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ABSTRACT

wrmaa

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 thcory which may be applied to compound leﬁs
systems, even in thec 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 me thods, and those based
on the Fourier analysis of the imnge 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
func tion has been devisedy; permitting measurements of
optical transfer functions which are repetitive with an
accuragy 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 photodctector and amplifier,
This el iminates 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 measurcments 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 with 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. Measurements in white light have
also been made, and these compared with those obtained with

monochromatic light.
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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 opticafly
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. The se
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
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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, hovever, 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 propertics of the given
system,

(2) Criteria for Image Quality in Optical 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 in
the image plane is given by

2
o - 2 J1(21rp)7

n .
where P = u-—.s-cw

p , n sin o is the numerical aperture,
N is the wavelength, and p is a radial coordinate in the
image. In the presence of oberrations, this expressic}n
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 smll size
of the scanning aperture required to make measurements 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
vhich is related to the point spread function by the

expr ession
o0

Glu') = fG(u’,v’) dv!
—co
where G(u',v'!) is the intensity 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.

Edge Gradient Criterion:-

The ideal imapge of an edge would be a step
func tion.,. However, even in a diffraction limited system
this is not so as the intensity distribution in the imége
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 deqreasés
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 functiops
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 pgradient in the same way as aberration. Secondly,
the exact focal plane used in imaging extended objects
mus t 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
qual ity, 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 é
approximately the intensity response of the eye). The
curve is then split up into N segments, and the slope of
each, QLJiﬂijé’ is measured. The mean square gradient is

AE
then N

o A 2
NG Y
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
Acutance = #% /QDa— D)
(D, - Dbz 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 acutancc. Hence the
acutance may be calculated for various states of correction

of the optical system.

Resolution Limits:—

According to Rayleigh, the imnges, formed by an

aberration-free system, of two equally bright objects can
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be resolved when the first dark ring of ome diffraction_
pattern coincides with the central maximum of the other.
When this is so, the intensity of the central dip in the
image is Bf% of that of the two maxima., This has profed
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 function, |

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 detennining 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
mcasurcments of this kind to use the detector intended for
use with the optical system in practice.

To use either the edge gradient or the resolﬁtion
limit as a quality criterion for an optical system may be
guite misleading. The average cxtended 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 a2 low acutance but a high resolution,
or vice versa. If a system has a high resolution limit;
this does not neccessarily mean that objects baving coarse
detail will be imaged with good quality. It is this
information that is often required.

Sinc 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
objeéts, of different spatial frequencies, are imaged by a
systan, the images corrcsponding to each frequency will
have different contrast values; The relation between
the image contrast and the objeét eontrast is known as the
contrast transfef function of the systcm, and the value
of this function varies with the spatial frequency of the
object, In addition, there may be a lateral shift of the
immge relative to the geometrical imge. Becuase of the
fact that the image of a sinusoidal object is of the séme
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 called the optical transfer function (or frequency



response) of the system.

It should be noted that the optical transfer
function may be cvaluated directly, and morec 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 performmnce from the optical
transfer function. One such method 1is to specify the
equivalent bandwidth A3 as indicated in Figure 3. This
criterion suffers from the disadvantage that it does not
specify the shape of the optical transfer function curye, so
that the wvalue of AB could be misleading.,

(3) Conclugion:~

In 1959, Dixon showed that neither the resolution
limit nor the edge gradient criteria give sufficient
information about an optical system's performance. The se
tests describe only the performance under specified
conditions, and depend on the detector amployed. 1f,
however, the optical transfer function is known, it is
possible to find from it both the resolution limit and the
edge gradient, Thus it ig 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 imagec 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 knowledge of the
frequency response. For a lens systcm 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 Optical Transfer Function:—

(1) Introduction

As mentioned in the previous chapter, the opgical
transfer function is derived from the fact that the imﬁge of
a sinusocidal (or cosinusocidal) object has itself a sinusoidal
(or cosinusocicdal) distribution of intensity. This distribution
may be reduced in contrast, and also may suffer a latepal
shift from the geometrical image position. |

The optical transfer function is the normal iged
inverse Fourier trans form of the spread function, this latter
being determined by the distribution of complex amplitude over
the exit »Dupil 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) 3Basic Postulates and General Theory:=—

There are two basic postulatcs which must be
satisfied in order that the theory of optical trans fer

fincticns is valid., These are the postulates of

(i) 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 Bl(u,v), B;(u‘,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
Bl(u,v)+ B,y(u,v) » Bil(ujv')+ ?é(U',v') (1)

This is satisfied if dif ferent object

for any B, and B

1 2°
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 shift
in the object planes That is

B (u~uo),(v~vo)}e Bi{(u‘-ué),(V‘—vé)} (2)

i
This will only be valid for smanll displacements (uo,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 of the image considered, This is justifiable
if the aberration of a system remains comstant over a region

of the image plone 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 wvalues of the transfer function
would necessarily occur., This in turn would require a non-
lincar theory of optical systems to be investigated.
Fortunately, good agreement is obtained between theory ant
experiment, so that the isoplanatic 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

cO
B(uo5vo)= k j],B(so,to)cos[zw(uoso+voto)+@(so,to)]dsodto
-0

where k is constant and (so,to) are spatial frequencies.
Each frequency pair (so,to) in the integrand represents, as
a function of (uo,vo), a cosine distribution of intensity

along the direction given by

tan ¢ = tolso

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 @, the terms in equation (3) for which
to/sO = tan ¢ = 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 ¢§ 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 imaging
properties of a system,

Let G(u') 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 bc considered as the output for a unit impulse at u=o.
Any object distribution B(u) may be rcecgarded as a sPatfal
distribution of impulscs of strengths B(u), and for a linear
system the output will be

[o 0]

Bt (u') = /’B(u) G(u'-u) du (4)

-c0

This implies that the distribution of intensity in the image
is given by the convolution of the intensity dis tribution

in the object with the s pread function., This is shown in
Figure 4. The Fourier spectra of the functions in (4) are
related by

bt(s) = b(s).g(s) (5)
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where g(s) = f G(u')exp(=i2ruts)du! etc.

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

grating of the form

B(u) = o +Bcos 27us (6)

will always have an image of the form

B'(u')= a + T(s)Bcos{2muts+0(s)} (7)

In these equations, u and u'! are defined by

where MRsina, n'sina' are numerical apertures in the object
and image spaces respectively, & and E! are spatial coordinates

and N in the wavelength, Note that

u' = u, v'=v
give the position of the geometrical image of the point
(u,v)s+ Also, intensity units are chosen such that a uniform
object distribution of unit intensity gives an image also
having unit intcnsity.
The quantities T(s) and 6(g) are then related to

gl(s) by

gls)
(8)

T(s)exp{if(s)} = D(s) =
glo)
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T(s) is the contrast transfer function and is the fatio
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
Sut = - 0(s) /2ms

relative to the geometrical image. If 6(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 frequéncy
components being shifted by different amounts, giving phase
distortion.

D(s) is the optical transfer function, and if
specified for different aximuths completely describes the
imaging propertics of an optical system, It is important
to note that only the nostulatcs of superposition and'd
stationarity have been used to obtain the relation (8).

If an optical system were ideal, there would be
a 131 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, resﬁlting in a reduction of
contrast. The image of o diffraction limited system will
have a transfer function decreasing with increasing spatial
frequency. The presence of aberrations causes a further

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

(3) Calculation of the Optical Trans fer Function from
Dif fraction Theory :-—

One of the principal advantages of the above theory
is the possibility of calculating thec transfer function from
the design parameters of an optical system. Tracing rays
through a sys tem enables the wavefront aberration ¥(x,y) to
be expressed in terms of the relative coordinates (x,y)
of the points where rays intersect a reference sphere centred
at Q' - 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 a' is here taken to be the angle subtended
at the image point Q' by a pecint situated on the reference
gphere and in the sagittal section at o distance h from
the pupil ray E'Q! (hS is the sagittal incidence height
along this ray at the plane through E!'), Relative coordinates

(x,y) are then defined by

X
S ]

The reduced coordinates in the image plane are

n'sinat &' ntsina' n'
u' - I T R A » v! -
N A

and have their origin E'=n'=c at Q!', In terms of these

coordinates, the complex amplitude at the point P'(u',v')in
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the image plane is, apart from a constant factor

U, = exp(i@)]];(x,y)exp[ikW(x;y)]

D
A
o exp [i2m(utx+v'ly) Jdxdy (q)
where k = Z% , and § = constant (u'2+ V'Z). W(x,y) is the

wavefront aberration, and afx,y) is the real amplitude
over the reference sphere. The region of integration A4
corresponds to the aperture of the system.

To develop the theory further, the pupil function,

defined by

alx,y)explikW(x,y)] in A
flax,y) = { o outside A
is introduced. 1In an aberration free system with uniform
transmis sion over the aperture, W(x,y) is zerc and a(x,y)
has unit value, so that f(x,y) has thc value unity in A
In the case of incoherent objects it is only the intenéity
in the point source image that is reguired. For this case,

equation (9) may be written

(o]
F(u',v') = ]],f(X,y)exp[iZW(u'x+v'y)] dxdy
-0

omitting the phasc factor exp(id) which disappears on taking
the squared modulus of F(u',v'). The complex amplitude at P!
is thus exactly the Fourier transform of the pupil function.

The point spread function is given by

G(u',v') = lF(u',v')fz
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Now suppose the axes (u',v') and ',y') arc chosen
so that v! 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
[s0]
G(u!) = ]1 G(u',v!) dv?t,
- o0

and the inverse Fourier transform of this line spread

function is

g(s) = /n{ /‘G(u',v')dv'} exp(-i2au's) du! (10a)

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

by co

gls,t) = /y’G(u',v')exp{—iZW(u's+v't)}du'dv' (10b)
-co

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

gls) = g(s,o0)

which gives the inverse transform of the line spread function
in terms of the inverse transform of the point spread function.

Equation (10b) may be writ ten

(2.}
gls,t) = /],lF(u',v')'zexpf—iZW(u's+v‘t)}du'dv'
—~00
or

o0
] t hid s t
g{s,t) =—lyvf(x + 50y + 5).f (2= 51Y= 5) dxdy (11)



20.

Putting t=o in equation (11) gives for the optical transfer

function

D(s)

(+.0]
% f[ f(x+ %,y).fx(x - ;,y) dxdy (12)
m

where A

glo) = glo,o0) = fflf(X,y)lzdxdy

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

[

jf exp{ik[vf(m%,y) - W(x—%,y)]} dxdy  (13)
S

D(s) =

g R

where S is the region common to two pupils centred on the
points ( ;, o}, (- g,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, W(x,y) = o

and then

D(s) - Do(s) =

=l
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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 resolution, and from the equation
n'sina!l
u' = g :—é—
N
we obtain -
0.5\
A
ntsino!

This is simply the classical resolution limit

Returning to equation (13), we may write

Vix,y,s) = é {W(x+§,y) - W(x—%,y)}
1 1 8,2, IIT 1 8,4V
= Wx (x,y)+‘—3—.,- (’2) \."fx (x,y)+ g‘f('i)ﬁwrx(}(,y‘)-l'...
so that
D(s) = % f];xp fiksV(x,y,s)} dxdy (14)
5

From (14),_severa1 properties of the transfer function may
be derived. Firstly, we have

T(s) = |D(s)]|
< 1 f dxdy

A 5

«Te T(s) < T (8)
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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 recspectively,

Secondly, it is easy to show that the slope of the
curve of T(s)mat s=o 1s independent of the aberration present
in the system. That is

(o) - (=)
Os o os s =0

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 a2 geometrical approximation,

equation (14) becomes

-

1 - t4 I
DG(s) = 3 /]'exp f1ks.wx(x,y)} 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. liore 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 W(x,y) is an even function of the aperture,
the optical transfer function given by (14) is real. This
means that the phase term 6(s) is either zero or @, the
latter corresponding to the reversal of contrast in thc.image.

The above fomulation of the theory makes
possible the derivation of a criterion for image qualitj.

It is possible to find a value of spatial frequency s

suf ficiently small so as to make the modulus of the transfer
function dif fer 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

2
5]

o
~—
0
—

Ié ]];xp fiks V(x,y,s)} axdy |
o §

M(s) = '

and the condition

M(s) 2 0.80
provides a useful criterion for image quality. This leads to

the following expression (Hopkins 1957)

2
szs

%2

M(s) 2 1 - X(s) (15)

where

K(s) = é /]kv(x,y,s)gzdxdy - é /]&(x,y,s)dxdy}z

§ §

K(s) is the variance of V(x,y,s).
The relation (15) is valia provided the right hand side excecds
zero; when the right hand side e:xceeds about 0,70, the
inequality may be replaced by an cqual sign with good
approximation. Since K(s) is a pgsitive quadratic function
of the aberration coeffic ients, it may be minimised with
respect to any @berration coefficient inkvby satisfying the
relation

o K(s)

aiwjk
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It is found that the above tolerance theory is
valid for any frequency range, jrovided that M(s) exceeds 0.70.
If the frequency range includes values of s2 0.20, the results
of this treatment agree closely with those found using |
Marechals formulation of the Strehl tolerance theory. This
latter is simpler to apply practically, and is thereforg
preferred for cases with spatial frequency bandwidths exceeding
0.20. It is only in the range s < 0.20 that the tolerance
based on transfer function theory is of greatest practical

value.,.
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CHAPTER III

A Survey of Methods for Measuring Optical Trans fer Functi ons

(1) Introduction

Various methods of detemining the optical transfer
function practically 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 linec source for the
evaluation of the transfer function. Authors, 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.G¢ Birch has been able to obtain spread funétions
with reproducible intensity di stributions, using a highiy
stabilised light sourcei 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 detemmined
directly.

(3) Scanning with Periodic Screens:—

If the spread function is scanned with a periodic

screen, the inverse Fourier transform may be obtained



28.
directly. Alternatively, one may use a periodic screen in
the objeect plane, and scan the imnje with a slit.  Schade,
Lindberg, and Inglestam et 2l have used such methods,
employing periodic screens of varying frequencies. Both
modulus and phase measurements have been obtainable, but
difficulties, both mechanical and optical, have becn
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 mﬁLe
a series of accurate screens having sinusoidal transparency
of different frequencies. A method of determining the inverse
Fourier transform using a2 screen of single frequency would
therefore be advantagecous. 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 rotationsi X:G: Birch has also anbloyed
this method.

With these scanning methods, the 1light 1is conve}ted
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 detemined by measuring the total
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light flux in an interference pattern as a function of the
path di fference in the two arms of an interferometer. Such
an interferometer was constructed by Xelsall (1959), the
design being shown in Figure (8). Montgomery (1961)
simplified this design and also amployed a polarisation
technique =Corenkul (1964) used a shearing interfermoeter of
this type to measure transfer functions in the presence of
pPrimary coma, He was able to obtain good agreement with the
theoretical values of both modulus and phase of the trans{fer
func tions.

(5) Conclusion:

The two most successful methods to date appear to be
the interfermoefric me thod, and the type of method as used
by Born} Firth and Pringle, and Birch. It is 2 modified
version of the latter method that is in fact used for the
present work,; and results suggest that this method is the

simplest and most satisfyidg one,-
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CHAPTER IV

A General Description of the Cptical Transfer Function Test

Bench.

(1) Introductiont-—

In this chapter a qualitative description of the
methods involved, and the construction of the apparatus will
be given. It is desirable that t he 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 ® mponents will be
given;

(2) A Method for Determining Optical Trans fer Functions.

In order to detemine 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
func tions If the line spread function is considered, one
convenient way of Fourier analysing it is as shown in Figure
(9a), whé_re the test lens is shown working with one infinite
conjugates

The distribution of intensity along the length of the
exit slit when parallel to the E'-axis is in fact the line
spread function, If the exit slit is now rotated through
an angle ¢, the distribution of intensity along its length
is modified by a term dependent on ¢, If the exit slit is

also scanned by a moving grating (of fixed frequency or period),



Slit

Object. Decollimator

Test Lens.

Exit Slit  Grating.

and -
o)) Spread
Function
Pl - —o\ ~
e AN A AN Figure 9.
’ WWA; \
/ ip \
, o
{
l ' Rectangular Slit.

[ )
‘ !
\ ]

Graticule \ _ ; )
+___Scanning Grating.

\ e <
\ /
~
»
4 R , dﬁB
/: ‘:’&f B e s 2
A —2 2% 4
Y /(é’/ e
el 7 L&\ €2 A/ ~ ¢| 141
> L “"‘;.E. ald
e - o
§J ¢
i ¢iid ¢iiid



32,

it may be shown (see following chapter) that the output
light flux is, apart from numerical factors, the wvalue of the
inverse Fourier transform of the spread function for the
spatial frequency s, tan ¢, where s is the spatial
frequency of the grating, and,is the angle between the
length of the slit and the lines on the grating. “When ¢
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<K2
where s is the reduced spatial frequency:

As mentioned above, the light output from the slit-
grating combination contains the inverse Fourier transfdrm
of the line spread function,; namely g(s). It would also
be advantageous to obtain simultaneously the value g(0)

because the ultimate aim is to detemnine D(s) where
D(s) = (s) = T(s) exp {i 6(s)}
g(Oi
A convenient way of doing this is illustrated in Figure (9b).

This shows a graticule containing a straight slit and a

circular slit, 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. fLs the bearing rotates
through an angle ¢, the straight slit (or rectangular slit)
effectively scans the spread function at spatial frequency s,

whe re

Also, the sections, of the circular slit scan the spread
function at spatial frequency

s = l tan 0 = 0

o

Hence, it is possible in this way to obtain simultaneously
the inverse Fourier transform of the line spread function at

spatial frequencies (1 tan ¢) and zero, If then the
P
corresponding light fluxes are compared, one may obtain the

ratio g(s)/g(o).

A qualitative way of seeing how s i§ dependent on
tan ¢ is illustrated in Figure (9c), where the shaded area
indicates the spread function distribution. In case (i),
the scanning slit is parallel to the grating lines, and the
scale of the spread function along the slit is Eléz.

In case (ii) the scale of the spread function is 6354

where

B384, = §i5,

cos @




34.

Also, the separation of the lines of the scanning grating,

as seen along the slit, is incrcased by the factor sin g *
that is

p = p/sin ¢
Hence the effective spation frequency at which the spread

function is given by

Spatial Frequency = sin ¢. 1 = 1 tan ¢ = s
P cos o 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 ~
s = (-1-)' tan gD)(p:__ﬂ_2 = ooe

The light flux from the rectangular slit - referred
to hereafter as the scanning slit - may be written in the
form

F¢ = A(s) cos {wt + 06(s)} :

where A(8);, 0(s) are functions of the orientation ¢, and

thus of spatial frequency s, A(s) being an amplitude term and
6(s) a phase term. w(=2rv ) is the angular frequency of the
signal , which depends on the grating frequency and its

speed, and t is time. The 1light flux from the sections 4

of the circular slit - hereafter referred to as the reference
slits -~ may be similarly written in the form

Fo = B(0) cos (wt)
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(The phase 6(s) is chosen to be zero at zero spatial

frequency.)

If now these two light fluxes F¢ and FO are fed
into one photomultiplier, the electrical signal output will

take the form

F = F¢ + FO = Als)cosiwt + 6(s)} + B(0)cos{wt)

If the value of 6(s) is changed to a new value of 7 by>
shifting the spread function laterally (refer to chapter II),

the resulting signal is

F = {B(0) - A(s)} cos(wt)
If now the intensity B(0) is altemmated 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 deternﬁning
the optical transfer function D(s). The modulus T(s) is
detemined as a function of the attenuation of the refefence
signal required, and the phase 6(s) is a function of thé
lateral shift of the spread function, The attenwation 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 important to 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 sconning and reference
signal s 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 ;he
calibrations of the parallel plate micrometer and the deﬁsity
wedges used for attcnuations

(3) A General Description of the ‘suparatus:—

Figure (10) shows a block representation of the
apparatus used, The light source L illuminates incoherently
the object slit which is arranged tonbe 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 Zy . Near to %! however,
is placed a magnifying system to enlarge this image to a
suitable sizec, 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 ¢ of 45°, The imge of the

object slit then a;ears at Zye
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In the beam converging to Z2 are placed a parallel
plate micrometer and an image rotating prism. The former
provides the means for obtaining phase measurements, 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 aziﬁuths.
The image rotating prism must precede the parallel plate
micrometer, as lateral shifts of the spread function are
required in order to detemmine the phase of the transfer
function.

In the plane through 22 and nerpendicular 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 anyf
angle o¢. In close prcexixity to the graticule is the scanning
grating containing lines of a fixed separation. It islin
fact a square wave grating mounted around the periphery of a
glass cylinder. |

Following the scanning grating is an optical syétan
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 f irst passing
through density wedges. The layout of these components is
shown in Fipure (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 apparatus, it is
pc8sible 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
func tion is required to be scanned directly, a beam splitter
may be inserted in the light path as shown in Figure (12);

The concept of two 'black boxes'" is very realistig,

and thus makes the instrument an extremely versatile unit.
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CHAPTER V

Theory of the Method of Instrument Operation,

(1) Introduction

In this chapter a detailed analysis of the methaodls
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, tolerancés on, for example,
the shape of the cbject slit, and other parameters will be
derived., Finally, expressions for the actunl signals fed to

the photomultiplier will be obtained.

(2) Theoretical Analysis of Scanning Technique.

The notation to be used here is identical with
that used in Chapter II,

Let B(u) be the distribution of intensity in the
object plane of an optical system - in this case B(u) refers
to the intens ity cdis tribution across the object slit, Also,
let B'(u!) be the intensity distribution in the image plane,

Then one may write
o]

B'(u') = /.B(u)G(u‘-u) du (1)

bt <]

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

of the system, Taking inverse Fourier transforms, one obtains

bt(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 B(u) and
B'(u') respectively. s is the spatial frequency. Iquations (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 thc image plane at an anglec ¢
to the ul-axis. The image of the object slit, which is set
to be in coincidence with the v'-axis, falls on the fomer

.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(ut,v!) = Ulu').V(v')
where U(ut)=1, lu'] < 3acos @

Viv')=1, u'tand - 3bsec@v!<ul tan@+ibsecd

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

1s

Bt(u!').U(u").V(v') (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
F(vt) = = in exp{-i 270 v'} n= 0,1,2,...
nE ° (4)
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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 v! will be

2Tn

1yt - 3 i i (1wt
Jtv Yt)_anexml S (vi=rt) ]
iy 247, 27n
or Jt{v'i-yt) = 2 jn exp {~i € ¢} expli = vt} (5)
- C0

where ¥ is the tangential speed of the grating.
Now the total light flux, as seen looking through

the grating, is

F(g,t) = j]‘B'(u').U(u').V(v').J'(v'—Yt)du'dv' (6)

We may allow the limits of integration for u! to extend to *w

if the length a of the scanning slit is such that

B'(ut) = o for |u'|Dtacosd

That is to say, the limits of integration may extend to e
provided the image intensity distribution does not have a
lateral dimension exceeding acos@ in value.

The limits of integration for v'! are determined by
the range of v' values for which the scanning slit is

transparent, nomely

u'tan@- sbsccdlv!<ultan@+ibsect
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Thus
w u'tan@+ibsecd
F(g,t) = 3t(ut') ; jn expi-i 2nn vilexpii E%EYt}du'dv'
-7 u'tan¢—%b;:c¢
or u'tan@+ibsecd
F(g,t) = /,B'(u') _z jnexpi—i 2%3 v'}dv'}exp{iggayt

- 00
u'!tanf-1ibsecd

(7)

u'tan@+ibsecyd

o0 oo
Now f 2 j, exp f=i gggv'}dv' = 2 j_ expl-i E%E u'tang}

n
< O ) .

m_ )
P

;

O
u'tan@-ibsecd

which substituted into (7) giwves

o0
' 0 . mnb )
F(g,t) = /g'(u').E jnaexpi—i E%Eu'tan¢}‘s{n<pcos¢ .
y
hw

- 00

mn

———

D

exp{iégg vt} du'

Collecting under the integral sign the terms in u', this last

expression may be written
oQ
F(d,t) = 2 j_.

sin (ﬂnb G> B
\nDCcos n .
n .b'(ﬁtan¢).exp51 ==

- E) (8)
P
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where b! (gtan¢) = / B'(u')exp{—iZﬂ(gtan¢)u'} du'l is,
= o ,
by definition; the inverse Fouricr transform of B!'(u').

Introducing now the notation

1
s 8 = sotan¢ = 5tan ¢,

where s, is the fundamental frequency of the grating, one

obtains
7ns b
. o)
co sin —2336— )
F(g,t) = 2 jn .b'(ns).exp{iZWnsoYt} (9)
e ﬂhso

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

60 S1n| ee————— -
F(g,t) = 2 j, . < cosf > .b(ns).g(ns).exp{iZWnsoYt}

(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

B(u) = XK , lu| < %
=0 , l“l > %

where d is the slit width in reduced coordinates.

Thus d/z

b(ns) = [ K,exp {~i2mns.u} du = K, 222 (mnsd)

..d/z

(7rns)
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Hence
o <ﬂnsob>
sin T,
F(g,t) =3 j_. cosg’ .k, Sinlmasd) oo g
e (whso) (7ns)
.exp{iZﬂnsoYt} (11)

(11) shows that the light flux F(¢,t) leaving the grating
varies periodically with time. F(#,t) is real, and the right
hand side of (11) is the complex Fouriecr series representing it.
Now for a real function F(t) of period T, the complex Eburicr

series has the form

F(t) = exp{i 2wWn ¢ i

In 2

d v s

and writing

jn = % o expi i @n} , i.=3 anexp{—ién}

this takes the form

Flt) = o cos { 2mnt + @n}

T

0 ™8

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

then, in the complex series,

amplitude of the D.C. level

e
I

2j, = complex amplitude of the A.C, term of

frequency (*/T).
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Hence in (11), if only the D.C, term (n=o) and the
fundamental frequency term (n=1) are selected, the light

flux, as secn through the grating, may be written

1(¢,t) = <COS¢> nK d g(O)
<7TS b\)
. . cosf
+ 2|J1 .sin X. sin (Wsd)|g(s)|xcos 2mys b
(7s ) (s
+ arg(j1)+arg(g(s))§ - {12)

If the D4sCi component is also removed, then

<#sob . o
}< b ).sin cos( .K.d;sin(ﬁsd);|g(s)|
e ~Fear

cosf s b Tsd
o)
< cos(@ >

icos iZﬂYs0t+arg(j1)+arg(g(s))3 (13)

(13) gives the light flux F1(¢,t) in terms of the dif ferent
parameters of the system, and the modulus and phase of g(s),
the inverse Fourier transform of the 1line spread function
of the system under test.

If the value (=0 is chosen -~ that is, the scanning
slit is arranged to be parallel to the u'-axis - the

expression for the A,C3 component of the light fluwx, (13),
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reduces to

F (0,t) = zljllb.sin(wsob).k.d. g(0)

(s b))
o

.cos{Zanot + arg(j,)

+ arglg(a))} (14)
Also, the ratio of the amplitudes of the fundamental
frequency for ¢ = ¢ and ¢ = 0 is given by

(Wsob )

F, (p) L g ee—
1P - Mm@ Bl | gin (med) . T(s) (15)
F1 0) Sin (WS, b) (arsd)

)
g

transfer function of the system for the apatial frequency

where T(s) = is the modulus of the optical

s = 8 tan ¢, where so(= %) is the spatial frequency of
the fundamental of the grating.
The phase of the fundamental term (13) is
arg(jl) + arg(g(s))
in which arg(jl) is constant and
arglg(s)) = 06(s)
is the phase of the optical transfer function, If fhe

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

function may be written in the form

D(s) = g%%% = T{s) exp{i 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



47,
fluxes seen through the grating when the scanning slit is
at angles of ¢ and zerc relative to the grating lines.
The two correction factors are due to the finite widths of

s b >
e
(a) the scanning slit - sin\cos ¢

Sin(mg b)
o

(msd)
(rsa)

(b) the geometrical image of the object slit - sin
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(s).

In practice, the light from the scanning slit,
together with the 1ight from the two reference slits (formed
by selecting the parts of the circular slit at which ¢ =0) is
fed into one photomultiplier. The output signal from the
photomultiplier is thus proportional to the sum of the iigl1t
fluxes from both the scanning slit 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 refercnce
slits is then attenuated until zero output signal is obtaincd.

-
I

(3) Optimisation of Parameters for Sipnal to Noise Ratio:-

The expression (12) gives the total light flux

F, 1{¢st) secen looking through the grating, namely
H4
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Ts b

(p,t) = { b

F0,1 Jo'Cos @

J.K.dog(0) + 2[31 .sin\cos ¢

Ts
O

.COsIZWYsot + arglj )

K.sin(wsd)
Tsd)
+ arg(g(s))}
This light flux contains a D.C. term (first temm), and an
A.C, term (second tem) of frequency YSO(=Y/P)- Rewriting

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

opt ical transfer function, and taking
5 = liylexplis } , 60) =0,

one obtains

Fo (ost) = j Do ).K.d.g(0)

o'cos @

+

ﬂEZ) Td
+ ﬁl + 6(s)§
and for ¢ = 0

Fo’l(O,t) = j eb.Kedug(0) + 2{51

.b.K.d.g(O).sin(ﬂ-sob).t(O)
(s _b)

cos{ZﬂYsot + ﬁlf (18)

If one assumes uniform illumination of the object slit,

and consequently uniform intensity along the length of its

s b - . - -
2] j la§1n<c05192 K.sin(mds).g(0).T(s).cos{2mys
T Tad) e

(17)
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image, the total 1light flux entering the nhotomultiplier
will be

F = FO’1(¢,t) + 2 FO 1(O,t)

4

where I  (p,t) and F_ _(0,t) are given by (17) and (18)

o,1° 71 o,l1 ‘

respectivel y. The flux F_ 1(§0,t) is phase shifted to -
¥

produce a minimum output signal, and then the flux

2 F, 1(O,t) is attenuated to produce zero output signal.,
?

If {A(s)} is the attenuation required to

Bal.,
produce zero A,C. output signal when ¢ has the value
corresponding to the spatial frequency s = s tan ¢, then

the total A.C, light flux equated to zero gives

s b
S o > )
Fl = zljll'b-ked-g(ﬂ) {sin €08 @ ‘sin(ﬂsd); T(s)
(ﬂsob) (rsd)

- z[A(s)} ; sinlms b } = 0
=al, (Wsob)

(19)
F is the difference of the amplitudes of the A.C. :
1
components of (17 and (18), wherc, from dcfinition

T(0) = 1,

This relation gives

(ﬁsob> ) )
_ sin(wsd) sin\coso.
Z{A(S)}Bal - (7sd) ° sin (Wsob)‘ T(s) .

When near balancc, an attenuation setting

A.(S) = {A(S)}Bal. + &A(S)



50.

will correspond to an error 6T(s) in T(s) given by

) <Wsob )'
sin(wsd) sin \cos o
(wsd)  “sin (@s_B) * dTqs)

20A(s) =

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

balance by an amount SA(s) is given numerically by

JFI = 2]jll.b.k.d.g(O).Z@A(s).sinzwso:; or, expressing
ms
SA(s) in temms of dT(s), and including a®factor S which

represents the signal sensitivity of the detector

: . <Wsob )
501 = 2|j1 «S.b.k.d.g(0).sin(msd).sin\cos ¢/.6T(s)
(rsd (ﬂsob)

(20)
In addition to the A.C. signal given by (20), there
will be a noise signal generated. The noise is A
predominantly duwe to photon fluctuations in the light beam;
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 mean square fluctuation in photon flux

density 1is given by -
J&r? = &
where n is the mean photon densi ty., Thus the noise signal

is given by

L
Fp = (Total light flux)?
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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

: N
<COS¢>‘K'd'B(°)“‘ZA( s).j ebek.doglo)

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

reference slits, That is

F, = j,-bsdiK.glo) | E%?Ed + 24(s)} (21)

The bracketed term in (21) is insensitive to small variatione
in the values of s;b, and 4, and varies in the range of
approximately 1:320i1 for values of ¢ 0K 0K g . The
remaining factors of (21) have the greatest effect on the
D.C. flux., The ncise signal due to photon fluctuationslis

therefore, to a good approximation,

1
jo-b.K.dog(O) 2
O, = SN

N 1.3

where SN is the noise sensitivity of the detcctor. For an
out of balance signal corresvonding to an error 4§T(s), the

signal to noise ratio is given by

5 .
Signal/Noise| = ~5§ = Il; <§§> < ;) <51néng)
N1, J ms

<vs b )
s YT
( " e CPBR >.Mg(oi.§T(s) (22)

s b2
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The factors in (22) have the following significance :-

S Signal sensitivity of Fhoto-detector
(2)

N Noise sensit ivity of Photo-detector

jll Anmplitude of grating fundamental
(b) -L-~=< T ____>
i 2 (Mean transmission of grating)?

(c) A

sin(7sd)
"+ > Effect due to finite height of objeqgt slit.
wTsd? '

( sob

sin

: cos@
L

Ts b2
o

(a)

Effect due to finite height of scanning slit.

(e) ~pglo) 1is a photometric term.

It should be noted that the noise simal Oy will
be modified to some extent by the bandwidth & 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 s ignal to noise
ratio should be made as large as possible in order that the
sensitivity or accuracy of the instrument be maximised. The
larger the signal to noise ratio, the smal ler is the value.

of 0T(s) that can be sensibly detected, Alternatively, for a
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small error JT(s)vin T(s) to be cdetccted, the factors in (22)
must be maximised,
Considering first the factor (c¢) in (22), for this
to be a maximum
ol (e)]
od

This is so when
tan (wsd ) = 2(wsd)

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

condition for maximum value
ﬂsob Wsob
o L) )
cos cos ¢

Solving these equations graphical ly gives

wed = () tan @ = 1.167

ms b P : } (23)
o o (k) = 1.167

cos( P cos@

As may be seen, a particular angle @ must be chosen at which
to maximise the signal toc noise ratio, Now the signal
strength will, in general, decrease with increasing spatial
frequency, sc that it would appear advantapgeous to have a
maximum signal tc noise ratio at a high spatial frequency.
From practical considerations it appears useful to choose

¢ = g. Then one obtains from (23)

d b

= = 0,372 = = 0,262 .
P



I1f a different value of @ is chosen for
optimisation, dif ferent values of (g) and (%) will be
obtained, Figure 14(z) shows the variation of (g) with ¢
to give maximum signal to noise ratio. The relation between
(E) and ¢ gives a similar curve.

Figure 14(b) shows the variation of signal to noise
ratio with (g) for a fixed value of @(= g). 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
(g) is not particularly critical. The same holds for (g).

Turning now to the factor (b), the value of
JEN
Nj

Q. - ' .
scafnning grating. The grating may be considered to have a

is determined by the mari: space ratio of the

transparcncy J(v!) where

JvY)y =0 , - p/2 il T
=1 , -T N T sec Figure %}@§>
= P '
= 0 s T <V'< /2

This transparency is represented by the Fourier series

o0
J(vt) = 3= j_ exp {=i 27n v'}
—0o0 n P
where ]?/2
7 - 1 ' : ' '
qn = 3 J(vt) expli2mmn v') dv

'plz P
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If the terms of order n=0 (D.C) and n=1 (fundamental) are

chosen, then T
1 f T
i = - dT = -
e} 2 . P
51 = = exp (i 2m v!') dv! = P
P ir B e
T
27T
2]3 I sin \ —=—— )
Thus 1 = 7“2,‘_ . L Y
" 5 )
P
This has a maximum value when
21T - 1,167 or 2L = 0.372.
P P
2| 3,1
Hence the mark to space ratio required to maximise e
J
'O

18

M:S = 0,372 : 0,628 % 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 small 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

2|J1l As the line width increases still further, the D.C.
NI :

lev@l rises until it eventually swamps any A,C. present,
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The factor (a) in @) is a function cf the
sensitivity of the photodetector, and thus represents a
constont in the signal to noise ratio expression (501/ON)

(4) Influence of Variation in Intensity in Spread Fupction

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
assumpt ions are not correct, the measured spread function will
not usually be the true function required for analysis

Let G(u') be the true spread function, and let
G(u',v') be the measured spread function. It is now
assumed that the relation between G(u') and G(u',v')
is of the form

G(ut,v') = Gl(u').L{u').M(v")

where L(u') = (1 + a,u' + azu'z

1 + q.o), l\’E(V')‘:. (1+‘81V'

2
1
+ Bzv + aee)

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

are considered

Glu',v') = Gu') {1 + au'if1 + 8,v']

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 dif ference, 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(ut,v!) - 6Tu‘) = G(u‘){l + oy u'}

Taking inverse Fourier transforms, and noting that

©o

gls) = ]'G(u') expi~1 27 u's} du!
- O
one obtains

o0
-1
— —al 1 '
gls) = /'g(s s')T {1 + oyu'l__ As
o0
where ".l‘_1 denotes an inverse transform,
Using the relations

6‘(5) = [ exp [-iZ'ZTu's;du' ’ On'(s) =f(-12ﬂu')expi—i27ru's](

o0 00

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

respecctively, one cbtains

g(s) = fg(s) (6(s) + *%1 61(s)] as®
o 2T
or .
~ ioy
gls) = gls) + === g'(s)
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Hence the required spread function is given by

~ ia
gls) = gls) = === g'(s) (24)

To obtain quantitative values of this cffect, a simple

example is chosen.

Choose G(u!') =1 lu'|< d/2
Then g(s) = sin(wds) s, g'(s) = wds,cos(mds)=sin(mds)
m s -~

L
ms '
Figure 16 shows the function g(s) plotted apgainst s, and also
the variation of g'(s) with s.

From (24) we have

(04

lg(s) - gTs)]| = 3% gtls)

If the optical transfer function is to be measured with an

accuracy of 1°/o , then

lgls) - gls)]| = 0.01 = 57 &' (s)
or |
a = -Q-l-%-é) (25)
g'ls

The expression (25) gives the permissible value of 0y
consistent with a 1 o/O accuracy in gls), for any value of s,
For example, take s = 1/d. Then

2 “Ue
g'(s) :—-d ’ oL == 0 (2)'6
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Remembering that @ is the reduced height of the object slit,

and taking
D= x10~3inches, where d = nginax D ,

one obtains, for a 1%/o accuracy in g(s)

(F/No')lmage Space M 55

That is, for a given value of D and N, the F/No. in the
image space must not be less than ab:ut 55. This condition

is satisfied in practice.

(5) Influence of Decollimntor and Magnifying Sys tem
Aberrations on the Spread Function.

Let W(s,y)T, W(x,y)c, W(x,y)M be the aberrations of
the test lens, decollimator, and mognifying system respectively.

The total aberration is then

=
=
il

W(x,y)e + Wx,y)~ + T(x,y)
T Cc M

or
W(x,y)R }
W(x,y)T *

(26)

W= Wix,y)p {1 +

where W(x,y)R = W(x,y)c + W(x,y)M.

From (26) it may be secen 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 decollimtor
and the magnifying system are well corrected. The conditions

under which the decollimator and magnifying system work are
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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 defocussed by, say, N4 At each spatial

frequency, the quantity

ST(s) = T(s)O - T(s))\/4

may be determined. The maximum value of 8T(s) for this case

is approximately

éT(s) = 6T(0.8) = 6.20

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 Le as high as 0420 at
this particular spatial frequency. For the error §T(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 thc aberrations of the
decollimator and magnifying system would not be as severe.

In practice, the decollimator and mrgnifying 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

be tween 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 Imace Rotating Prisms.

The image rotating prisms in this instrument take
the form shown in Figure 17, The primary spherical aberraticn

introduced by such a2 prism is

2
("= 1)
= 1 = 1 DI,
Va0l = gl81l = 3 3 ud
7}
where H = refractive index
d = thickness } “Here the prism is considered
’ equivalent to a plane
u = ray angle parallel plate.

For U = 1:5 and d = 7.5 cm.

T ~ 4:
v‘.r40 ~ 0.311

If the prism is working in parallel light

- W =
u =0 and L4O 0

If u # o, Y40 # 0, and a value of u may be found such that

W40 is less than some specified value, For W to be less

40
than AN/50, u must be less than 0,04, That is, thc aperture
ratio must be less than F/12, This tolerance is met in
practice, since the prism in the object space works in
parallel lipght, 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 |[,2, transmiting.

ngure 17.
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Of far pgreater importance, therefore, is the optical
accuracy of the reflecting surfaccs of the image rotating
prisms. Over the aperture of these surfaces used, the
flatness is better than N/20,
The theory of operation of an image rotating rism

is given in Appendix I,

(7) Aberrations Introduced by Parallel Plate Micrometer

As is shown in Appendix II, the expression for the

lateral shift produced by a parallel platc micrometer is

Sy = BC =t sin I <1 - Neosl )
WitcosI?
and for small I, I
C=¢tsinI (1 - g,)

Now the aberrations (first order) introduced by a

W

Sy =

parallel plate are given by

2
Bl ) eue
SI = - u3 t u1
2
- “-o -1 3
S11 = < 3 > t0 v
u? 1 2 2
Si11 = “( 3 > t07u,
Siv =
2
_ u-1>
SV = ( 3 to u1



where U

il
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refractive index of plate

thickness of plate

oxX

angle between incident ray and axis

angle of tilt of plate

P —————————.
’ : ‘
s W, T
\‘. " o P ‘K- - ~/' £
o) ol o o
w, o BT ‘
iw!
i 1'“’0
P & ~?j
| I

The above formulae are obtained by substituting

—

u 6

pr

in the standard formulae for the aLerraEions_of a parallel

plate (see Wave Theory of Aberrations p.l141),

case

Thus

1l

In the present

t = 0,25" p=1.5, u = 0,01
1.67 x 1077, Spp = 1467 x 1077, 6
1,67 x 107°,6%, s, = 1.67 x 107 °.6°

\'s

It may be seen that for any reasonable value of 8, 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 nractice this is not
so, it being impossible to make the scahning slits and
grating exactly coplanar.,

If all three werc exactly coplanar, the scanning
grating would behave as a true rectangular grating as shown

below (heavy line)

v

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
rcason why it is 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 Sipgnal:

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

a' = 1.227\ = 2,4‘/}:7\ (F/noc)
n'sin o
The spread function, even in badly corrected systems, will

not in general exceed ten times this diamectcr, that is

(a')g/p < 25N (F/no.)

- . .
Taking N = 5.5 x 10 mm, and (F/no.)ﬂax = 200,

i(d')S/F}max; £ 2.5 mm,

If the diameter of the circular slit is taken to be
12,7 mm,, then the sagitta for an aperture of 2.5 mm. is

approximately 0,05 mm. If the scanning grating has 4 lines
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per millimetre on it, this sagitta is 26?}o£ the gratiné
period. Hence the reference light flux from one slit
will contain frequency dependent terms in addition to the

zero frequency term. That is

Ref.l1 = % cos wt + Bl cos(wt + 61) + B

(Flux) cos{wt + 62) teese

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

(E‘lu::c)nef.2 = % cos wt + 51 cos{wt + 6

g * mT)

+Bz COS(wt + 62 + 77) + e

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

then,

(Flux)poe,1,2

=3 cos wt + B

: 1 cos(wt + 61)

+ Bz cos(wt + 62) 4 e

+ B cos wt - B1 cos(wt + 61) - Bz cos(wt + 02)+.“

&

or (Flux)Pef 1.9 = B cos wt.
N » 2
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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 tw§
reference slits,

(10) Tolerance on Calibration of Density Wedges:

The density wedges are amployed 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

1
Als) = k{ %%%71} = k[Contrast Transfer Function}
where k ~ 1
Hence §n ~ & I(s)
T(0)
For a f% accuracy in gfg; y we must have the value of A

[ .
accurate to 2§

Now the density D of the wedges is given by

D

- log10 A

or
A = IO_D

Differentiation of this relation gives

. 64 = -2.3024854 4D

For A = 0,02, A =1, 1D} = 0,008

That is, for a 22) accuracy in the contrast transfer function,
the density of the wedges must be known with an accuracy of

0,008 units.
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If circular wedges are used, with a linear density
ranve 0-2,0, then

D = 0.00575¢

where ¢_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

Photomultiplier:

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

the photomultiplier from the scanning slit is

- ('n'sob > . - .
Z!ji).K.sin cos ©/. sin (wsd). g(0).T(s)
(7s_) (mrs)

. COSiZﬂYsOt + By + 6(g)}

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

.K.d.sin(ﬂsob).g(O).T(O).cosiZﬂYsot + ﬁI}
IWSST

4|3,

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 w. The
shift of the parallel plate micrometer required for this is
given by

T - 6(s) = - 27R tan ¢ CE!
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where R tan ¢ is the number of lines per inch in the imge
plane, and CE' inches is the lateral shift of the image
produced by the micrometer.

The two reference signals are then each attenuated
by an amount A(s) to prduce zero A.C, output. For exactly

zero output, the value of A(s) is

2als)g.q,

<ﬁsob >‘
= sin{wsd).sin\cosp /. T(s)
(rsd) '

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

that is

o -0. /
Als) = 102 = 1070-00575 ¢

where D = 0,00575 ¢ is the relation between density D aﬁd

angle of rotation ¢ of the wedges.

Thus
T(0) —_——le. T (27)
-<Wsob > sin(mwsd)
- A
sin\cos 9
(27) then gives the value of T(s) as a function of spatial

T(0)
frequency s, and the angle of rotation ¢ 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, The se 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 rYequired. (Ideally, the slits
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 cgrre5ponding range éf
spatial frequencies would be reduced.

Another factor involved is that it was considered
advisable to check the operation of the apparatus initjally
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 teét the
lens initially at F/40 using a 7.5 micron object slit, and
to desipgn 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 sl it 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"



(ad

Slit. Test Decollimator 1 1 Scanning Grating.
Lens Magnifier
Total Magm_f:catxon. = M2 (fc/fr)
(b
o]
A = 5461 A,

Aperture. Fp 140 |20 {10 | 5 | 2.5 125 .

Resolution Limit(ud| 21.8 | 0.9 | 5.45| 2.72 | |.36 |0.68.

Figure 18.
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Also, using the same criterion, the width of the scanning
sl1it 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 a
magnification of x 2 is required.’
With these general remarks, we may proceed to

deseribe each component in detail.,

(3) Illuminating System:

It is essential that the object slit be illuminated
incoherentlyi This requires the aperture of the condensing
system to exceed that of the test lens, and that the light
be provided by a thermal source. Also, the object slit must
be able to rotate so that measurements for different azimuths
may be made.

The layout 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 cnvelope 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 el iminate stray
light; A heat filter is included to minimise the risk of
damage to the Wratten filter, which is next to the lamp hous e,
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 systen.“ 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
prism, thus enabling the image of the arc sowrce 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
cylinder, whose position relative to an outer cylinder (also
duralium) is controlled by the four adjusting screws A and the
s ring loaded plunger B, (see Figure 19). The outer cylinder
is mounted in good quality ball bearings. With this
arrangement it is possible to adjust the imge 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. (Sece Appendix I for the operation of the

image rotating prism.)
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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 obtained 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 n, =
1,51738,

The 2" focal 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
on a chrome plated class disc about %” thick., A second
disc of glass is cemented to the first to protect theslit.

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 (%")
of the glass discse. No direct measurement, using a high
power microscope, was possible as the working distance of
such an instrument is less than %”. 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 produced
by a lower power microscope was projested onto a screen,
Thg sixe of the image projected depends on the distance from
the microscope eyepiece, Having sdected a suitable distance,
the slit being measured was replaced by a calibrated grgticule
and the image size again measured, The width of the slit is

then given by

Size

Slit width = (Size of graticuie spacings) /Graticule Image
lit Imge ﬁize>

The second method involved measuring the 7
Fraunhofer diffraction pattern produced by the slit. The
slit was illuminated with collimated light (N = 5461 A°) and
the diffraction image formed using a corrected 2" focal
length lens. The image was recorded_photographically, and
measured with a travel ling microscope. To check the
calibration of the system, the diffraction pattern of a slit 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 U, and the latter 7.48 U.
This second measurement was considered to be more accuréte
than the other, as a larger number of readings was obtained,

The size of the object slit was, then, taken to be
7648 [ o

No non—uniformity of intensity in the diffraction lines was
observed, so that the parallelism of the object slit is
assumed to be within the toleranced value (see Chapter V
Section (4)).

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 test: The field
lens is also a corrected doublet,

The assembly confaining the object slit and field
lens has provisions for both lateral and longitudinal
movements, thus permitting accurate alignment of the optical
axise. The longitudinal movement may be set with an accuracy
of bettern than 0,001", The image ro tating prism 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,

heipght adjustments to be made.,

{4) Test Lens and Nodal Slide:

This enables correct

As mentioned previously, the first test lens has a

focal length of 20",

lens, and has the following design parameters:-—

This lens is a wartime aerial survey

Surface Curvature Thickness Ne Nel
In-'1 In
1 .196502 46080 1.0 1.61509
2 049652 15140 1,61509 1.0
3 ,126295 31760 1.0 1,57217
4 .126295 +2055 1.57217 1.0
5 .00 {stop) 42055 1.0 1.0
6 3115845 :1736 1.0 1555414
7 .131130 15680 1.55414¢ 1.0
8 .054466 .4880 1.0 1.61509
9 «197941 1.61509 1.0
) 1] )
Equivalent Focal Length = 19,786
N " 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
measurement s may be made, The nodal slide and accompahying
oprical bench are supported on heavy steel girders; the
girders themselves resting on a thick layer of foam rubber,
In this way, any vibfations 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 estimted to be about one ton.,

The test lens may be rotated in it s 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 detemined 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 component s, Its state of
correction was judged by examining qualitatively the | 3
interferogram produced by it in a common path interferometer.
There appeared to be negligible spherical aberration and
about %3 wavelength of coma present at full aperture (F/14.5).
As the decollimator is always used at much lower apertures,
this amount 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,)
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The decollimator is mounted on a fixed support
attached to the end of the nodal slide bench. Adjus tment s
to position are achieved by means of three levell ing 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

(i) Aberrations introduced are negligible
(ii) Distance from final imape plane sufficient
to allow room for an image rotating prism and a parallel plate
micrometer.,
The detailed design of the systam is given in

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

Surface 1 2 3 4
Radiug (In.) 11,8565 349515 —B8.9977 -5.o489
Thickness (In,) 0.10 9.925 0.25 |

N, 1.0 1,5094 1.0 1.5152
NS 1.5094 1.0 1.5152 1.0
Object distance = 119

Image Distance = 20"

The aberrations of the system may be written in the fom
o 4 - 3 . 2 2 v 2 2 2
Wir @) = Wy~ + Vay T r7cos ¢ + W0 7727 + W, 7'r cos™ ¢

. 3
+ 3W11 T r cos ¢



. 1 1 - 1
1 = L n = 1 =
whe re 04J40 =5 SI’ 1.f31 = 3 SII’ 2.}‘20 4{3111 + SIV} '
i = i = i
2¥a0 = 2 Spppe 3%y = 2 By
and SI’ SII’ SIII’ SIV" SV are the Seidel aberration

coefficients.,

The resultant aberrations of the magnifying system

are
S; = 0.000210, S;; = 0.086551, 5, . = 0.546811
[ — -—
Sy = 0.290840 Sy = 5.493466

At F/28, the total aberrat:ion 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 prism is rotated.

The tolerance of 10~ inches on the shift of the
optical axis was originally detemined by the fact t hat
phase measurements were required to an accuracy of f% .
This was assuming thot the spread function was to be.rotated
for each spatial frequency. However, as the spread function
igs 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 nomal 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 problemi Any lateral shift of the spread function
due to rotation of the prism may be corrected by initial ly
readjusting the zero phase setting, The accompanying
photograph shows the mounting of the imge rotating priam.

(8) Parallel Plate Micrometer:

The accuracy required for phase measurements is = 1%).
For a grating period of 0.,01", this means that the lateral
shift of the spread function must De known to 10‘4 inches,
Hence a parallel plate micrometer calibrated to this accuracy
must be obtained,

A modified version of the Hilpger and Watts standard

1" parallel plate micrometer was obtained. The modifications
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consisted of altering the parallel plate to be 0425" thich
and correspondingly altering the calibration. This is
specified in terms of the lateral shift of the imge, 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 - inches.,

For small values of ¢, the anple through which the
scanning slit is rotated, the effective period of the
scanning grating exceeds 0:020"; For example, if ¢ is (w/18),
the effective grating ‘per'iod is increased by cosee¢ (7/18), so
that for a grating of 100 lines per inch, the effective period
becomes 0,0575'" If there is no phase temm present in the
transfer function, then fhe_lateral shift required to obtain
a minimum signal is 0.0288", 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 zbout 1" thick. This is
shown in the accompanying photograph. The setting is agoin
achieved by using a micrometer screw.

To calibrate the parallel plate micrometers, an
arrangement as shown in Figurc 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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0.0 0.0 0.0 0.0
0.0005 0.0005 0.25 0.0079
0.0010 0.0010 0.50 0.0162
0.0015 O0.00I15 0.75 0.0236°
0.0020 0.0021 | -O 0.0312
0.0030 0.0030 1.25 0.0395
0.0040 0.0039 1.50 0.0477
0.0050 0.004¢9 1.75 0.0554
0-0060 0.0060 2.00 0.0632
0.0070 0.0070 2.25 0.0711
0.0080 0.0081 2.50 0.078&9
0.0090 0.0091 2.75 0.0872
0.0 100 00102 3.00 0.0952
0.0110 .01 11
00120 .01 23
0.0130 Q.01 32
0.0 140 0.01 41 Figure 21
0.0150 0.0152
00160 O.01 64
00180 0.0183
0.0200 0.0 204
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by lens L is observed with a microscope and micrometer eye-
piece, the light first passing through the parallel plate
microme ters, 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 (e¢) show tables giving the

mean image shift produced by each parallel plate micrometer
as a function of the movement of the microme ter screws.,
Figure 22 shows graphically 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
efraight line of slope 1.1 is_lz, except for the encircled
region where the error is 3% « For curve (c) the slope. is
taken to be 0,0313 in,/mm., and the maximum error is less than

li). 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
infrequently.)

(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 %" 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 = (Q, 330"
Mean Diameter of Circular Slit = 0.,500"
These dimensions were detemmined 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 laternl
dimensionh of the spread function, At F/400, the maximum
width of the spread function does not exceed 0420"; even in
the presence of very large aberrations,
(c) Diameter of the circular slit is such that uniform
illumination of the spread function is ensured across this
diameter., With a diameter of 0,5" and 2 total magnificati on
of zbout 12 through the system, only 0.04" of the objeci 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 1%3 accuracy in phase,

the graticule must be able to rotate about its centre with

an accuracy_of 1% of the grating period, that is to within
10“4 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 hardencd 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 ranove any slackness which may develop.

Space is provided in the steel shaft for inserting
the graticule containing the slits. This space has a
diameter slightly larger than the di ameter of the graticule
to allow for any errors in centring the slits on the
graticule. Using a hipgh power (x 80) microscope, the
movement of the slits on rotating the bearing shaft could
be noted. The position of the graticule was adjusted until
the shift of the edges of the circular slit was less than
10-4 inches, The movement of the rectangular slit was then
checked and found to be central. The final decentring error
of the slits was better than 6 x 10_5 inches over a complete
revolution of the graticule. 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 Grating:

The scanning drum is a glass cylinder of diameter

3,55" and width 1.125", The wall thickness is approximtely
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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 a2 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, a2 grating with a mark to space ratio of 1;1 was
used:) The film was produced by contact printing a master
gratings |

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 %s cf the
order of one period, Any non-negligible effect gould,?however,
be filtered out in the electronic circuitry later,

The scanning drum is driven at constant speed by a
synchronous motor coupled to the drum through a 1:6
reduction 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/p) e/s where vy is speed (ins.sec™ )

<
il

P is prating period (in)

or

<
It

2mo- r/60p where 0" is the number of r.p.m.

r is the drum radius

For o = 250 r.pem., 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 mutiple of the mains 50 c¢/s. frequency, so

that mains interference is automatically eiiminated. The
frequency is also sufficiently high to zwcid excessive
bulkiness of the electronic components required for frequency
selective devices,

(11) Post Drum Cptics: 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 vwhich
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 cse that the deviated optical axis may be



’— Lens @

”
:;—=2-5
HEE
-?‘G[i : Prigm,
!

Scanning eee——J
Grating. _‘

Lens @

]L=|.7sf’

-
’d

'
]
' DenFi_ty Wedge.: Density Wedge.
Reduction : 5.833 Reduction Drive.

Drive. 1

& ' =

Knob. Z . = Knob
5 1yPrism =
_____&Mirror-M-lg)»mJ ==, “"mﬁ\ et
/

‘\ = 3.2 |1 =3.0" / Lens
\ i ’ = 3.2'
\ | , !
\ i " 7/
\ 16.2° 7
\ L /
\ 1 /
1 /-
\\ t y
v //
N
AN | /
\ l"/
]
Photomultiplier
Housling.
v
[¢

%

Figure, 24,



89.
made truly horizontal.

Cemented to the front face of the prism is a
plano-convex lens (1) of focal length 2.5", The purpose of
this lens is to image the decollimartor 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.(Z) is used to form an imge of the circular
and rectangular slits. The size of this image must be such
that the light from the parts of the éircular slit acting as
reference slits may be tapped off wi thout interfering with
the light from the scanning slit. Also, mechan ical problems
must be taken into account heres Referring to the dimensions
of the rectangular and circular slits, it seemed desirable to
have a magnification of about x 245, 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 imnge of the circular slit
is 1,165", and the length of the ima~e 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 a2 threaded sup)ort, thus producing a
focussing control,

In front of lens (3) two small prisms of %” face are
placed to deflect the light from the reference slits onto the
density wedges, The prisms are fixed, on one edge to a
plane parallel glasgs 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 metai rods which are attaghed
to a mounting fr#meﬁoﬁk.‘ The width of the parallel plﬁte is
0.9"s 1In 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 $wo reference slits is
deflected by the prisms, and comes to a foctis in the planes of
the density wedges.

The mounting of the circular density wedges is shown
in the ac¢companying photograph, The wedges are mounted on
shafts which rotate in good quality bearinpgs. The shafts are
connected through a 1:5 reduction gear to a control knob and
cal ibrated scale. The scale is a circular metal disc with
radiai lines at intervals of 15° ruled on it. The order of
accuracy of setting the pointer attached to the knob is betten
than 50, so that the density wedges may be set to an accuracy

exceeding 1°.
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The range of density chosen for the wedges is

0-2.0. This coverage theoretical ly cnables measurement s
of moduli of transfer functions in the range 1 2 T(s) 2 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 {. It may be seen
from the curves that the two wedges are well mtched, and that
the relation between density D and angle of rotation ¢ is
linear. (Note that for practical purposes a linear relation
between ¢ 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 ¢

over the whole range amounts to less than 1?3.

Now, the image of the scanning slit 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' Dbehind it onto P.
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Immediately behind the density wedges are placed lenses (&)
of focal length 3,2", which, together with the mirrors M,
imapge the pupil of lens (2), containing light from the
reference slits, onto the same plane through P, ‘The
lenses (4) are attached to the mount s of the densi ty Qedges,
while the mirrors M are supported on adjustable mounts close
to the lenses (4). Focal lengths and path lengths have
been adusted so that all three imges a3re in focus, and
coincide at P, Lens (3) is supported in a mount s imilar to
that for lens (2), thus providing a method of achieving focal
coincidence,

(12) Photomul tiplier Detector:

A photomultiplier is employed to conwvert 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
adjustable in three dimensions.

The photomultiplier used is an E.M.I, type 6094 B,
Having a spectral rcesponse as shown in Figure 26(a).

The 6094 B 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 varictions in
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sensitivity across the photocathode are eliminated.

The high tension for the tube is obtained from a
stabilised 2000 volt D.C. supply cousnled with a potentiometexr
unit. Figure 26(b) shows the resistor chain used to supply
equal potential differences between each pair of dynodeﬁ.

Typical operating characteristics for the 6094 B 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 4/Lumen.

The 100 X§l resistor atwthe cathode end of the resistor chain

safety precaution . The choice of 166 X0 resistors in

)

is
the chain were chosen to pemmit the safe use of 2000v across
the tube. In practice this is found unnecessary, A load
resistor of 100 X0 was chosen to mn tch the impedance

of the following electronics.

(13) Frequency Selective Amplifier:‘

The output from the photomultiplier is fed into a
frequency selective amplifier which fil ters out all but the
fundamental frequency produced by the moving grating. This
frequency is 4,648 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 rejection tyye,
the rejection frequency here being 4,648 e/s. Figure 28(a)
shows the actual tuned circuits used, The resistances are
made variable to allow the circuits to be ''peaked'. Two
filter circuits are employed in the amplifier, and these are
stagger tuned to allow for small varintions in the speed of
rotation of the scanning grating. The f{final selective
characteristic of the amplifier is shown in Figure 28(b),
and it may be seen that the second harmonic contributes less
than 17, to the total output.

The input voltage from the photomultiplier is
on the average, after attenuation, 0,005 volts, and the
frequency selective amplifier works with a gain of about
300, giving an output of about 1.5 v,

(14) Main FPowver Amplifier:

The output from the frequency sdective amplifier is
fed into a Mullard 5-10 power amplifier, the circuit of
which is shown in Figure 29, The signal output is token
from one anode of the push-pull output valves. Normally,
the voltage gain is about 10, 21 though this may be increased
considerably is required, The output voltage then is about
15 volts, and the output impedance z-out 4,000 ohms.

(15) Detector and Output Control:

The output from the min amplifier 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 2 time constant exceeding
1 second, This removes any A.C, sipgnals which may be
superimposed on the D.C., sipgnal., 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 DiC. amplifier and
bridge circuit. The output meter measures the '"out of
balance'" of the bridge circuit. Ldjustment s 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
thouth, as a zero reading only is required.

The meter for measuring thc out of balance current,
and hence the output signal, is a standard 0-10mA. meter.
i large capacitance may be connected across the meter to
bypass any residual signal fluctuations.

(16) Method of Operation:

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 density

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 process
repeated until an accurate null is obtained. The onl*,r'
limitation on accuracy is how effectively noise fluctun tions
have been el iminated, and this in turn depends on the time

constants in the detector.
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CHAPTER VII

Setting Up and Alipgnment of the Apraratus.

(1) Introduction:

This chapter describes the methods used to align
all the components in the instrument. The alignment is
achieved in eight stages, each of which will be described in
detail. Once the alignment has been carried out,; the
ins trument is ready for testing and the taking of

measurements.
(2) Mounting of Component s on a Basc-Plate:

The base-plate is a machine finished die-cast
duralium chassis measuring 18" x 15" x 2.5, The surface
contains a large number of tapped holes, md each mountgd
component is held in place by right angle brackets screwed
to the base~plate. Each component is supoorted in its
mount at a standard heirht of three inches cbove the base-
plate surfa;:e. |

It is important that each component be mounted
perpendicular to the optical axis, and to meet this
requirement the following procedure was adopted. An
autocollimator, with a setting accuracy of one scconl of
arc, was set in a fixed position, and the basc-plate adjusted
until its surface was parallel to the autocollimator axis.
This was done by autocollimating 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
obt ain both the correct orientation and normality of the
graticule to the optical axis. The graticule remained
nomal to the axis when the bearing was rotated. (The major
area of the graticule has a high reflectivity which proxﬁdes
an ideal surface for autocollimation.) |

The parallel plate micrometers were then positioned
and their angular settings acdjusted until no shift of the
opt ical axis was observed in the autocollimator pupil.

The setting accuracy here is one second of za2rc, which
corresponds to a shift of about 10.-'5 inches of the ogtical
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 previous chapter for details concerning the adjué 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 thc external surface of the

drum and the rear of the graticule Dbearing.
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The prism, with lens attached, for turning the
optical axis through 900 was next placed as close as
possible to the inner sur face of thc scanning drum, To
ensure that the optical axis was turned through exactly 90("‘,--,
the autocollimator was moved and autocollimation obtainéd
off a small mirror attached to one side of the graticule
bearing mount/ The orientation of the priam was then
adjusted so that its rear face was normal to the
autocollimator axisa

The scanning graticule was next illumina ted,
through the imge rotating prism and the jmarallel plate
microme ters, by a collimted point scurce. A small pinhole
in a2 mount at the standard height zbove the basec-plate ‘
sur face was used to locate the image of this point source
produced by lens (1), attached to the ,rsim. Having |
located the imge pcsition, the pinhole was removed and
replaced by the first imapging lens (lens (2)).

As lens (2) produces an imapge of the scanning and
reference slits, the same procedure as above was adopted
to locate the position of lens (3). However, an extended
source was used here so that the refcrence slits were
illuminated,

"Having located the position 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
900 by the small prisms. These imape planes were deteﬁn ine’ .
and the density wedges fixed in podition

The image produced by lens (3), of the pupil of
lens (2), was next locateds Lenscs (4) were then fixed to
the density wedge mounts as described previ ously; Placing
a large pinhole in the image plane of lens (3), and then
blocking out the light from the scenning s}it, the mirrors
M were adjusted until maximum light from the rcference slits
passed through the pinhole;

(3) Detemination of the Optical Axis:

The optical axis of the complete system was detemined
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 tranamission, The auxiliary mount was
then moved to the other side of the test-lens mount, that is
towards the decollimator position, A third pinhole was then
placed in the approximate focal plane of the decollime tor/

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 we?e
adjusted to give maximum light transmission. To ensurec
that the axis of the auxiliary optical bench, on which thesc
mounts move, was parallel to the truc optical axis, the mounts
were moved some cdistance from their correct positions in both
directions., Being supported on an adjustable table,
adjustments could be made to the hench in order that ma;imum
light was transmitted through the pinholes for any position
of the lens mounts,

The light source was then placed behind the pinhgle
in the image plane of the decollime tor/megnifying systen;
The object slit was replaced by a pinhole. and its position
adjusted for maximum light transmission,

The optical axis between object and imge planes
was thus determined by six accurately aligned pinholes,

Following this, the lenses of the magnifying sys tem
were placed in their mounts. Next, the decollimator was
placed on its support, and its position adjusted to again
give maximum light transmission, Then the test-lens was
placed in its mount. On rotating this lens in its mount
it was found that the light intensity through the pinhole
in the object-plane varied., The azimuth giving maximum

light transmission was chosen. (It will be shown later thaot
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this intensity variation is <due to thc decentring of one
or more components in the test-lens., This gives rise to a
discrepancy between predicted and measured values of the‘y‘
transfer function which arises from the presence of on~éxis
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) Detemination of Imge Planc:

To cetemine the image plane precisely, a2 collimator
was used to form an image af infinity of a pair of cross—wires.
The collimator was placed along the optical axis between the
test lens and the decollimator. The image of the cross—wires
produced by the decollimtor and mapgnifying system was located
using a finely ground glass screen and a microscope. The
pesition of this image was marked for future recference, és 3

this is the position to be occupied by the scanning graticule.

(5) Positioning of the Rase-Plate:

Once the final imge 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 decollimntor, When the
scanning graticule is in the correct position,the imge
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 ifenses of the magnifying system was shifted a small
distance, 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
normal ity of the scanning graticule to the optical axis,
and coonsequently the coincidence of the optical axe§ 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 centre of the autocollimator pupil. This

adjus tement 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,



(6) Magnification 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 graticule,
the total magnification throug the system could be detemined.
To do this, the size of the imge of 1 pinhole in the object
s1it mount was measured using a medium power microscope and
a micrometer eyepiece. In order to make this image accessiblc,
a 45° 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 same microscope and eyepicce. 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 1073 an.

The magnification measurement is quite critical as

D determines the magnitude of the correction factor

sin (mwsd) = sin (DR tan o)
(wrsd) ' (7DR tan ¢)

to be inclwled when calculating the transfer function from
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the measured quentities. For example, if

R = 4 lines/mm , ¢ =ww/4 , D= 0,0685 mm ,

then

sin (7DR tan ¢) = 0.8812 .

(DR tan ¢)

If there is a IO%D error in the value of D, the correction
factor takes the value 0.8591, which would lead to a f%
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 chanters, the transfer:
function is to be detemined initially with the test-lens
working '"paraxially", This requires that the object slit
be in the back focal plane of the test-lems. Knowing the
design parameters, this distance was calculated and meagured,
and found to be

f' = 18.473 inches

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 ramoved. (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) Detemination of the Nodal Point of the Test—Lens;

For measurements of the tranrfer function with fhe
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 imape is not shifted at all, To determine this
pivot point, the final imge was observed with a microscope,
the test-lens being initially on~axis. The nodal slide 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*4 inches, A little refocussing
of the test-lens was required for shifts off-axis of about

fifteen degreces.

(9) Posi tioning of the Photomultiplier:

Illuminating the scanning graticule with an extended
source, the position of the pupil images prodcued by lenses
(3) and (4) was located. The photomultiplier was then
placed so that the photocathole coincided with this image
posi tion, Provisions for adjustments in three dimensions

were made, so that this positioning was not difficult,
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CHAPTER VIII !

THE MEASUZELENT CF OFTICAL TRANSELR I'UNCTIONS

(1) Introduction:-

This chapter describes the measurements made and the
results obtained with three separate lens systems. Thése
systems were

(a) 20" focal length F/5.6 Anastigmat

(b) 19" focal length F/8 Plano-Convex Singlet

(c) 8'' focal length F/2.9 Pentac.

Initially, measurements were made with the object sl it
in the meridional sect on. Later, results were obtained
for other azimuthal settings of t(he object slit, both for
on—-axis and off-axis imges.

To obtain theoretical values of the transfer func tion,
a computer programne (written by J. Hindley) was employed,

A critical examination of the relations between the theqretical
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 previously, the 20" Anastigmat lens
is a wartime aereal survey lens, having the following

construc tional data
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Sur face C in ttin. No .I}T’Q_'
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  0.,2055 1.57217 1.0
5 0.0 (stop) 042055 1.0 1.0
6 0.115848  0.1736 1,0 1.55414
7 04131130  0.5680 1.55414 1.0
8 0,054466  0,4880 1.0 1.61509
9 0.197941 1.61509 1,0

For this system, 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, with the results

listed below:

ON~AXIS (N=54614°) 12° OFF-AXIS
Wy = 0.0 (W, = 0.4462)
Wyo = 18.219 (¥,y = 0.854%)
Weo = 12,647 W,, = 5.3024
Wy, = 4.9409
Way = 2.5467

|

[\
[e o]
.

w
(W8]
[$;]

W40 =
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W42 = 6,9990

Wgy = 4.1443
WGO = 19.525

The coefficients Wp q have the following
14

significance:-

W11 = Transverse focal shift
WZO = Longitudinal focal shift
sz = Primary astigmatism

Wyy = Primary coma

"”51 = Secondary coma

Wyo = Primary spherical abe rration

Weo = Secondary spherical aberration

Wyq = Higher order coma - type aberration

Wyo = Higher order astigmatism - type aberration,

Initially, the lens was stopped down to F/4b 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, following adjus tment 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 @ = 5° from the zero spatial frequency position,
The coefficient specifying the defocussing introduced

is given by

Wy = nh ==1 (F/no.)”% dL
T 8

n having the wvalues 0,1,2,...
where N = wavelength
dL = Longitudinal shift of focus

WZO = Wavefront aberration.

The table below gives the values of dL and WZO for various
values of n, when an aperture of F/40 is used.

(N = 54614°)

n 0 1 _2 3
dL /mm, 0 2.2256 4,4512 6.678
WZO 0 0.318N 0.636N 0.954AN

The lens could be positioned to an accuracy of x 0.01 mm
which in terms of WZO is less than + 0,002A, 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 @i ther side of the mechanically déermined

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 shift
of the image of about 5 x 10—4 inches:

Having checked the focal setting in the above manner,
measurement s at ¥/40 were obtaineds Defocussing by the
amounts specified above were then introduced; and value? of
both modulus and phase detemmined for the range of spatial
frequencies 0 € s € 1.104, The results are shown graphically
in Figures 32 and 33, For the se measurcments 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 (iz ). From Figure 33 it ﬁav
be seen that the maximum error in the measurement of phése
is 0.015 radians (less than fz,). These results confirm
that the instrument is working satisfactorily.

Referring again to the upper curve in Figure 32,
the theoretical values of the modulus arc those expected for
a diffraction limited system., Ag 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 sy stem.
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 dove
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
76% that for a perfect systemi The amount of defocussing
corresponds to a wavefront aberration of 0,32N which is just
out side the Rayleigh A/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
5 = 0.96. In this region, the transfer function is negative,
there being present a phase change of @ relative to the phase
at zero spatial frequency. The phase change appears to be
rather sudden, but it must be remembered that measurements
are made with f{inite steps in the values of spatial frequency s.
It will be demonstrated later, however, that this phase

change is in fact quite abrupt.
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The lens was next tested on—axis at F/20 with
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 0.5564 1.,1128 1.6692
WZO 0 0,318 0.636 0.954N

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 &arors amounting to no greater than 20/0 for both modulus
and phase, In terms of the angular measurement of phase,
this error is zbout 7° or T/[26., The phase error when the
value of the phase term is near to 7 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 10-4 inches in the lateral
shift of the image will produce a 2506 error in the phase temrm
when its value is close to 7.

It may also be seen that the phase change from zero
to 7 is quite sudden, the change talting place between
spatial frequencies 0.368 and 0.455, This oorrespomds to
a reversal of contrast, the term exp i O(s) in the

expression

D(s) = T(s) exp i 6(s)
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taking the value -1. This is in conformity with there
being no asymmetry in the line sprcad function, so that
the aberrations present are proportional to even powers of
the aperture. Since the rest lens is working on-axis, the
aberration temms 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 was in the vertical

position,and the defocussing introduced is given below

n 0 1 2
dL m.mq 0 0.139 0.278
WZO 0 0.318AN 0.636N

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 approximmtely
linearly as s increases. This suggcsts the presence of some
asymmetric aberration on-axis, and is possibly coma
introduc ed by the decentring or tilting of one or more °
component s in the test lens. This question will be
returned to shortly.,.

The lens was next tested at F/5.6 with the object
slit in the same position as for F/10, and with no
defocussing introduced. The resulting values of modulus

and phase are shown in Figure 36, figain 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 8ystamn 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,

(¢) The effect of 'turned edges' in the optical
component 8 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,

(£) 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 AN/10 of coma at full aperture (F/14.5).
At F/28, this reduces to A/80 which will have no effect on
the transfer fumction. It is unlilkely,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 deccnting 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
6W31/6ﬁ where 08 is the anglc of tilt must be found. This
is done using a2 computer programmnc (written by H. Tiziani
in connection with work on the decentring of optical systems).
For the 20" lens working at F/5.6 thcse coefficients are listed

below :—

SURFACE NUMRER (6W31/6ﬁ)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 ~0,04£232

It may be secen that surface 7 (Curvature = 0,131130 in—l) is
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the most sensitive to tilt, the valuc of 5ﬁ31/6ﬁ being
equivalent to 1.5N/minute of arc. DLEven for the most
insensitive surface, the value of 6W31/6ﬁ is about 0.3A/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 examinecd,
The intensity distribution in the imapge is shown in the
accompanying photograph. As may be scen, the distribution is
assymmetric which indicates the presence of on—axis coma, It
is difficult to judge exactly how mwuch coma is present due
to the large amount of spherical aberration also present, but
some thing like 1N of coma appears likely, (This exceeds the
Strehl tolerance of about 0.65N for primary coma)., The axis
of the star image is at approximately 30° the the vertical
axis, so that the cffective tilt of the lens components is
along this direction.

A further method of investigating this axial coma

is as follows. Thc transfer function is given by

D(s)

JS exp {iks V(x,y,s)} dxdy
S

g Ragl

ZNII

oL 1 s . B
where V(x,y,s) Wx(x,y)+ 3T (E) W, (x,¥) + ove (sce Chapter V).

Il
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If there are no aberrations present, then W(x,y) = 0 and

the aberration free trans fer function is

o~

- 1 = =2
DO(S) =z .éf dxdy = 7

The relative transfer function is thus given by

JJS exp {iks V(x,y,s) }dxdy

~

o}

D(S) l

M(s) = '
Do(s)

i
0 =

Let us introduce the mean value V of V, defined by
V(s) = % ﬁg Vix,y,s) dxdy

and then write

M(s) = | exp {iks V(s)}] JS exp {iks (V-V)} dxdy‘
5 :

Now, if { ks(V-V)} <<1, we may expand exp{iks(V-V)} in the
form

exp{iks(V=V)} = 1+ iks(V-V) - % kzsz(V—V%
so that

3 JI exp [iks(V-V)}axdy = % Jfdxdy + & JJ iks(V-V)axdy
s 5 s

[ Ao

8]

< sz(V~V)2 dxdy

| S1
o)

1
)
g S

Not ing that % fé Vdxdy = V, and substituting into the expression

for M(s), one obtains
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2 2
27U s
M(s) = 1 - 5 X(s)
A
1 2 1 2
where K(s) = 2 JJ {Vix,y,s)}%axdy - | 5 SJ V(x,y,s) dxdy}
S S

There is also a phase shift given by

6(s) = ks ¥V (s)

The above formula for M(s) is, of course, only ajrproximte,
but it may be shown that the approximate equality may be
converted to an inequality provided the right hand side exceeds

zero. Thus

Zﬁzsz
%2

M(s) 21 - X(s)

Hopkins (1957) suggested that a useful criterion for image

qual ity would be

M(s) > 0.80

This parallels the telerance theory of Marechal in which the
permissible decrease in intensity at the centre of a diffraction
pattern due to aberration is 20°/0 of the maximum intens ity
found in a perfect system. If one takes the criterion M(s)2> 0.80,

then 2
0.10\"

K(s) & =

W8

Now V(x,y,s) may be sepzrated into even and odd parts.
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That is
V(x,v,s) = VE + Vo
- — - T
where VE = yox l cesseas and Vo = Jﬁx
Hence K(s) = 1 JS (V. +V )ded - ! JS (V+V ) dxd }2
8 s E "o Y 5 = E o Y
1 2 1.y 1 2,
or K(s) = 3 fé Vt dxdy - | 5 SISV _LdY} + 5 S Vo dxdy
S S

Here the first two terms arise from odd aberrations such as
coma, and the third term arises from even aberrations such os
spherical aberration.

To calculate K(s) and V(s¥, integrals of the form

Hk,é(s) = éy' xk}r{i dxdy

must be evaluated. For the case of -ure primary coma, K(s)

is given, for an azimuth ¢ relative to the axis of coma, by

K(s) = W, 2 os?y + {9 H, o(8)+6H
=y

1, 2(s) 2,2(5)

(s)} W, Zsin2¢

Here it has been assumed there is no transversc shift of focus.

This is accounted for by the term V(x,y,s), which in the

prEsent case is given by

V(s) = Cls)+ { 3H,  (s) +H ,(s)} Vg siny
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1 2 . . .
where C(s) = = s W3151n¢ is a term independent of x and y.

4

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 JT(s) is the
dif ference between the measured and theoretical transfer

> 0.65 To(s) one

functions, then provided T(s)measured =z

may write, with good approximation,

8T(s)

TO(S)

M(s) = -2m2s20%(s)

Here 0X(s) 1is the change in K(s) due to the presence of on-

axis coma, That is

o, .
JK(s) = 4H252(S) Way cosZ¢+ {9 H4,0(s)+6H2’2(s)+H0’4(s)Z
x W3lzsin2¢

Hemce, using this relation, and the relation

6T (s) } 1

2 2

6K(8) = = {
TO(S) 27T s

one may determine the amount of coma required in order that
the contrast transfer function is reduced by an amount JT(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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L . s
F/10. At F/5.6, the value of s for which T;eisured/To(s)=O«65

is s = 0.04. At this spatial frequency JdT(s) = 0.02,

Substituting these values in the above expressions, and

evaluating J6X(s) from the tabulated values of Hy g5 one
-~

obtains

SK(s) = 0,652 = 0.4509 w312

W,, = 1.2\,

31

(Here the value ¢ = 30° has been chosen in evaluating JX(s))

The value of W3y = 1.2\ 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 lensgs

Looking now at the phase term introduced, at s = 0,04,

this has the wvalue
6(s) = 0.178
Using the relation obtained above, namely
< 12 . |
= k . = = T
6(s) = ksV(x,y)= ks 7 S L3131n¢ + [3H2,0(5)+H0,2(S)]

. W31sin¢} .

and substituting s = 0,04, ¢ = 300, 0(s) = 0.175, one obtains

w = 1 » 44}\ »

This value agrees reasgonably well with that obtained above.
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Hence it may be concluded that the errors in measured valucs
of the modulus and phase of the transfer function are due to
the precsence of on-axis primary coma,

The factors (c¢), (d) and (e), mentioned previously,
which could lead to dif ferences 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, OSimilarly, a change of
refractive index (occur;ing, for example, 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 chromziic effects, but this is probably
a very small effect. The half-width of the transmission curve
of the Wratlien filter used is about 1502 , so this factor above
will not cause any significant effect. However, it has been
assumed throughout the calculations that the principal
wavelength is N = 5461 X. This requires that the Wratten
filter has a peak transmission at this wavelength. In fact,
the peak transmission is at A = 5480 R, so that the values of

s obtained using A = 5461 R are erroneous by about %O/o .
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This error is completely negligable.

Following the measurements on-axis, and with various
amounts of defcqussing relative to the paraxial focus, it
was decided to test the lens at /20 choosing a fixed focal
plane. This was the best focal »lcne 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 cor responds to setting the
scanning slit at an angle § = 480.

It has been shown by Hopkins (1957) that the position
of best focus at a particular spatial frequency s 1is given

anproximately by

War /W, = =(1.33 = 1.1s + 0.75%) A\

207740

where it is assumed that T(s) exceecds 0.8 in value and WZO’ W40

are respectively the defocussing and primary spherical

4
aberration coefficients. For s = 0.873 and W,, = 18.219(7) ",

40

where ¥ = 1 is the maximum anerture of the system,

pal

For F/20, *= 0.28 and W,. = =0.105\, dL = 1,83mm.

20
These values are not really val id for the particula r 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

Voo = -2.12N , dL. = 0,92 .
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 manncr described for the paraxial
focus at F/20. The final setting practically coincided with
the paraxial focal position, contrary to the theoretical value
of WZO = ~0,105N predicted above. Mecasurements for this focal
setting werc then obtained, and the results are shown in
Figure 38, where curves for the object slit in the sagiétal
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 dif ferent 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 2 high degrec 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 a2 maximum signal output

was obtained with the scanning slit at an angle ¢ = 48°, The
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results obtained are shown in Figure 38, where only modulus
values have been plotted for the of f-axis case. (Phase values
are again sensibly zero). As may be seen, there is fairly
good agreement with the theoretical wvalues up to the spatial
frequency s = 0,5, but beyond this errors of up to 7°/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 of f-axis,

It is worth not ing that, on-axis, the aberration function

is of the form

L
W(r,0) = Wygr® + Wor® 4w r’
where WZO = coeff. of longitudinal defocussing
W40 = " " primary spherical aberration.
Yeo = " " secondary spherical zberration.
At the paraxial focus, W = 0 and the only effect is due to

20

spherical aberration. If a finite amount of defocussing.is
introduced, W,, # 0, and the value of W(r,J) changes. By
suitably choosing WZO' the variance of W(r,J) 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 /20, the aberrations are so small that the defocussing
required to obtain best focus at 40 lines/mm is practically
ZETO,

Proceeding along these lines, the lens was tested at
F/10 on axis, the focal plane chosen being the best focus at
40 lines/mm. This required a shift of the focal plane of
1.52 mm which corresponds to the value W, = 3,48N . This again
is contrary to the predicted value of 2,12\ for ilower

frequencies. Figure 39 shows the resulting curve, andalsoc the

curve for WZO = 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 a8 follows

(a) The instrument is capable of determining the transier
function with an accuracy of 2”/o in both modulus and phase.
Measurements are reproducible.

{b) The 20' lens performs as a dif fraction limited
system at /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 dectected, this
amounting to about 1A. For this particular lens, the tolerance
on decentring or tilting one of the components is of the order

of one minute of arec, which in turn requires a should er mounting
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accuracy of about one micron. This is 2 surprisingly close
tolerance, and indicates the need for careful consideration of
the mounting problem, even in photogranhic objectives.

(d) the performance of the lens is greatly improved
if defocussed (from the paraxial plane) by an appropriate
amount,

(3) Measurement s 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 2im in mind, two plano-convex lenscs
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 specificatinns:-—
Lens (1) Lens (2)

Focal Length = 18.145197" Focal Length = 18.145197 "
Thickness = 0,268" i Thickness-Axial = 0.,268"
Clear Aperture = 2.40" F/7.5 Edgel = 0.166"
C, = 0.106519 in " Edge2 = 0.202"
C2 = 0,0 Clear Aperture = 2,40"
N_ = 1.51738 C, = 0.106519 in~'

C2 = 0,0

N = 1,51738
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The computed aberrations of lens (1) were found to be

ON-AXIS 5° OFF-AXIS

W,y =0 (W,, = = 0.00005)

Wy, = 146948 (W, = 7,4849)

Wy = 040072 Wy, = 9.2066
Ty = 1.4120
Waq = = 0.0210
W, = 1.7158
Wyp = 0.0478
Wy, = = 0.0224
Weo = 0.0025

The aberrations of lens (2) inclule a coefficient
oo . X . .
§W31 = 37 4B, which arises from the tilt ¢ introduced.

The value of the term OW/98 is given, at any surface, by

ow
= YA - FA
37 (n cos 1) hy A(n)

where A 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 = 3.79°
It = 0,0436 ~ 2.50°

hy = Y = 30,48 mm.
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s
Substituting these values into the expression for gﬁ
gives
$5 = 9.86 x 10™% inches/ radian
or

g% = 0,87\ / degree.

As may be seen from the lens specifications,

[}

9.036 radians =~ 0.9 .

2.4

66 =
Hence the coma expected on axis is aporoximately

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.
Tith 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

3

W(r,¢) = W11 r + W31 ro o+ 351 r5

to the interferogram for the given lens resulted in the

following values for the coefficients:

Wyq = 0.65N W, = 0.BBN  W;, = 0.24A
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Measurements were first made‘zn lens (1),
and the recsults are shown in Figures 40 andi 41, Two
focal positions have been chosen, namely the paraxial focus
and ‘the posi tion of best focus at 25 lines /rm. As may be
seen from Figure 40, which shows the on—-axis results,the
performance of the lens is greatly improved when the bect
focal plane at 25 lines /mm. is chosen. This is due to the
fact that a certain amount of defocussing, WZO' has been
introduced which partially offsets the effects of spherical
aberration, In Figure 41, results are shown for the image
formed 5° off-axis. Here the nerformance is poor both for
the paraxial focal plane and for the best focus at 25 lines /mm.
The performance of the lens is better in the tangential section
than in the sagittal section.

The phage curve in Figure 41 is of particular
interest. This is the curve for the sagittal section 5°
off-axis, and is interpreted as follows. Pue 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 = 0,08. This accounts for the sudden
jump in the phase around s = 0,08 followed by an approximntely
linear varintion of phase with spatial frequency.

Also of interest is the fact tht below the spatial

frequency s = 0,1, the response for the best focal plane
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at 25 lines /mm. in the tangential secction is better:
than that for the paraxial focal »nlane. At hipher
frequencies, however, the situation is reversed. In
fact, the output signal from the scanning slit is so small
as to make impossible any accurcte deteraina tion of contrast
attenuation, Hence no values for T(s) above s = 0.1 are
plotted in this casec. 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 mecasurements with this lens, lens (2)
was tested on—axis with the object slit in the sagittal
section, both in the paraxial focal plme and the best focal
plane at 25 lines /mm, The resmlts are shown in Figure 42,
where the corresponding curves for lens (1) arc al so shown,
There is a significant fall in the response, which is due
cntirely 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 /mm. has been plotted.

In the best focal plane at 25 lines /m.m, the ratio
of the transfer functions in Figure 42 has becn taken,
subject to the condition that {T(s) measured /Tgs)}Q 0.65.
These values are shown in Figure 43. Also shown in this

figure are the theoretical values of T(s) and 06(s) for

W31 = 00637\ Sa = 5 .
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There is quite close agreement between the measured ratio,
and the theoretical response for {W31 = 0.63N ¢ = % |

Using the tolerance theory of Hopkins in the way done for

the 20" lens, one obtains for W’l

= 0.5\ (Phase) .. = 0.6\

(Modulus) 31

W31
(Here the spatial frequency chosen is s = 0.2 and then
&T(s)/To(s) = 0,170)., These values arc 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 seriously impair the imaging qualities of an opticai
sys tem, For this particular singlet lens, a tilt of about
1o has been introduced. However, for a system with many
elements, or of larger relative aperture, much smaller %ilts
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 with large amounts of aberration present, the effect
of the coma introduced by tilting a component would be
negligible,

(4) Measurcments on 8'" Pentac Lens:-

This lens had been obtained in order to compare the

measured values with those obtained by other workers. This



lens has the following specifications:=-

n

R _in Thickness _4a.
3.37 0.627 1.6124
~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 £' = 7.965"
67.50 0.125 1.5476 £, = 6,731"
3,146 0.627 1.6124
-3,146

At the time of writing, no theoretical wvalues of the
transfer function were available, 55 that the only comparison
possible is with cother measured values.

With a focal length of 7.,965", the magnification
in the instrument is apnroximately 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 a2 maximum signal to noise
ratio. This effect was observed during the measurements on
this lens; a little difficulty was experienced in
determining the true null setting. fis a result, errors in
setting the parallel plate micrometer and the density wedges
of about 0,0005" (=0.0127 mm) and 3° respectivel y are possiblc.

These errors lead to a possible 275 error in D(s).
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The lens was tested in yellow light (N = 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 5896&0. The lens was -
tested on-axis in the azimuths 00, 450, 900, and the results
are shown in Figure 44 for an aperture ratio of F/8.

The foeal plane chosen was the best at 102 lines /mm.

(¢ = 45°), The results indicate reasonably good agreement
with those obtained clsewhere. The phase results, however,
are somewhat erratic, but this may be attributed to the
reduction in signal to noise ratio resulting from the use of
a slit whose image on the scanning drum had a value far

from the optimum.

Next the lens was tested at F/8 using white 1light
with the same focal sctting as above, and with the object
slit in the tangential section, The results arc also
plotted on Figure 44, and show an average di screpancy of about
0.06, particularly at higher spatial frequencies. This
discrepancy could ecasily be due to one or more of the
following factors -

(a) The spectrum of the white source used is

not the same as that 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 instrument,

(c) The spectral sensitivity of the photomultiélier
not being the samc as that used tc obtain the comparison
curve.

The factor (b) causes a spectrum of spread func t ions
to be imaged along the optical axis near to the true imge
plane. The value of A for which the corresponding spread
function is exactly in the true imege plane depends on the
amount of chroms tic aberration present. Assuming an equal
distribution of intensity with wavelength, the wavelength of
light forming the spread function in the true image plane
will have a dominating role in determining the spatial
frequenéy at which the lens is tested, since s = 2FMNR,

If this were the only fastor 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 factor (a) may also cause a disagreement in

measurements, For a white source of a »narticular colour

the

temperature T, there will be a value of N for which the emitted

energy is a maximum, according to the formula

dE/dN = b N2, b2 /AT

where A; = 2 he™, A, = he/k, E = energy, N = wavelength

h = Plank's constant, k = Boltzman'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 will be a different N . Since the test-lens will
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 depgree of correction.

Another possible method of assessing the performance
of a lens using white light is to detcrmine the transfer
function of the lens at a number of wavelengths spaced ét
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 %n. Then it may be useful
to take the modulus for white light responsc to be given by
N
T(S)white = /) T(S)n
et
n=1
N

This is assuming that the relztion between aberration (and

therefore change in refractive index Ah) is linear with the
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change in wavelength A; that is

Mn = -k AN where k is constant.
In fact, for the visible wavelengths, the relation is not
linear, it being of the form n = A + B/?\2 + C/7\4 + eee
It may therefore be more useful to choose weighting factors,
dif ferent from unity, so that the above expression for

T(s become s

white
T(s)

N
Ay
L

n=1

o, T

n

white

N
The wvalue of N, the number of wavelengths chosen, would
determine how closely one may determmine the true response
to white light, VWorkers in this fiedld have in the past
stated thot the transfer function is generally less using
white light than it is using monochromztic light. The zbove
is one attempt at stating the situction more explicitly.
Since a large percentage of lenses are used in white light,
it is important to know the imaging quol ity 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 different
wavelengths, is that different weighting factors gy may be
chosen for any particular use to which the lens is :; be put,

For example, in aereal photography, one may rcquire the
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resvonse of a lens using white light and say a blue filter

to be known. Using the approach as suggested above, this

may easily be obtained.
In conclusion then, it is important that the

transfer function, using white light, be specified in some

standard way. This may be done by using a standard colour

tempe rature 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

mcthod appears more useful, as it nermits 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 t ransfer function,
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CONCLUSI ONS

A new and simple method of measuring optical
transfer functions has been devised and is 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
climinate sources of error. The instrument may be
considered as two separate units, namely a source unit and
a detector unit;, between which any optical system may be
placed for testing.

The method employed to measurce the transfer functions
has the particular advantage over other methods that only one
light source, one photodetector, and cne amplifier are ﬁsed,
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 amplificz gain,

Initial measurements have been made, using
monochromatic light, to confirm known theoretical values of
the optical transfer function, Following this, other
measurement s were made, again with monochromatic light, on
several lenses, and the results compared with values
calculated from the comnstructional data. At low aperturecs,
theoretical and experimental values of both modulus and phase

agree to better than 21, over a wide range of spatial
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frequencies:- At higher apertures thecre 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
denonstrated the need for the more precise manufacturing of
lens components and their mounts if the design performance
is to be achieved in practicea Finally, the effect of using
white light was examined briefly, and a tentative interpretation
of the results has been attempted.

Summarising, an instrument has been built with
which a detailed and reliable study of the influence of
aberrations on lens performance may be made. The previously
established, but by no means satisfactory, criteria of lens
performance may be derived from the transfer function curves,
but by themselves give incomplete infomation 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,



APPENDIX I

Theory of Image Rotating Prism -

Ain image rotating prism may be considered as a

system of three mirrors arranged in the following confipuration -

> X

Ol

Let rectangular coordinates 0Ox,y,z be defined, and let

€ . -

i'i:g be unit vectors alonz these axes respectively. Let

61’ ﬁz, ﬁ3 be unit normals to the reflecting surfaces ©,0,3,
and let E, §‘ be ray unit vectors before and after reflection.

Then, Snell's Law may be written in the form

§ + (cosI' + cosI) ﬁ = g + 2cosI'§.

[}
il

where I and I' are the angles of inciicnce and rcflection.

Referring to the above figure

1o 33
[Tery

= - sinali - cosalg

[{u38
oo
1
203

I3
W
1

« &
sina,? - coso.
3= 3=



If §1 = 1, then applying Snell's law gives

8} =1+ 2cos (9Oo—a1)§—sinali—cosa1§}
or

éi = cosZali - sin2a1§
After rcflcciion from surface @

§é = cos 2a1§ + sin2a1§

After reflection from surface @

21 - ”~ O_ - o
£1 84 + 2cos { 90 (20 a3)} o,
or
81 = cos(2a; - 2a3) I + sin(2a;-2a,) K
If now oy =0g, then
A' _ o
23 5 X

and the ray anerges parallel to its incident direction.

If a1$a3, the ray emerges at an angle 6 to the axis, where
6 = 2(a, -aj) = 20a,

Thus for an angular deviation da of one of the reflecting
surfaces, the emerging ray is deviated by an angle 2da.

It may be seen that a similor situation arises
if the entering ray is ecither not parallel to the Qgx-axis, or

not at the correct height above the GX-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 oy and
%y must be equal; (b) the axis of
rotation of the prism must coincide exactly with the entrance
height giving a2 symmetrical optical path through the priém.
Waen the prism is rotated through an angle 0, the
unit normal vectors will inclule a 6O-cependent tem, It may
be seen, by comparison with the above analysis, that in this

cese the emerging rays will have rotated through an angle 20.



APPEMDIX 11

Parallel Plate Micrometer

/\Y,"{

Let ABCD be a plane parallel glass —~late of thickness t and

refractive index U.

Let x, vy be rectangular axes, origin 0, and let 0' be the

centre of rotation of the glass plate., Su:pose the nlate

is rotated through an angle 6 about ©o'. Consider now a ray

OP, parallel to the =x-axis, striking the plate at the point ¥.
Let I,(=6) be the angle of incidence. After refraction ot this
surface, the angle of refraction is given by

1
3 P = e g4 - Zgi = g}
sin I1 = sin 11 = =gin I, = sin I2

1
Ni

After refraction at the second sur face



That is, the amerging ray is parallel to the incident ray. The

lateral shift of the ray is given by

RQ =6y = PQsin (I-I")

But PQ = t/cosIl, so that

by = ~t— f{sin(1-11)}
cosI!

or

dy = tsinl 1{1 - cosl }
Il

Hecos

S . cosl
For small angles of incidence I, sin I = I, and TosTt ~1.

Hence

~ -1

It may thus be seen that for smcll values of I, the lateral
shift of the ray is directly proportional 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.



5 ' T
I O'O‘F‘O.S 1.0 | 2.0 /5.0 10.0 {15.0 !20.0 25,0 | 30.0 40.0

!
Sy" 1 0.0 | .0007 L0015 1,0029 .0073 .0147 [:0224 110305 |.0392 |.0486 [0.0651

If these values are nplotted graphically, it may be seen that

the relation between dy . and I is perfectly linear up to

about 150. Above 150, the term <cosI »> produces o non-
LcosT!

lincar effect in the relation, thus rendering calibration more

difficult.



APPENDIX III

Desipgn of Mopnifying System: Since the system is to work at a

low aperture, it is possible to use two singlet lenses in the

following configuration -

]
o
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If ¢1 and ¢2 are the powers of the separate components, then

in the thin lens fomulation, the total power @ is

¢ =0+ ¢, -t ¢1¢2

Using this relation, and als> the relation
s . 1 1
Magnification M = ( Vo1/Voz)

One may obtain

e, = Mi(1-td,)e_, - t}

Chcosing the values M = 1,913, t = 10", 601 = 11", ﬂézz 20"

the corresponding powers are

¢, = 0,0860 , ¢, = 0.0443



For the system to be free from first order

aberrations, we must have

(s,) + (s.) = 0
Iy I
(s..) + (s..) + (s,) dg = o
IT’, T, T,
~ [ 2 — 1 o
{3(8111i2 + {SIV)Z } 8q + 3(5”)2 §a + (SI)2 §q3 =0

where SI o SIV are the Secidel aberration coefficients and
dq is the shift of the entrance pupil from lens @ . Using
the relations |
‘5111)5 = 95655 Sy = @5 605/

these equations may be solved to yield (SI)j and (SII)j'
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 (SI)j and (SII)j depend on the choices
of refractive index N. Several changes had to be made in the

values of N, and only solutions for the final choices will be



given here,

Now,

where

Lens @
= 0.0860 ¢,
= 0.,333786 5.
2
u:17o606 Sit
, = 8,666062 Sr11
= 5,741395 Bry
= 0 Sy

for thin lenses

il

I
ol

2
g7e! |

l
h'ﬁ.ll—-l

3 r
¢ ¢! (K

02 7 CI‘TD_*_I{ }32
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Substituting in these values, one obtains

(sI) = 0.0160 { a.9601s§+14.561151+14.1606}
. 1
(S.,) =  0,3724 { 3.26375,+2.9697}
11’ 1
(S.) = 0.0002 | £.74043%+15710325.+14.3541}
I, 2 2
(Syq) = 0.0100 {3.22208. +5.11214.
)

These cyuations may be solved praphically or znalytical ly.
Graphically, one obtains curves as shown in Figure 4.

It was found that the shapes required to give correct
values of SI did not give the correct values for SII (see curves).

Using thce differential relations

I 1,3 - e
'-——g:-- = -8- ¢ '68521&10 + XZP}
[ 4
3S
T _ . iGZé'iKsi
S ©

now values of S were obtained which gave more nearly the
aberrations required for each lens, The optimum shapes finally

obtained were

= = 4:‘
Sl = 1.,9997 82 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 thickencd, taking oxial thicknesses

t, = 0.,100" t, = 0.25"

1 2

and the final residuzal aberrations calculated., The final

system and its aberration coefficients are as below -

SURFACE NO: |1 2 3 4
RAD;OF CURV%(IN) 11;856 3,951 87998 5.049
[THICKNESS 0:100 9.925 0;250 |
REFRACTIVE INDEX 1.5094 1.0 1;5152

5 =  0.0002

SII = 0.0866

Syyy = 0.5468

Siv = otiﬁﬁﬁ

Sy = 5,4934

Since the maximum aperture at which this system is used is F/28,

the residual aberrations are compnletely negligible.
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