axes of the 

base—plate components and the rest of the instrument . 

When these axes coincide, the reflected beam from the 

graticule is coincident with the incident beam. 	Also, the 

image of the rectangular scanning slit coincides exactly 

with the cent re of the autoco 11 imator pupil. 	This 

acljustement is achieved using the four screws which control 

the lateral movement of the base—plate mentioned earlier. 

A final coincidence setting is obtained by adjusting the 

parallel plate micrometer. 
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(6) 	Magnif icati on of Object : 

With the position of the components of the 

magnifying system adjusted in order that the final image 

plane coincided with the plane of the scanning grat icu le , 

the total magnification throug the system could be determined, 

To do this, the size of the image of 	pinhole in the object 

slit mount was measured using a necliur-  power microscope and 

a micrometer eyepiece. 	In order to make this image accessible 

a 45o prism was placed in the beam just ahead of the image 

rotating prism. 	A considerable number of measurements of 

the image size were made in order to eliminate errors. 

The pinhole object was then removed from its mount and 

measured using the sane microscope and eyepiece. 	The total 

magnification of the system was found to be 

M = 9416(24) 

so that D, the width of the geometrical image of the object 

slit is 

D = 6.8(5) x 10-3 an. 

The magnification measurement is quite critical as 

D determines the magnitude of the correction factor 

sin (irsd)  
(irsd) 

sin (gDa tan 0  
(v-D11. tan 9) 

to be included when calculating the transfer function from 



105. 

the measured quantities. 	For example, if 

It . 4 lines/mm , p = r/4 	D = 0.0685 mm , 

then 

sin 	= 0.8812 . 
('mDR tan 9) 

If there is a 10/0  error in the value of D, the correction 
o 

factor takes the value 0.8591, which would lead to a 3/,  

error in the value of T(s). 	However, as the value of T(s) 

here would be small, the error is not so significant when 

considered as a percentage of T(0). 

(7) 	Positioning of the Test-Lens: 

As mentioned in previous cha-Dters, the transfer 

function is to be determined initially with the test-lens 

working "paraxial ly". 	This requires that the object sl it 

be in the back focal plane of the test-lens. 	Knowing the 

design parameters, this distance was calculated and measured, 

and found to be 

= 	18.473 inche s 

A metal rod of this length, less the thickness of the object 

slit cover glass, was made and placed between the object 

slit and the test-lens. 	One end of the rod just touched the 

cover glass of the object slit. 	The test-lens was then 

moved back until it just touched the other end of the metal 

rod. 	The reading of the dial gauge attached to the lens 
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mount was noted, and the metal rod removed. (It was 

necessary to move the lens in order to remove the rod) 

A second and more sensitive method of checking the 

focal setting will be given in the next chapter. 

(8) Determination of the Nodal Point of the Test-Lens; 

For measurements of the tranr:or function with the 

test-lens in an off-axis position, the test-lens must be 

rotated about an axis passing through its rear nodal point. 

When this occurs, the light emerging from the test lens 

follows the same path as when the lens is on axis, so that 

the final image is not shifted at all. 	To determine this 

pivot point, the final image was observed with a microscope, 

the test-lens being initially on,-axisa 	The nodal sl ide was 

then moved and the test-lens shifted of f--axis. 	Adjustements 

to the position of the pivot point were made until the final 

image shifted by less than 10-  inches. 	A little refocussing 

of the test-lens was required for shifts off-axis of about 

fifteen degrees. 

(9) Posi ti oninrc of the Pho tomul t -31 ier : 

Illuminating the scanning graticule with an extended 

source, the position of the pupil images prodcued by lenses 

(3) and (4) was located. 	The ph° to mul ti pl ie r was then 

placed so that the photocathode coincided with this image 

position. 	Provisions for adjustments in three dimensions 

were made, so that this positioning was not difficult . 
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CHAPTER VIII 

THE 1'.EASURE:yENT OF OPTICAL TRANSFall  FUNCTIONS 

( 1 ) 	Introduction:- 

This chapter describes the measurements made and the 

results obtained with three separate lens systems. 	These 

systems were 

(a)  20" focal length F/5.6 Anastigmat 

(b)  19°' focal length F/3 Plano-Convex Singlet 

(c)  8" focal length F/2.9 Pentac. 

Initial ly, measurements were made wi th the object sl it 

in the meridional seed. on. 	Later, result s were obt ained 

for other azimuthal settings of the object sl it, both for 

on-axis and off-axis images. 

To obtain theoretical values of the transfer function, 

a computer program-Ile (written by J. Findley) was employed. 

A critical examination of the relations between the theoretical 

and measured values has been made,and the conclusions to be 

drawn from this examination are given. 

(2) 	Measurements on the 20" lens:- 

As mentioned previous ly, the 20" Anastigmat lens 

is a wartime aereal survey lens, having the following 

constructional data 
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Surface C in 1  tlin. No No' 

1 0.196502 0.6080 1.0 1.61509 

2 0.049652 0.5140 1.61509 1.0 

3 0.126295 0.1760 1.0 1.57217 

4 0.126295 062055 1.57217 1.0 

5 0.0 	(stop) 042055 1.0 1.0 

6 0.115848 0.1736 1.0 1455414 

7 04131130 0.5680 1.55414 1.0 

8 04054466 064880 1,0 1461509 

9 0.197941 1.61509 1.0 

For this systan, calculation gives 

Equivalent Focal Length = 19.786" Maximum Aperture = F/5.6 

Back Focal Length 	= 18.473" 

The wavefront aberration coefficients were calculated, using 

the first part of the Hindley programme s  with the results 

listed below: 

ON-AXIS (7\=5461A°) 	12°  OFF-AXIS 

W20 = 0.0 (W11 = 0.4462) 

W40 = 18.219 (720 = 0.8544) 

1"J60 = 12.647 W22 = 6.3024 

W31 = 4.9409 

W33  = 2.5461 

W40 = 28.325 
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= 6.9990 

W51 = 4.1443 

W60 = 19.525 

The coefficients 
W13,c1 

 have the following 

significance:- 

W11 = Transverse focal shift 

W20 = Longitudinal focal sh if t 

W22 = Primary astigmatism 

W31 = Primary coma 

W51 = Secondary coma 

Primary spherical aberration W40 = 
VT60 = Secondary spherical aberration 

W33 = Higher order coma - type aberration 

W42 = Higher order astigmatism - type aberration. 

Initially, the lens was stopped down to F/40 by 

placing the appropriate size of aperture in it, in coincidence 

with the stop plane. 	To check that the object slit was 

exactly in the rear focal plane of the test lens, measurements 

at a fixed spatial frequency at various focal settings were 

made r following adjustment of the test-lens position to give 

a maximum output signal at zero spatial frequency. 	The 

reduced spatial frequency chosen was s = 0.138 corresponding 

approximately to 3 lines /mm. in the object plane. 	This 
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corresponds in turn to setting the scanning slit at an 

angle 0 = 5o from the zero spatial frequency position. 

The coefficient specifying the defocussing introduc ed 

is given by 

W20 = 	= -1 (F/no.) 	dL Fir- 

n having the values 0,1.2,... 

where 7\ = wavelength 

dL = Longitudinal shift of focus 

W20 = Wavefront aberration. 

The table below gives the values of dL and 720  for various 

values of n*  when an aperture of r/40 is used. 

()\ = 5461A°) 

n 0 1 2 3 

dL/mm. 0 2.2256 4.4512 6.678 

W20 0 0.318X 0.636X 0.954)\ 

The lens could be positioned to an accuracy of ± 0.01 mm 

which in terms of W20 is less than ± 0.002?\. 	This amount of 

defocussing would, of course, produce an undetectable effect 

on the transfer function. 

Several sets of measurements were made on-axis, the 

lens being moved Si ther side of the me ch an ic ally dtt ermined 

paraxial focus. The resulting values of the modulus and 

phase of the measured transfer function are shown in Figure 31. 
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As may be seen there is a small discrepancy in the setting 

of both the paraxial focal position and the zero phase 

position. 	This is shown by an asymmetry in the modulus 

curve, and a lateral shift of the zero phase mean axis. 

The focal error is + 0.11 mm, and the phase error is 

0.0014 radians, the latter corresponding to a lateral shif t 

of the image of about 5 x 10-4  inches 

Having checked the focal setting in the above manner, 

measurements at F/40 were obtainedi 	Defocus sing by the 

amounts speci fie d above were then int roduced, and value of 

both modulus and phase determined for the range of spatial 

frequencies 0 < s < 1.104. 	The results are shown graphic al ly 

in Figures 32 and 33. 	For the se measurements the object 

slit was in the vertical section. 	It may be seen from the 

upper curve in Figure 32 that the agreement between theoretical 

and measured values is very good. 	The maximum error in the 

modulus measurement is 0.02 (4 ). From Figure 33 it may 

be seen that the maximum error in the measurement of phase 

is 0.015 radians (less than 10/0  ). 	The se results confirm 

that the instrument is working satisfactorily. 

Referring again to the upper curve in Figure 32, 

the theoretical values of the modulus are those expected for 

a diffraction limited sys ten. 	As the measured values agree 

precisely with the theoretical ones, it is clear that at F/40 
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the test lens is working as a diffraction limited systaYi. 

This was not found to be so at higher apertures. 

Unfortunately, there are no theoretical values of the 

transfer function for a perfect system defocussed by the above 

small amount s. 	Hence no comparison between theoretical and 

measured values was possible at this aperture (F/40).The 

remaining curves in Figures 32 and 33 show the measured values 

of modulus and phase obtained at F/40. 	For the case n = 1, 

the contrast for spatial frequencies above s = 0,3 is about 

70°b that for a perfect system, 	The amount of defocussing 

corresponds to a wavefront aberration of 0.32X which is just 

outside the Rayleigh 7\/4 tolerance value. 

For the case n = 2, there is a rapid decrease in 

contrast above s = 0.2, falling to zero at s = 0.75. 	At 

higher spatial frequencies there is spurions resolution, 

accompanied by a reversal of contrast between s = 0.75 and 

s = 0.96. 	In this region, the transfer function is negative, 

there being present a phase change of IT relative to the phase 

at zero spatial frequency. 	The phase change appears to be 

rather sudden, but it must be ranernbered that measurements 

are made with finite steps in the values of spatial frequency s. 

It will be demonstrated later, however, that this phase 

change is in fact quite abrupt. 



The lens v'as next tested on—axis at F/20 wi th 

the object slit again in the vertical position. 	Here the 

defocussing coefficient is 	given by the 	table following: 

n 0 1 2 3 

dL m.m. 0 065564 1.1123 1.6692 

W20 0 0.318N 0.636N 0.9547 

The results are again shown graphically in Figure 34, where 

only the phase measurements for the case n = 3 are plotted. 

Again there is good agreement between theory and measurement 

the &Tors amounting to no greater than 2/0  for both modulus 

and phase. 	In terms of the angular measurement of phase, 

this error is about 7°  or 71/26. 	The phase error when the 

value of the phase term is near to 7T is mainly due to the 

fact that the parallel plate micrometer requires only a 

movement corresponding to an image shift of a few 

ten—thousandths of an inch in order to obtain a minimum 

output signal. 	An error of 10 	inches in the lateral 

shift of the image will produce a 25b error in the phase term 

when its value is close to IT. 

It may also be seen that the phase change from zero 

to IT is quite sudden, the change taking place between 

spatial frequencies 0.368 and 0.455. 	This corresporrls to 

a reversal of contrast, the term exp i 8(s) in the 

expression 

D(s) = T(s) exp i O(s) 
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taking the value -1. 	This is in conformity with there 

being no asymmetry in the line spread function, so that 

the aberrations present are proportional to even powers of 

the aperture. 	Since the rest lens is working on-axis, the 

aberration terms present are spherical aberration and 

defocussing, and these depend on even powers of the aperture. 

Following the measurements at F/20, the lens was 

tested at F/10. 	Again the object slit w as in the vertical 

position,and the defocussing introduced is given below 

n 0 1 2 

dL mon. 0 0.139 0.278 

V/20 0 0.318N 0.630\ 

The results, shown in Figure 35, show a slight disagreement 

with theoretical values, both in modulus and phase. 	The 

discrepancy in the modulus term increases with increasing 

spatial frequency, and the phase term increases approxiantely 

linearly as s increases. 	This suggests the presence of some 

asymmetric aberration on-axis, and is possibly coma 

introduced by the decentring or tilting of one or more 

components in the test lens. 	This que sti on will be 

returned to shortly. 

The lens was next tested at F15.6 with the object 

sl it in the same posi ti on as for F/10, and with no 

defocussing int roduced. 	The resulting values of modulus 

and phase are shown in Figure 36, 	Again there is a marked 
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disagreement between theoretical and measured values. 

There are several factors which could be responsible 

for the disagreement. 	These are 

(a) Aberrations present in the system due to 

optical components other than the test lens. 

(b) The presence of on-axis coma in the test lens 

caused by the decentring or tilting of one or more of its 

components. 

(c) The effect of 'turned edges' in the optical 

components during manufacture. 

(d) The thicknesses and separations of the components 

being not exactly those described in the specifications. 

(e) The refractive indices of the glasses used 

differing from those specified. 

(f) The finite bandwidth of the illuminating light. 

Each of these factors could cause a reduction in contrast in 

the image. 

Considering firstly factor (a), the maximum aperture 

at which the decollimator and magnifying system work is F/28. 

As mentioned in Chapter VI, the observed aberration of the 

decollimator is about N/10 of coma at full aperture (F/14.5). 

At F/28, this reduces to N/80 which will have no effect on 

the transfer function. 	It is unlil:ely, then, that the 

decollimator is responsible for the disagreement between 

theory and measurement. 	Similarly, the state of correction of 
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the magnifying system is such that no detectable effect would 

be observed. 

Next, let us consider the factor (b). To determine 

if the tilt or decanting of one or more components of the 

system under test could be responsible for this disagreement, 

it is necessary to find the sensitivity of each surface to a 

tilt or a decentring. If it is assumed that only primary 

coma is introduced by tilting a surface, the value of 

31
1a0 where (30 is the angle of tilt must be found. This 

is done using a computer programme (written by H. Tiziani 

in connection with work on the decentring of optical systems). 

For the 20" lens working at F/5.6 these coefficients are listed 

below :- 

SURFACE NUUBER 
mimIllr•••••=1•S 	  

(au31/0)inches/radian 

 

1 	 0.08040 

2 	 -0.05547 

3 	 0.07755 

4 	 -0.04632 

5 (Stop) 	0.0 

6 	 0.02024 

7 	 -0.11282 

8 	 0,08328 

9 	 -0.04232 

-1 
It may be seen that surface 7 (Curvature = 0.131130 in ) is 
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the most sensitive to tilt, the value of agm /ap being 

equivalent to 1.5N/minute of arc. Even for the most 

insensitive surface, the value of a731jap is about 0.3N/minute 

of arc. Thus, for the former surface, a tilt of one minute 

of arc would introduce 1.5N of coma. At this particular 

surface, the semi-aperture is about 1.5 inches, so that an 

error in edge location of approximately 0.0005"would introduce 

1.5N of coma. Hence, it is not improbable that there is axial 

coma present. 

To check for the presence of axial coma, the image of 

a point source on axis as produced by the lens was examined. 

The intensity distribution in the image is shown in the 

accompanying photograph. As may be seen, the distribution is 

assymmetric which indicates the presence of on-axis coma. It 

is difficult to judge exactly how much coma is present due 

to the large amount of spherical aberration also present, but 

something like 1N of coma appears likely. (This exceeds the 

Strehl tolerance of about 0.65) for primary coma). The axis 

of the star image is at approximately 30°  the the vertical 

axis, so that the effective tilt of the lens components is 

along this direction. 

A further method of investigating this axial coma 

is as follows. The transfer function is given by 

D(s) = 7ff exp fiks V(x,y,$)i dxdy 
S 

1 	s where V(xly,$) = W(x,y)+ 	
2 WII
x  (x,y) + (see Chapter V). 
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If there are no aberrations present, then W(x,y) = 0 and 

the aberration free transfer function is 

Do  (s) 	SS dxdy = 

The relative transfer function is thus given by 

 

D(s) 

Do(s) 

  

M(s) = 

 

ff exp iks V(x,y,$)]dxdy 

   

   

Let us introduce the mean value V of V, defined by 

V(s) = § SS V(x l y,$) dxdy 
S 

and then write 

M( s) = exp liks V(s)i .17 exp [iks (V-V)} dxdyl 

 

Now, if 1 ks(V-V)} <<1, we may expand expiiks(V-V)] in the 

form 

expiiks(V-V)i = 14. iks(V-.V) - i  k2s2(V-V 

so that 

3  JS exp iiks(V-V)idxdy = ffdxdy + - if iks(v-V)dxdy 

2 2 	- 2 SS 	ic s ( V -V) dxdy 

Noting that -ff Vdxdy = V, and substituting into the expression 
S 

for M(s) $  one obtains 
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27)-2s2 

M(s) = 1 — 	
X2 
	X(s) 

where K(s) = 1 SS 01(x,y,$)i2dxdy 	V(x,y,$) dxdy} 2  
S 	 S S 

There is also a phase shift given by 

0(s) = ks V (s) 

The above formula for M(s) is, of course, only aproximate, 

but it may be shown that the approximate equality may be 

converted to an inequality provided the right hand side exceeds 

zero. Thus 

M( s ) > 1 — 
2ir2s2 

K(s) 
7\2 

Hopkins (1957) suggested that a useful criterion for image 

quality would be 

M(s) 	0.80 

This parallels the tolerance theory of Marechal in which the 

permissible decrease in intensity at the centre of a diffraction 

pattern due to aberration is 20°/o of the maximum intensity 

found in a perfect system. If one takes the criterion M(s)?, 0.30, 

then 	
0.107\2 

K( s) 

 

2 2 s 

Now V(x,y,$) may be separated into even and odd parts. 
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That is 

V(x,y,$) = Vi + Vo 

where VE = 6 
Ox 

and Vo = `'Ex 

1  
Hence K(s) = g If (V,„+V )

2
dxdy 	g ff (VE+Vo) dxdyl

2 
 

S 

1 	2 	1 
g 	

1 	, 
or 	K(s) = s ff Vi dxdy - 	if VEdxdyi

2  s  ff Vo
2 
 axdy 

Here the first two terms arise from odd aberrations such as 

coma, and the third term arises from even aberrations such as 

spherical aberration. 

To calculate K(s) and V(s, integrals of the form 

Hi,z( s ) = fs xky
Z 
dxdy 

S  

must be evaluated. For the case of :lire primary coma, K(s) 

is given, for an azimuth qi relative to the axis of coma, by 

K(s) = 4H22(s) 31
2
cos

2
V/ + 9 H

A 0 
(s)+6H22(s) 

+ H ii(s)} W31
2
sin

2
0 

Here it has been assumed there is no transverse shift of focus. 

This is accounted for by the term V(::,y,$), which in the 

othsent case is given by 

V(s) = C(s)+ [ 3H2,0(s) + Ho 2(s) 
	

xr sing/ 
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where C(s) = - 
4  s

2
31sing/ is a term independent of x and 

1 y. 

Suppose now that To
(s) is the, contrast transfer 

function for a perfect system, and that T(s) is the expected 

theoretical contrast transfer function. If 8T(s) is the 

difference between the measured and theoretical transfer 

functions, then provided T(s)measured ,› 0.65 To
(s) one 

may write, with good approximation, 

ST(s) 	
= 614(s) = -273"

2 
 s 2  01C(s) 

To(s) 

Here SK(s) is the change in K(s) due to the presence of on- 

axis coma. That is 

SK(s) = 4H2,2(s) V/312cos2ift+  [9 H4,0  (s)+6H2,2(s)+H0,4(s)I  

x W31
2
sin

2
0 

Hence, using this relation, and the relation 

6'T(s) 	1 
SK(s) = - 	 ] 

To(s) 	27r
2
s
2 

one may determine the amount of coma required in order that 

the contrast transfer function is reduced by an amount ST(s) 

for spatial frequency s. Figure 37 shows the ratio 

T(s) measured 	as a function of s for apertures of F/5.6 and 

T(s) theoretical 
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F/10. At F/5.6, the value of s for which T()  measured/To(s)=0.,65 

is s = 0.04. At this spatial frequency ST(s) = 0.02. 

Substituting these values in the above expressions, and 

evaluating 6K(s) from the tabulated values of Hk,z, one 

obtains 

40$11((s) = 0.652 = 0.4509 W312  

1f31 = 1.2N. 

(Here the value 0 = 30°  has been chosen in evaluating SK(s)) 

The value of 71
31 

= 1.2N agrees quite well both with the 

predicted value of W31 
from the star test, and the order of 

magnitude axial coma to be expected from the tilting of 

one or more components of the test len1b, 

Looking now at the phase term introduced, at s = 0.04, 

this has the value 

0(s) = 0.175 

Using the relation obtained above, namely 

0(s) = ksV(x,y)= ksi 14* s 31
sin0 
	

[3H2o( s )+Ho, (5)] 

. W31
sin01 • 

and substituting s = 0.04, 0 = 30°, 0(s) = 0.175, one obtains 

W31 = 1.44X. 

This value agrees reasonably well with that obtained above..  
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Hence it may be concluded that the errors in measured values 

of the modulus and phase of the transfer function are due to 

the presence of on—axis primary coma. 

The factors (c), (d) and (e), mentioned previously, 

which could lead to differences between measured and 

theoretical values of the transfer function may be considered 

together. It is almost certain that the constructional data 

of the lens as tested are not those laid down by the design 

parameters of the system. For example, small errors in the 

separations _or thicknesses could lead to significant differences 

in the performance of the system. Similarly, a change of 

refractive index (occurring, for examples  with age) could 

produce the same effect. However, in this particular case, it 

is fairly conclusive that the presence of on—axis coma is 

producing a greater effect than the other factors mentioned 

above.. 

The finite bandwidth of the illuminating light may 

be introducing some chromatic effects, but this is probably 

a very small effect. The half—width of the transmission curve 

of the Wrathen filter used is about 150a , so this factor above 

will not cause any significant effect. However, it has been 

assumed throughout the calculations that the principal 
0 

wavelength is X = 5461 A. This requires that the 7ratten 

filter has a peak transmission at this wavelength. In fact, 

the peak transmission is at X = 5480 a, so that the values of 
lo 

s obtained using X = 5461 R are erroneous by about 	/0  • 
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This error is completely negligible. 

Following the measurements on-axis, and with various 

amounts of defcC.ussing relative to the paraxial focus, it 

was decided to test the lens at F/20 choosing a fixed focal 

plane. This was the best focal of n.c for the spatial frequency 

corresponding to 40 lines/mm in the object space. The value of 

s in this case is s = 0.873 which corresponds to setting the 
0 

scanning slit at an angle Qf = 48 . 

It has been shown by Hopkins (1957) that the position 

of best focus at a particular spatial frequency s is given 

approximately by 

W20/W40 = -(1.33 - 1.1s + 0.752 ) 

where it is assumed that T(s) exceeds 0.8 in value and W20 ,  "40 
are respectively the defocussing and primary spherical 

aberration coefficients. For s = 0.873 and -740 = 18.219(t)4
, 

where r = 1 is the maximum a_erture of the system, 

1720 	16.71c  

For F/20, r = 0.28 and I1r20 = -0.105, dL = 1.83mm. 

These values are not really valid for the particular spatial 

frequency chosen, however, since the response at s = 0.873 

is below 0.8. 

At F/10, the reduced spatial frequency corresponding 

to 40 lines/mm is s = 0.437, and r = 0.56. Substituting this in 
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the above formula gives 

W20 = —2.12X , dL = 0.92 nm. 

Again these values are not valid, since at s = 0.473, T(s) 	0.10 

The position of the test lens was adjusted to give a 

maximum output signal in the manner described for the paraxial 

focus at F/20. The final setting practically coincided with 

the paraxial focal position, contrary to the theoretical value 

of W20 = —0.105X predicted above. Measurements for this focal. 

setting were then obtained, and the results are shown in 

Figure 38, where curves for the object slit in the sagittal 

and tangential sections are plotted. For both the sections, 

there is close agreement of obtained values with those 

obtained for the paraxial focal setting. This implies that 

the only contributing aberration is spherical aberration. 

(If any asymmetric aberration were present at this aperture 

ratio, measurements in the tangential and sagital sections 

would give different modulus values). The values of 0(s) are 

close to zero for both sections. 

These last results also indicate that the instrument 

is capable of reproducibility with a high degree of accuracy. 

The test lens was next moved off—axis by 12°. This 

necessitated refocussing by an amount F(sec0.1) = 10.48 mm. 

This was achieved by moving the object slit by the specified 

amount, the correct setting being when a maximum signal output 

0 was obtained with the scanning slit at an angle 4 = 48. The 
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results obtained arc shown in Figure 33, where only modulus 

values have been plotted for the off—axis case. (Phase values 

are again sensibly zero). As may be seen, there is fairly 

good agreement with the theoretical values up to the spatial 

frequency s = 0.5, but beyond this errors of up to 70/0 occur. 

The cause of this error is not known precisely, but may be due 

to the coma arising from centring errors contributing to the 

aberrations off—axis. 

It is worth noting that, on—axis, the aberration functioy_ 

is of the form 

2 	4 	6 
7(r4)  = W20r 	1740r 	

1
60r  

where W20 = coeff. of longitudinal defocussing 

W
40 
	primary spherical aberration. 

1160 = 
	secondary spherical aberration. 

At the paraxial focus, W20 
 = 0 and the only effect is due to 

spherical aberration. If a finite amount of defocussing is 

introduced,1'T20 0, and the value of W(r,O) changes. By 4   
suitably choosing W20'  the variance of W(r,O) may be reduced 

— the minimum value obtainable corresponds to the position 

of 'best focus'. 

The above case of the test—lens being adjusted for 

best focus at 40 lines per millimetre is an example of 

defocussing to maximise the response at a particular spatial 

frequency. In this case, however, as the lens is stopped down 
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to F/20, the aberrations are so small that the defocussing 

required to obtain best focus at 40 lines/mm is practically 

zero. 

Proceeding along these lines, the lens was tested at 

F/10 on axis, the focal plane chosen being the best focus at 

40 lines/nun. This required a shift of the focal plane of 

1.52 mm which corresponds to the value ;720 = 3.48 . This again 

is contrary to tie predicted value of 2797X for _flower 

frequencies. Figure 39 shows the resulting curve, and also the 

curve for 1720 = 0. Also shown are the states of connection of 

the system for an aperture of F/10. As may be seen, the 

performance of the system is greatly improved by introducing 

a defocussing term. 

This completes measurements on the 20" lens, and 

the conclusions to be drawn are as follows 

(a) The instrument is capable of determining the transfer 

function with an accuracy of 2°/o in both modulus and phase. 

Measurements are reproducible. 

(b) The 20" lens performs as a diffraction limited 

system at F/40. As the aperture increases, the performance 

steadily decreases, and at F/5.6 is very poor. 

(c) The presence of on—axis coma has been detected, this 

amounting to about 1.X. For this particular lens, the tolerance 

on decentring or tilting one of the components is of the order 

of one minute of arc, which in turn requires a shoulder mounting 
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accuracy of about one micron. This is a surprisingly close 

tolerance, and indicates the need for careful consideration of 

the mounting problem, even in photographic objectives. 

(d) the performance of the lens is greatly improved 

if defocussed (from the paraxial plane) by an appropriate 

amount. 

(3) 	Measurements on the Plano Convex Lens. 

Having considered firstly a compound lens system, 

it was decided to investigate thoroughly the performance of 

a simple singlet lens. 	Of particular interest was the 

effect of tilting one surface of the lens relative to the 

other surface. 

With this aim in mind, two piano-convex lenses 

were made very carefully. 	One of these lenses had its 

plane surface deliberately tilted relative to the other in 

order to introduce some on-axis coma. 	The lenses have the 

following computed specifations:- 

Lens (1) 	Lens (2)  

Focal Length = 18.145197" 	Focal Length = 18.145197 

Thickness = 0.268" 	Thickness-Axial = 0.268" 

Clear Aperture = 2.40" 	F/7.5 

C1 = 0.106519 in-1  

C2  = 0.0 

Ne = 1.51738 

Edgel = 0.166" 

Edge2 = 0.202" 

Clear Aperture = 2.40" 

C1  = 0.106519 in-1  

C2 = 0.0 

Ne = 1.51738 
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The computed aberrations of lens (1) were found to be 

5o  OFF-AXIS  

	

(711 	- 0.00005) 
'  

	

(W20 	7.4849) 

	

1,tir22 
	= 	9.2066 

	

T31 	1.4120 

	

T33 	- 0.0210 

	

W4 0 	1.7153 

	

W42 	0.0478 

	

51 	- 0.0224 

W60 =  0.0025 

ON-AXIS  

W20 =0 

40 = 1.6948 

W60 = 0,0072 

The aberrations of lens (2) include a coefficient 
8W 

SW31  = 	6I3, which arises from the tilt 6' introduced. 

The value of the term aw/a0 is given, at any surface, by 

ow 	YA(n cos I) 	hy A(n) 

where L denotes a difference on refraction, and 

Y is incidence height 	h is paraxial ray incidence 
height 

n is refractive index 	y is reduced height 

I is angle of incidence 

In this particular case, Y = 1.20"(30.48 mm), A(n) = 0.51738 

I = 0.0661 P; 3.79°  

It = 0.0436 cr; 2.50°  

hy = Y = 30.48 mm. 
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Substituting these values into the expression for 
87 

gives 

6W 
77 = 9.86 x 10

-4 
 inches/ radian 

or 
87 77  = 0.871 / degree. 

As may be seen from the lens specifications, 

— 0.036 radians P..4  0.90 . — 2.4 

Hence the coma expected on axis is approximately 

W31 = 0.8?' . 

Using a wavefront—reversing interferometer designed by 

Tiziani, which measures comatic aberration in the presence 

of other aberrations, an interferogram of the lens (2) was 

obtained and is reproduced in the accompanying photograph. 

1ith this interferometer, four times the odd component of 

wavefront aberration is seen in the fringes, and the even 

parts of the aberration, such as spherical aberration, are 

not in evidence. 	Fitting the polynomial 

W(r,g5) = Wil  r + W31 
r 3 	

"5 
r5 

to the interferogram for the given lens resulted in the 

following values for the coefficients: 

W11 = .15-7M W31 
= 0.58?' 	W51 = 0.24X 
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Measurements were first made on lens (1), 

and the results are shown in Figures 40 awl 41, 	Two 

focal positions have been chosen, namely the paraxial focus 

and the position of best focus at 25 lines /pm. 	As may be 

seen from Figure 40, which shows the on-axis result s,the 

performance of the lens is greatly improved when the best  

focal plane at 25 lines /mm. is chosen. 	This is due to the 

fact that a certain amount of defocussing, 720'  has be en 

introduced which partially offsets the effects of spherical 

aberrati on. 	In Fi3ure 41, results are shown for the image 

formed 5o of f -axi s . 	Here the --)erformance is poor both for 

the paraxial focal plane and for the best focus at 25 lines 1mm. 

The performance of the lens is better in the tangential section 

than in the sagittal section. 

The phave curve in Figure /-1 is of particular 

merest 	This is the curve for the sagitta.1 section 5°  

off-axis and is interpreted as follows. 	Due to the 

presence of coma, there is a phase term in the transfer 

function which increases steadily with increasing spatial 

frequency. 	In. addition, there is a reversal of contrast 

occurring at about s = 0.03. 	This accounts for the sudden 

jump in the phase around s = 0.08 followed by an approximately 

linear variation of phase with spatial frequency. 

Also of interest is the fact th .t below the spatial 

frequency s = 0.1, the response for the best focal plane 
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at 25 lines /ram. in the tangential section is better: 

than that for the paraxial focal plane. 	At higher 

frequencies, however, the situation is reversed. 	In 

fact, the output signal from the scanning slit is so small 

as to make impossible any accurate determination of contrast 

attenuation. 	Hence no values for T(s) above s = 0.1 are 

plotted in this case. 	The phase curve is somewhat similar 

to that obtained for the paraxial focus case (2), and has been 

omitted from Figure 41 to avoid confusion. 

Following measurements with t his lens, lens (2) 

was tested on—axis with the object slit in the sagittal 

section, both in the paraxial focal -21 -me and the best  focal 

plane at 25 lines /ram. 	The results are shown in Figure 42, 

where the corresponding curves for lens (1) are al so shown. 

There is a significant fall in the response, which is due 

entirely to the presence of the on—axis coma. 	In addition a 

phase term has appeared which increases approximately linearly 

with spatial frequency. 	Again, only the phase curve for the 

best focal plane at 25 lines /nun. has been plotted. 

In the best focal plane at 25 lines /m.m, the ratio 

of the transfer functions in Figure 42 has been taken, 

subject to the condition that iT ( s ) measured /T( s) ?.. 0.65. 
0 

The se values are shown in Figure 43. 	Also shown in this 

figure are the theoretical values of T(s) and 0(s) for 

V131 = 0.63N 7T  = 
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There is quite close agreement between the measured ratio, 

and the theoretical response for iT31 = 0.631\ 	= -7r 1  2 
Using the tolerance theory of Hopkins in the way done for 

the 20" lens, one obtains for 

(Modulus) 	1731 = 0.51\ 	(Phase) 7 31 = 0 . 61\ 

(Here the spatial frequency chosen is s = 0.2 and then 

ST( s ) /To( s ) = 0.170). 	These values are somewhat smaller 

than those predicted, but some error has been introduced 

into the prediction by neglecting higher order coma. 

It is clear from the above results that the presence 

of on-axis coma, caused by tilting or decentring a surface, 

may seri ously impair the imaging qual it ies of an opti cal 

system. 	For this particular singlet lens, a tilt of about 

Io has been introduced.. 	However, for a system wi th many 

elements, or of larger relative aperture, much smaller tilts 

may produce effects which are additive. 	These, in turn, 

may easily produce a reduction in imaging quality comparable 

with that observed above. 	It should also be noted that for 

a lens wi th large amounts of aberration present , the effect 

of the coma introduced by tilting a component would be 

negligible. 

(4) 	Measurements  on 8" Pentac Lens:- 

This lens had been obtained in order to compare the 

measured values wi th those obtained by o the r worke rs . 	This 
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lens has the 

R in 

following specifications:-

Thickness 

3.37 0.627 1 . 	1 24 

-3.80 0.128 1.5476 Stop 0.14 in front 
of R = 67.5 

-135.00 0.617 

-3.48 0.128 1.5476 

3.063 0.685 f' 	= 7.965" 

67.50 0.125 1.5476 .fir  = 6.731" 

3.146 0.627 1.6124 

-3.146 

At the 	time of writing, no theoretical values of 	the 

transfer function were available, so that the only comparison 

possible is with other measured values. 

with a focal length of 7.965", the magnification 

in the instrument is approximately x 20 which means that 

the image of the object slit has a width of 0.006", a value 

which far exceeds that required for a maximum signal to noise 

ratio. 	This effect was observed during the measurements cn 

this lens; a little difficulty was experienced in 

determining the true null setting. 	As a result, errors in 

setting the parallel plate micrometer and the density wedges 

of about 0.0005" (=0.0127 mm) and 3°  respectively are possible. 

These errors lead to a possible 2% error in D(s). 
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The lens was tested in yellow light (7\ = 5896A°) and 

white light. 	With the lens in its test position, the 

magnification was found to be M = 25.992. 

Firstly the lens was tested using yellow light. 

To obtain yellow light, the mercury source and filter were 

removed and replaced by a white source and yellow filter 

which has a peak transmission at 53962. 	The lens was 

tested on- 	 45°, 90°, axis in the azimuths 0°,and the results 

are shown in Figure 44 for an aperture ratio of F/8. 

The focal plane chosen was the best at 102 lines /mm. 

(0 = 450 ). 	The results indicate reasonably good agreement 

with those obtained elsewhere. 	The phase results, however, 

are somewhat erratic, but this may be attributed to the 

reduction in signal to noise ratio resulting fromthe use of 

a slit whose int-tge on the scanning drum had a value far 

from the optimum. 

Next the lens was tested at F/3 using white light 

with the same focal setting as above, and with the object 

slit in the tangential section. 	The results are al so 

plotted on Figure 44, and show an average di screpancy of about 

0,06, particularly at higher spatial frequencies. 	This 

discrepancy could easily be due to one: or more of the 

following factors - 

(a) The spectrum of the white source used is 

not the same as th -..t used to obtain the comparison curve. 
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(b) The effect of chromatic aberration of the 

test-lens and other components in the ins trument . 

(c) The spectral sensitivity of the photomultiplier 

not being the same as that used to obtain the comparison 

curve. 

The factor (b) causes a spectrum of spread functions 

to be imaged along the optical axis near to the true image 

plane. 	The value of 7\ for wh ich the corresponding spread 

function is exactly in the true image plane depends on the 

amount of chromatic aberrati on present . 	Assuming an equal 

di stribution of int ensity wi th wavelength, the wavelength of the 

light forming the spread function in the true image plane 

will have a dominating role in determining the spatial 

frequency at which the lens is tested, since s = 2FXR. 

If this were the only factor affecting the modulus of the 

transfer function, then a shift of the s-axis in Figure 44 

would bring the measured values into coincidence with the 

comparison curve. 	This, in fact, proves not the case. 

The f actor (a) may al so cause a disagree lent in 

measurements. 	For a white source of a particular colour 

temperature T. there will be a value of 1\ for which the emit ted 

energy is a maximum, according to the for 

. dE cl? = A1
- 5 	e--l,2/TT  

where Al = 2 hc2, A2 = he/k, E = energy, X = wavelength 

h = Plank's constant, k = Bolt zman s constant, 
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c = vel. of light. 

Hence, if the white source used here has a different energy 

distribution from that used to obtain the comparison curve, 

there wi 11 be a different7\max. 	Since the test-lens wi 11 

have a residual secondary spectrum, its state of correction 

will vary with wavelength. 	Hence a variation in observed 

values of T(s) is to be expected. 

It is clear, then, that for comparison of 

measurements using white light, sources having the same 

characteristics must be used. 	Also, any instrument for, 

measuring transfer functions in white light must be free 

of chromatic aberration to a high degree of correction. 

Another possible method of assessing the performance 

of a lens using white light is to determine the transfer 

function of the lens at a number of wavelengths spaced at 

equal intervals around some mean wavelength. 	Suppose for 

example that for some spatial frequency s, the moduli T(s)n 

are determined for N wavelengths Tn. 	Then it may be useful 

to take the modulus for white light response to be given by 
N 

T( s )whit e = 	Twn  L._ 
n=1 

N 

This is assuming that the relation between aberration (and 

therefore change in refractive index An ) is linear with the 
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change in wavelength N; that is 

-k AT whe re k is CO ns t ant . 

In fact, for the visible wavelengths, the relation is not 

linear, it being of the form n = A + 3/N2  + C/X4 + ••• • 

It may therefore be more useful to choose weighting factors, 

different from unity, so that the above expression for 

b swhit eecomes  
T( s )whi te 	gx  T(s)rx  

n 
n=1 

The value of N, the number of wavelengths chosen, would 

determine how closely one may determine the true response 

to white light. 	Workers in this field have in the past 

stated that the transfer function is generally less using 

white light than it is using monochromatic light. 	The above 

is one attempt at stating the situation more explicitly. 

Since a large 'percentage of lenses are used in white light, 

it is important to know the imaging quality of the lens under 

these conditions of illumination. 

An added advantage to specifying the white light 

response in terms of the response at a number of di ff erent 

wavelengths, is that different weighting factors g.A  may be 

chosen for any particular use to which the lens is to be put. 

For example, in cereal photography, one may require the 
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response of a lens using white light and say a blue filter 

to be known. 	Using the approach as suggested above, this 

may easily be obtai ned. 

In conclusion then, it is important that the 

transfer function, using white light, be specified in some 

standard way. 	This may be done by us ing a standard co lour 

temperature source when measuring the transfer function, or 

else by determining the function for a finite number of 

wavelengths and taking some weighted average. 	The latter 

method appears more useful, as it permits the knowledge of 

the transfer function for any kind of illumination, 	In 

addition, the latter method will prove useful to lens 

designers when considering the effects of residual 

aberrations on the transfer func ti on. 
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CONCLUSIONS 

A new and simple method of measuring optical 

transfer functions has been devised and to embodied in an 

instrument with which both the modulus and the phase may be 

measured to a high degree of accuracy. Minimum numbers 

of optical and mechanical components are employed to 

eliminate sources of error. 	The instrument may be 

considered as two separate units, namely a source unit and 

a detector unity between which any optical system may be 

placed for testing. 

The method employed to measure the transfer func t ions 

has the particular advantage over other methods that only one 

light source, one photodetector, and one amplifier are used, 

a null-setting of the output signal giving the values of both 

modulus and phase. 	This automatically eliminates errors 

due to fluctuations in light intensity, photodetector 

sensitivity and ampli f 

Initial measurement s have been made, using 

monochromatid light to confirm known theoretical values of 

the optical transfer function. 	Following this other 

measurements were made, again with monochromatic light , on 

several lenses, and the results compared with values 

calculated from the constructional data. 	At low apertures, 

theoretical and experimental values of both modulus and phase 

agree to better than 2% over a wide range of spatial 
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frequencie s • 	At higher apertures there is in some cases 

poor agreement. 	This has been shown to be due to the 

presence of on-axis coma arising from the decentring of 

components in the lenses. 	Resulting from this is 

demonstrated the need for the more precise manufacturing of 

lens components and their mounts if the design performance 

is to be achieved in practice* 	Finally, the effect of using 

white light was examined briefly, and a tentative interpretation 

of the result s has been at tempt ed.  

Summarising, an ins trument ha s been built wi th 

which a detailed and reliable study of the influence of 

aberrations on lens performance may be made. 	The previ ous ly 

established, but by no means satisfactory, criteria of lens 

performance may be derived from the transfer function curves, 

but by themselves give incomplete infonnation about a len's 

performance. 

The measurement of transfer functions, particularly 

for prototypes of new designs, proves extremely useful to 

both manufacturers and lens designers, and the instrument 

described above makes this a feasible proposition. 
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APPENDIX I  

Theory of Image Rotating Prism - 

An image rotating prism may be considered as a 

system of three mirrors arranged in the following configuration - 

Let rectangular coordinates Ox,y,z be defined, and let 

be unit vectors along these axes respectively. Let 

fi2' 113  be unit normals to the reflecting surfaces T,MD, _ 

and let t, g' be ray unit vectors before and after reflection. 

Then, Snell's Law may be written in the form 

at = a + (cos', 	cosi) a = a + 2cosIta. 

where I and 	are the angles of incirlence and reflection. 

Referring to the above figure 

—1 = sina - cosa R 

= 2 
= "13  	sina - cosa 2 



If g1  = T'  then applying Snell's 1-1w gives - 

g"1  = 	2cos (90o-a1)1-sina 	R] - - 

or 

= cos2a - sin2a 1 	1 	
1n 

After rcficction from surface C) 

2 - 
- cos 2a + sin2a 1- 	1" 

After reflection from surface CD 

23  + 2cos 	90°-(2a1-a3)] fi3  

or 

g'3 	= cos(2a1 - 2a3  ) 	+ sin(2a1  -2a3  ) T 

If now a1 =a3' then 

_ 
- 

and the ray emerges parallel to its incident direction. 

If a14a3' the ray emerges at an angle 0 to the axis, where 

0 = 2(aI -a3) = 2Sa. 

Thus for an angular deviation Sa of one of the reflecting 

surfaces, the emerging ray is deviated by an angle tea. 

It may be seen that a similcr situation arises 

if the entering ray is either not parallel to the ox-axis, or 

not at the correct height above the RX-axis when this occurs, 



the emerging ray is shifted laterally. 

Hence to eliminate any image shift, apart from 

pure rotation, on rotating the prism (a) the angles a1 
 and 

a3  must be equal; 	(b) the axis of 

rotation of the prism must coincide exactly with the entrance 

height giving a symmetrical optical path through the prism. 

1711,a(1 the prism is rotated through an angle 0, the 

unit normal vectors will inclu-e a 0-dependent teen. It may 

be seen, by comparison with the above analysis, that in this 

case the emerging rays will have rotated through an angle 20. 



APPENDIX II  

Parallel Plate Micrometer 

Ny, 

T ( \P 

A 	t ,,, 
1 

 • 	1

r 	
, 

 

• 
/ I i 

/ 

, 

•,,,' R 
0 

Let ADCD be a plane parallel glass -late of thickness t and 

refractive index A. 

Let x, y be rectangular axes, origin 0, and let 0 1  be the 

centre of rotation of the glass plate. Suppose the plate 

is rotated through an angle 0 about 0 1 . Consider now a ray 

OP, parallel to the x—axis, striking the plate at the point Y. 

Let I1(=0) be the angle of incidence. After refraction at this 

surface, the angle of refraction is given by 

sin Ii = 
N
1  

Ni 
1 

sin I1 = 772sin I1 = sin I2 

After refraction at the second surface 



N2 
2 sinIt = -- sin I

2 = sin I1  Nt 2 

That is, the emerging ray is parallel to the incident ray. Tho 

lateral shift of the ray is given by 

RQ =Sy = PQsin (I-I1 ) 

But PQ = t/cosIi, so that 

Sy = -1-- fsin(I-I') 
cosi' 

or 

Sy = tsinl '_[1 - cost 

  

  

  

For small angles of incidence I, sin I r4 I, and cosi NI.  

Hence 

  

Sy 	tI(1 - 1  -) 

It may thus be seen that for small values of I, the lateral 

shift of the ray is directly --)roportional to the angle of 

rotation of the parallel plate. 

The table below shows the lateral shift expected 

using a plate 0.25 "thick made of glass having a refractive 

index of 1.5. 



Io 
, , 0.5 1.0 0.0 I 2.0 5.0

i
00.0 
! 	1 

I 15.0 1 20.0 25.0 30.0 40.0 

SY"  0.0 I .0007 1.0015 .0029 .0073 
i 	I 1.0147 	.0224 .03051  .0392 .0486 0.0651 

If these values are -olottccl graphically, it may be seen that 

the relation between Sy and I is perfectly linear trip to 

about 15°. Above 15°, the term cosI 	produces a non- 
gcosIt 

linear effect in the relation, thus rendering calibration more 

difficult. 



APPENDIX III  

Design of Magnifying System:  Since the system is to work at a 

low aperture, it is possil-le to use two singlet lenses in the 

following configuration - 

If 01  and 02  are the powers of the separate components, then 

in the thin lens formulation, the total power 0 is 

= 	-F.  C/2 -   t (61C4 2 

Using this relation and also the relation 

Magnification M = ( vol/v 2 ) 

One may obtain 

02  = Mi(1-t01 )-6o1 	ti 

Choosing the values M = 1.913, t = 10", Loi  = 11", ,g2= 20" 

the corresponding powers are 

01  = 0776 , 	(9j2 = 0.0443 



For the system to be free from first order 

aberrations, we must have 

(SI  + 	(S ) 
1 	1  2 

0 

(SII ) 	(SIT ) 	(S I) 	Sci 
1 	2 	2  

2 
1 	(Slii 2 	2(SII ) 2 Sq -I- (SI)2 	= 	

1 
(SIV)

1 	(S  "n)  

[ 3(SII; 2 	 3 
+ is--,J) 2  , &I +  3(sii) 6q2  + (SI )2 6c1  = 0  2 

where SI  ... Siv  are the Seidel aberration coefficients and.  

	

Sq is the shift of the entrance pupil from lens CD 	Using 

the relations 

(SIII ) 	= Om3 	j Z 1 	Y 	(SIV ) . 	= 0.
3 

Z
033
1./N. 

;4.  

these equations may be solved to yield (SI ) j  and (Sidi. 

Having obtained the aberration coefficients required for each 

component, the shapes S may be determined. The components are 

then thickened, and the final aberrations calculated. 

The values of (S ). I j and  (CI
II j ) depend on the choices 

of refractive index N. Several changes had to he made in the 

values of N, and only solutions for the final choices will be 

0 



given here. 

Lens ® 	 Lens  

	

1.5094 	 i1 	= 1.5152 

	

0.00 	02 	= 0.0448 

	

S1  = 0.333786 	Si = 0.333786 

5" 	2.170606 	S11 = 1.167254 J'  

S I ': 	 SIN 

	

= 8.666062 	 = 0.447825 -''  

5.741395 3IV  = 0.295555 

Sy 
	0 	

V 
	= 0. 

Now, for thin lenses 

SI 	 8 	o = 	03,6' iK1 	2; S2+"' g- o+K 2+K41 " 

1 SII 	= 4 0
2

o  Z 1 	5S + X6P1 

where S = Shape of lens 

P = -(vo+vc; )/0y0  and vo  is incidence height ' 

X1  = (N+2)/N(N-1) 2 K. = I12 /(N-1) 2  

K2  = 4(N+1)/N(N-1) 	K5  = (N+1)/N(N-1) 

K3 = (3N+2)/N 	 K6  = (2N+1)/N 



Substituting in these values, one obtains 

s ) 
1 
	0.0160 3.960151+14.561151+14.1606 

(5
II

)  
1 
	0.3724 1 3.2637S1+2.96971 

(S I) 	= 	0.0002 1 8.740-1.-32
+15.103252+10..3541i 2 

0.0100 13.2220S 4-..„.1121i. 

Those uqt....Itions may be solved graphically or analytically. 

Graphically, one obtains curves as shown in Figure A. 

It was founr' that the shapes required to give correct 

values of S -lid not give the correct values for SII (see curves), 

Using the differential relations 

831 3 0 .6,02K1S 	N2Pi 

2 zti{ 
4 o 5 

as 

asII 
as 

now values of S were obtained which gave more nearly the 

aberrations required for each lens. The optimum shapes finally 

obtained were 

S1 = 1.9997 	S2 = 4.0374 

These shapes appear to be rather high numerically, but since 

the powers are small, curvatures will not be too severe. 
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The lenses were then thickened, taking axial thicknesses 

t 1 = 0.100" 	t 2 = 0.25" 

and the final residual aberrations calculated. The final 

system and its aberration coefficients are as below - 

SURFACE NO: 
_,_ 

1 2 3 
-.. 

4 

NAD.OF CURVe(IN) 11.856 3.951 8.993 5.049 

THICKNESS 0.100 9,925 0.250 

67.711cTIvE INDEX 1. 	094 1.0 1.5152 

SI 
	0.0002 

sII 
	oxlm 

s III 

s ly 

J 

0.5463 

0.2908 

5.4934 
V 

Since the maximum aperture at which this system is used is F/28, 

the reside al aberrations are completely negligible. 
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