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ABSTRAGl

Several optical methods for the examination of the 
microtopography of surfaces are discussed. They divide themselves 
naturally into two groups; those which give quantitative informt- 
ion about the surface and those which give only qualitative i 
information. There is a bias towards the first part.

With reference to part A, the quantitative methods, the 
techniques discussed are, Pizeau and P.E.C.O. multiple beam 
interference fringes, both in reflection and in transmission, 
two beam interference microscoped, the profile , and tne shadow 
casting techniques, A separate chapter deals with the properties 
of the reflecting coatings used in some of tne aoove methods.
Part B is concerned with the application of phase contrast 
methods to the study of surfaces, that is in the vertical 
illumination microscope.



CONTENTS

PART A Methods which give quantitative information febout the 
surface.

Section I.
Chap, 1. Multiple Beam Fizeau Fringes. 1

Chap, 2. Reflection Fizeau Fringes. 51.
Chap. 5. Fringes of Equal Cromatic Order. 69.
Chap. 4, Properties of the Reflecting Coating. 76.
Appendix to Section I. 96.

Section III, Beam Interference Microscopy. 106.

Section IV, Surface Profile and Optical Shadow Casting. 114.

PART B Methods which give qualitative information about the 
surface. 120.



Introduction

The microscopical techniques disscussed in this dissertation 
are those which reveal surface heights and depths. Most of 
them in fact not only show the micro topography, but measure it 
as well. In other words methods are dicussed in which differences 
in surface level are changed into amplitude variations in the 
image plane of the microscope. The dissertation divides itself 
naturally into two parts, A, methods which give quantitative 
information about the surface, and, B, methods which give only 
qualitative information. No apology is given for the bias 
towards part A, as the majority of tj?ie methods discussed there 
have been developed in the laboratory in which the author 
works.

With particular reference to Part A, the various methods 
are each applicable to different conditions of observation.
Fizeau multiple beam fringes, which give all the advantages of 
multiple beam interferemetry to the study of surfaces, can resolve 
in depth down to about 50A, and in extension to about "6/^ . 
However there is also an upper limit, a few wavelengths, to the 
depth of structure which can be viewed using Fizeau fringes. 
F.E.C.O. have a rather greater lateral resolution, since the 
fringe dispersion is independant pf wedge angle, and whereas 
Fizeau gives a general contour map of the surface, F.E.C.O. 
are more suitable for precise measurements. However these 
fringes require rather more interpretation to give a picture of 
the surface.

To cope with rougher structures, the surface profile 
technique was developed. This method can just resolve a cube
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of side . Here the surface can be viewed and measured at the 
same time, but it is similar to F.E.C.O, in that it plots the 
cross-section of a line drawn on the surface. Lastly, to deal 
with really rough surfaces, the optical shadow-casting method, 
discussed in Section II, can be usad.

Part B deals mainly with the application af phase-microscopy 
to surface studies. It is an useful tool on the surfaces which 
can be viewed in this way, which are, in general, those which 
cah be examined by Fizeau and F.E.C.O. fringes. It is 
complementary to these techniques in that it gives a general 
picture of the surface "which looks like" the actual 
Micro topo graphy,
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CHAPTER I.

Transmission Fizeau Fringes

This chapter describes a simple, but elegant 
interference device which is used for the accurate 
measurement of surface topographical features. It is 
a refinement of the well knavn Pizeau interfereometer, 
so widely used for the optical working of glass and 
metal surfaces, and for many other metrological 
purposes. The interfereometer as commonly used for 
studying figure will now be described.

g>;o Beam Fizeau Fringes.

It is a matter of common experience that the colours 
formed, in a thin air or oil film disappear as the film 
thickness increases. The cause of this can easily be 
seen on examining the optics of the formation of the thin 
film interference colours commonly seen (e.g. oil films 
in puddles).
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The W o  coherent rays shown in the diagram originate
from the same atom P in the extended source S and each atom in 
S sends out such rays. We consider only the case of 
interference effects localized in the front surface of the 
film, so the two interfering coherent rays are drawn meeting 
(a) in the film, and (b) at the retina of the eye. The state 
of interference at (a) is reproduced at (b). The colours in 
the film are governed by the well known formula

n X  = 2 jûk, cos B

where n is the order of interference^ t the film thickness 
and Q  the angle of incidence.

So = (-) 2 |AtL AAAA G d G

Now since the source is extended, 8 will vary, tending 
to confuse the interference pattern at tlie film. For small 
values of t , the effects of varying B are small and, 
provided (and the entrance pupil of the viewing system) 
are small enough, we will have a relatively clear interference 
pattern in the film. But it can be easily seen that, for the 
given range of 8  values admitted by the viewing system, as t  
increases further, the range of order values at any one point 
on the film will increase until no interference pattern is 
left.

FIZEAU in 1862 proposed a system where the incident beam
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is h.igîily coHimated* Tli© result; is that inucîi larger values 
of t Gan be tolerated. In the apparatus shown in Pig.2 
a monochromatic source is condensed on to the small aperture 
A. The wavefront diverging from A is collimated by the lens 
D and falls on to the air film formed between the plates

c C

Pig". 8

The reflected light is focussed onto the aperture at B 
by passing through D again and by total internal reflection
in the right angled prism H. If the eye is placed at B it 
will see the two beamr interference fringes localized in the 
film between PC and ^0. Now since, n X = 2 cos&
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gives the position of the fringe maxima and since is 
constant the pattern will be a contour map of the optical 
thickness ( )  of the plates, with the maxima a thickness 

apart. So if the UPP3R plate is an optical flat, we 
will see the topography of the upper surface of Op. This 
method was first used for the study of surface toporgaphy by 
htiUkBNT (1883), and by (1933) for studying crystal
surfaces in particular. It is widely used in optical 
workshops today as a routine test of figure but is limited by 
the broadness of the fringe pattern.

The Use of Highly Reflecting Surface.s in Interferometry.

The interference fringes obtained in the Fizeau system 
described above are formed by two beam interference, and so 
the resultant intensity is,

I = I„ cos  ̂ (1)

in which <f> = XV w a  6) (8)
A

The reflected two beam fringe system has an even worse 
fringe definition, given by

I = I^ + Ig + 2 ^ 2 cos

Here 1^ and Ig, and ag are the intensities and
amplitudes of the interfering rays. For the reflection case 

yy I and so (8) reduces to (l). But in transmission



12 and Ig are not even of the same order of magnitude, with 
the result that the fringe pattern has the Intensity 
distribution shown in Fig. 3.

I

Tl

Fig..

Fig. 4 is an example of a two beam transmission 

interference pattern.
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Fig 4. Two-Beam Newton*s Rings Pattern.



Whilst tvm beam fringes are useful for the optical
working of sui'faces and for general metrological purposes,
they are not'so suitable for the precise measurement of
surface topographical features, as is evident from Pig. 4.
The flat topped nature of the fringes is unfavourable for the
determination of fringe positions. Settings on a maxlumum
cannot be made to better than _1 of the distance between

80
orders at the best, corresponding to an uncertainty of X

40
in film thickness.

An important advance was made in 1893 by BOULOUCH, who 
pointed out that if the surfaces are serni-silvered, and so 
multiple reflections at the inteferometer surfaces become 
important, the fringe shape undergoes a remarkable change. 
FABRY and PEROT (1897) utilized his suggestion In thsiLr 
elegant inteferometer and credit is often wrongly assigned 
to them for the realization of the significant effect 
silvering has upon fringe width.

This effect is demonstrated by a study of alry's
expression for the transmitted intensity of an interferometer 
consisting of two, semi—silvered parallel plane plates, as
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shown in Pig. 5.

j-.n air film is considered, so refraction effects may be 
ignored in the calculations. When a collimated beam of 
monochromatic light falls upon the plates and the emerging 
beams are collected by a lens h^ (see Pig. 6), we have, in 
the focal plane of ,

I = —  ̂•  ----------------- (3)
u)

- See AIRY (1831)

This can be written,

- See TOIANISKY (1948)

Here I is the transmitted intensity, T and R the intensity 
reflection and transmission coefficients of the two 
interferometer surfaces (assumed identical), and

8 = 8 X 8 W (optical gap between interferometer
^ plates for an angle of incidence, 0̂ )

F is called the "coefficient de fixlesse" after Fak-ry. This 
formula assumes that an infinite number of beams is collected
by  ̂ this is approximately true for snail angles & •

The point of interest is the variation in the fringe
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width with the Quantity F. It can be seen from (4) that, if
F is large, as S goes from S = 2 vnTT to S = S-wlf +
I will fall rapidly from to quite a small value, and stay
there until 8 reaches the region of 2 (^+ 1 )TT . The 
accompanying table shows that quite large values of F are 
found for values of R in the region *7 to 1#
This table is taken from Ï0IF1TSKY (1947).

R% 70 75 80 85 90 95

F 31.1 48 80 107 360 1520

T  c/ min^ 5.22 2 . 04 1.23 0.66 0.28 0.06

Fig. 7 shows the fringe shape for these different 
high value s of E.

rh
Z
aJKz

•7 K

o I•5

Fig.7
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The bottom line in the table is the value of the 
minimum intensity as a fraction of the maximum* Evidently 
this type of fringe pattern is considerably more suitable for 
the precise determination of order displacements than the two 
beam cos^ distribution discussed above.

It was not until 1944 that the correct experimental 
conditions for using this type of intensity distribution in 
the Fizeau "equal thickness" set-up described above were 
discussed by TOMîTSKY. He used it to obtain extremely sharp 
Hew tons rings (1944, a) and with them was able to measure 
accurately the differential phase change on reflection of the 
two plane polarized components at non-normal incidence 
(TOLi-lTSKY 1944, b). He then used these fringes, both in 
reflection and in transmission to contour a natural surface of 
quartz (TOLAHSKY 1945, a) and cleavage surfaces of mica and 
selenite (T01Æ8KY 1945, b). He showed that steps of the 
order of 30 IW. , which is of the order of molecular 
dimensions, could be measured accurately, with simple 
apparatus, provided that certain simple experimental conditions 
were strictly adhered to.

Since then raultiple-beam Fizeau fringes have been used, 
both in transmission and in reflection, for the study of 
many problems in surfaces micro-topography. Tliey have been 
discussed by TOIANSKY (1946, c) and HROSoBL (1947). HOLbEH 
(1949) has discussed the reflection system in detail. The

— 10—



following photographs show clearly how powerful a tool they 
are for the evaluation of the heights and angles associated 
with the microtopographical features of surfaces.

^ig* 8. Multiple Beam Newton*s Rings in Transmission.

-II-



Pig. 8a. Newton* s Rings in Reflection.



Pig. 9. Trigons on Diamond - Pizeau Fringes.



\ J

Pig. 10.
Spherical hardness indentation on brass, showing a spherical 

hollow surrounded by four hills.



We will now examine in detail the properties and 
methods of formation of these multiple-be am Fizeau fringes. 
The optical conditions necessary for their observation are 
discussed at length. This is done for the case of the 
transmission system, as the theory of this is rather more 
straightforward. A later chapter deals with the reflection 
system in particular, and it is pointed out how and where 
reflection theory can draw from the study of transmission 
fringes and where it differs.

-12-



Transmission Multiple Beam Fringes.

We will now consider how multiple beam interference 
fringes are formed in a wedge of air between two silvered 
glass flats# Since the v/edge is of air we can neglect the 
changes of direction produced by refraction in the glass from 
our calculations# %et a parallel beam of monociiromatic light 
fall upon the film at normal incidence.' The film is bounded 
by NO and LM# Rays CD and IJ will pass on through the film 
with loss of intensity consequent upon transmission tlirough 
the two silvered layers NO and LM# Consider also the rays 
ABED and which meet the rays CD and IJ in the front

N

surface. Since the pairs of rays meeting at D and J are 
coherent, we will have steady interference effects at D and J, 
These points are imaged by the microscope objective in the 
plane conjugate to LM at J]_ and For a perfect lens, the
phase relationships holding at D and J will be exactly
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re-produced at and So we will see interference
fringes in the plane of and D^. It is seen that the
fringes formed in this way are localized in the thin air film. 
This important fact means that we can examine the topography 
of either of the two surfaces bounding the film, provided of 
course that one of the two is an optical flat.

We will now show that, for low orders of interference, 
the intensity distribution in the air wedge of these Fizeau 
fringes of equal thickness is the . as in the well known
Fabry-Perot type fringes of equal inclination, but with t as 
the variable parameter instead of G  .

This was first demonstrated by TOLANSKY 1946 (c), and 
later discussed by TOL̂ lîSKY 1948 (a), and by BH0SS3L (1947. 
Brossel, in 1947, gave what is now the standard treatment of 
the problem. It is useful in that it lays emphasis upon 
wavefronts rather than upon rays. It thereby lends itself 
to more general applications, such as interference in the 
higher order Feussuer sufaces.

Fig. Ig
“14—



Fig. 19 represents a wedge, of which one reflecting
surface is OY, and the other is at a small angle to this.
OX is drawn perpendicular to OY. The third axis 02 will be
in the junction of the two wedge faces. Thus the plane YOX 
is considered to be a principal section of the wedge. If now 
a wavefront meets the wedge, with its normal in the plane YOX,
and making an angle & with OX, a family of wavefronts
o, ^  %, g, will be formed due to muntiple reflections 

at the wedge faces. They will make angles G; G +
B 4- *4̂*. j ' • • G . with OY, as shown.

Apart from phase changes on reflection (which we will
assume, for simplicity, will be the same at both wedge faces), 
all the wavefronts will be in phase at the apex 0. If the 
phase change on two reflections is , the difference in
phase betiveen the direct and wavefront when they pass a
point P ( Y^) iSf

rl„>+V'P)

i.e. & = « r  V X  o o  16-^ A L
- X. © - ' ( o ]

Now we put
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/iww ^  yî  ^

>4" C-®0 2* \ mm

• Sy^s %& - y* L4r*
If we neglect the fourth and higher powers of pal,
becomes,

V̂» = ^  - I y'-A' bw. D]

-  * * ̂ 4 .  » L y *  V\sr& 0 -  Jvyfi\

This expression was first derived, for the case & = o 
by T0LAN8KY 1946 (c), and 5^08831, 1947.

In the case of light at normal incidence, B = 0 and,

= W  ̂i-ye li-t ♦ (̂4]l
when Xq = 0, i.e. on the wedge.

. .  % v -  I  .......... v»;
Provided we can neglect the term involving the third 

powers,

•vyv - yE % y Lfê (V).
This leads to the expression for the transmitted

intensi ty.
Î X X<J I

iîi- ^
L% -A) W

S * Ltr 4-r̂ )

The properties of this expression have been discussed 
above.

—16—



Go we see that, provided that >  ^ can be neglected
compared with , we have fringes of equal thickness
localized in the film which have the sharp maxima associated 
with the Fabry - Perot interferometer.

-17-



The Third Order i-.symmetry of the Fringes.

The effect of having the term not insignificant
can easily be seen from the vector treatment of the Fizeau 
murltiple beam system dye to Faust (1949). The fundamental 
"Fabry - Perot" calculation involves in essence a summation 
of an infinite number of S.H.M's of diminishing amplitude and 
steadily varying phase. This can evidently be achieved by 
the vector representation method as well. Each of the 
interfering beams is represented in the diagram by a vector 
whose length and orientation denote the beam’s amplitude and 
phase. The zero phase is marked by a horizontal dotted line 
directed towards the right. Phase retardations are 
signified by anti-clockwise rotation. The vector length 
decreases geometrically at a rate determined by the effective 
reflection coefficient of the interferometer surfaces. The 
resultant amplitude and phase are obtained from the line 
joining the first to the last vector, but naturally only a 
finite number of beams can be drawn. Faust assumed that, due 
to the rapid diminution in vector length with increasing 
number of reflections, an approximately correct qualitative 
picture of the interferometer behaviour would be obtained by 
about 20 - 30 vectors. The vector diagram for the 
transmission system is shown for four values of 8 in the 
diagram following.

-18-
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The full lines in Fig. 14 are for the case when the 
correction term in (6) may be neglected. ^s a phase 
retardation is shown as an anti-clocWise rotation, the 
dotted lines show what happens when the correction term
comes into play,
increases as

The deviation from the ideal case

6 = 2 nrr - S

Fig. 14,

-20 -



Now it can easily be seen by inspection of the vector 
diagrams that the correction term will have three serious 
effects upon the interference pattern, namely (see V/ILGOGK 
(1951) ).

&) The maxima are displaced from their
positions as given by (7) away from 
the apex by an amount v/hich increases 
with L , so that the distance between 
adjacent fringes corresponds to a change 
in wedge thickness of more than &  .

b) The intensity of the maxima is reduced
from the value for zero correction, 
i.e. and grows less as to
increases.

c) The intensity distribution about the maxima
ceases to be symmetrical. This can 
easily be seen from the series of vector 
diagrams shown in Fig. 14. The resulting 
fringe shape is shown below in Fig. 15.

-21'



NI, NO PHASE CORR-.
N2,WITHPHASE CORR=.

Fig. 15.



Now it is observed that for higher order wedge 
thicknesses secondary maxima appear in the side of 
increasing order. These are especially noticeable when 
the main fringes are sharp. Their formation can be 
predicted from the vector diagram, thus*, at a thickness fe , 
the angle between the vectors of higher is

i> - Vi v' ^
and

So, =.

N TI +

y
UTT

Thus at increases as we go from one fringe to the next. It 
is due to this increase of jé as increases that the 
secondary maxima are formed.

Fig. 16. -22-



Fig, 16 has been drawn to illustrate exactly how this 
occurs. The thin lines give the positions of the vectors 
without the phase correction and the full lipes apply to 
the real wedge interferometer. The resultant intensities 
are given by the lines joining the ends of the vectors to 
the origin. As we go from one fringe to the next 0  increases 
to such an extent that a is further from the origin than b.
The intensity will then fall to a near zero value with increase 
of S , Hence a secondary maximum is formed.

—22a—



Expérimental Conditions for the Production of High 
Quality Multiple Beam Pizeau Fringes.

To obtain high quality multiple beam Fizeau interference 
fringes certain experimental conditions must be adhered to. 
These have been discussed widely in the literature - see 
TOLriNSICY, 1948, 1946(c), and 1955, and WIIÎ OOK, 1951. Tliey 
are really quite simple conditions, and high quality fringes 
can be obtained with apparatus which is by no means complex. 
The high resolution in depth - of the order of molecular 
dimensions - that can be secured with quite simple apparatus 
is remarkable when one considers the elaborate nature of 
the apparatus, the electron microscope, which is required to 
secure such high lateral resolutions, We will nov/ enumerate 
and discuss the conditions under which mu-lbiple beam Fizeau 
fringes can be observed.

A. The Surfaces Must Be Coated With A Highly Reflecting Film.

As mentioned above we will only consider the transmission 
fringe pattern here, leaving the reflection case for special
consideration: later.

For low order interference, the correction term ̂
is small in any system wliich v/ould be used in practice. So 
the fringe intensity distribution is

I = -------

in which is the maximum of
-23-



■fcli© pattein. lo discuss the effect of the constants of 
the silver film, i.e. of the reflection, transiaission and 
absorption coefficients upon the sharpness of the fringes, 
v/e define a half-width w, to be the order separation between 
points whose intensity is half that of the maxima. To find 
w, we nut

 -
» ' *

For sharp fringes, we can put - sin ,
â  T

z. Ir ^
TR

and ^ z. X

Thus the half-width as a fraction of our order is 
\-tu/TT (IL 9 and so increases as ^  increases.

The maximum intensity on the other hand is I 
for unit incident intensity. This is unity when T 4-n.&\ ,
i.e. A = 0, but less than unity when A 0. It is evident
that the shape of the fringes depends only upon V. , but that 
the intensity scale with respect to the incidenu illumination 
is determined by the fraction

-24-



V/ e see t he n that t he n o s i t i on i s : -

^) High values of ^  give sharp fringes,

^ ) hut higher values of entail, in general,
higher values of (this statement will be
qualified later), and so a reduction in
overall intensity.

A compromise has to be reached between these two in 
practice, but we are helped considerably by the low cliromatic 
resolving power of very low order fringes. Thus a high 
pressure source can be used and a reduction of up to 50^ in 
intensity can be tolerated.

A later section will deal with the way in which the R , T, 
and A of metallic and mutilayer films behave.

B, The surfaces must be very close together, i.e. we
require a very thin v/edge.

This is the essential point upon which the use of sharp 
multiple beam fringes for the study of surface topography rests. 
It was realized from the outset and is mentioned in the 
earliest literature, e.g. TOLilTSCY, 1944 and 1946(c), and is 
emphasized in the later books TOLAITSlhT, 1948 and 1951. There 
are four reasons why this is such an important desii^atum for 
the production of the sharpest fringes.

-25-



The first concerns the phase-lag term calculated above.
We recall that this is

1 V*
showing that it is proportional to tlie film thickness .
We now consider a critical thickness , such that, for the 
number of beiiiis collected by the microscope, the phase lag for 
the last bean is . ( The number of beams collected depends
on the reflectivity, the wedge angle, and the numerical aperture 
of the objective - but at low powers mainly on the reflectivity. 
Up to 60 effective beans may be collected in certain cases.
This will be discussed later in this section. )

Now we have to have at least two fringes in the field of
view, otherwise we cannot make any calculations of fringe
dimensions and displacements in terms of order fractions.
Thus X , the number of fringes per centimeter, has a minimum
value for the magnification used to view the fringes. We have
also the relation _ .

J.--

V- %SOS- w t - —

The accompanying table gives values of V^and X assuming ̂  = 60# 
Now t has to be less than this to prevent a loss in iringe 
definition due to the phase —lag term. We note thau as the 
magnification increases, so does "che severity of the

-26'



restriction on the film thickness.

No. of fringes pertÂ A.X 1 10 100
Critical 1.26 .012 .0001

The second important point is the effect of film thickness 
on the linear displacement of the beams combining to form the 
patoern. There are t\T/o dangerous effects here. By reference 
to the figure below it can be seen that if the displacement of

Pig. 17

the higher order beams is too large, their phases will be
quite arbitrary with respect to the direct beam. This will
reduce the fringe definition considerably in many practical 
cases. Also UlfMSS 'CÎS 01’ TH.S 33-J:S COi’S  P30Ü

-27-



iiîî i-iRSA LESS TliülT THE aIkY DISC (in the object space) OF THE 
GIVEN" OBJECTIVE V/HICH IS BEING USED TO Vim THE SURFACE, THEN 
THE FRINGE PATTERN DOES NOT NECESS^iRILY GIVE A TRUE 
REPRESENTATION OF THE 8URFA0B TOPOGRAPHY. If the area over 
which the beams are being collected is larger than the Airy 
disc in the object,, space, then it is quite likely that fake 
information will be given, i.e. the information wi 11 not be that 
at a point on the surface, but the averaged infoimation over a 
finite area. Moreover, provided that this condition is 
obeyed, then we can say that we are getting information about a 
point on the surface, subject of course to the limitation that 
we have no empty magnification.

An approximate calculation of this effect for small angles 
follows.

-28-



Consider a beam which has suffered reflections at the 
’ bcick” surface before it reaches the point of observation*

Then the total line or displacement of this beam is 

Yi - ^4" "' "t l^Y *“ ^

= < YL V" - ^

- ^ C.X *V-'3]

• . & Y  ^ Y

So for

0̂  Y  -  ^ V  (9 )

Thus, since d ^ is proportional to the film thickness, 
it has to be kept as small as possible by reducing .

At medium powers we find, from the following single 
calculation, that, provided the film thickness is less than 
the critical value calculated above, all the beams come from 
an area which is less than the Airy disc in the object space. 
For we have,

d y  a •XV' t.4.

-29-



The table above gives values of and X for ^ = 60.
Using Y = 60 and X = & fringes per

This is within the Airy disc of a medium powered microscope*

The use of such thin films, of the order of a few wave
lengths thick, has the further important advantage that the 
chromatic resolving power of the system is very low. The 
fundamental formula governing the position of the maxima is

t (for normal incidence)

So ^

where ^ is the w» corresponding to ^

Thus the wave number separation between order s isA) = 1 / 2

For = .001 , and ^  = 1, this is,

—1A  D = 5000 vvw.

So for a wavelength of 5000A . ( 0  a . ) ,
-1the neighbouring maxima occur at 15,000 and 25,000

resnectively, i.e. at 6666 A . and 4000 a * . In this case
the wavelength separation between orders is about 2000 A .
It is found in practice that even the best fringes are no more 
than 1/50 th of an order wide. This corresponds in this case

-30-



to about 30 À • This is somewhat greater than the line widths
at about 5000 A , of ordinary mercury arcs. So we see that 
the question of source line widths is of little consequence 
here thanks to having a very thin air film. This means we 
ai*e at liberty to use high pressure ard- sources to overcome 
intensity troubles met with higlily reflecting films, both silver 
and mutilayer.

A further point of interest is the divergence of the 
multiply - reflected beams from the axis of the micros:ope 
with respect to the aperture of the objective. We shall see 
that in all normal cases, enough be sms are collected to make 
a fair Fabry-Par ot type intensity distribution. Suppose that 
the semi-angle of the cone of illumination entering the 
microscope is u. , i.e. the numerical aperture (N.A. ) is yt sin M. . 
The divergence of the beam from the microscope axis is

where ^  is the wedge angle betv/een the surface under test and 
the flat.

We will now calculate the minimum angle .1 fora given
objective, to give at least tliree fringes in the field of 
view. Then %

where S is the diameter of the field of view in the object 
space. suppose further that the field of view in Uie image

-31-



space has a diameter of 10 • Then taking a magnifica tion
of 750 times the numerical aperture of the objective.

* I X X (10)
So Vv'V ' >ST0 Y  • A

Let be the greatest number of beams that can be 
collected by the objective. Then:- 

-1
sin % % ? 8 Y » (. M. A.) X .

iNA.)V «y» - iw A) X.
(lOa)

The following table gives correi^onding values of
-6 *N.A. for X = 5 X 10 Cam. . Approximate values only are

given.

N.A.

. 2 130

.25 130

. 5 136

.75 145

Now the intensity distribution in a Fabry-Perot set up
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when only a finite number, y  » beams is collected is,
r V U  g  ̂  tr S VA)

This reduces to the familiar Pabry-Perot distribution when 
\ i Y \ m Pig. 19 below shows how varies with ÎT for 

two high, but typical values of R. Actually is
plotted here, but it can be seen that when y  is of the order 
of , we will have a narrow ’'infinite beam” distribution
to all intents and purposes.

It was pointed out above that, for a given air gap, b , 
fringe definition falls off with increasing magnification.
This variation is now investigated using the calculation of 
given above. The third order term S for a gap b is

V  'I
When /w\wi

Putting t a.

S ‘W'ii’û (n .

The graph (Pig.20) shows Sy, as a function of N.A. for y = 60, 
i.e. the phase lag for the sixtieth beam is plotted against 
N.A. For objectives of numerical aperture up to .5 it is
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so6n that iringe definition is excellent, for even the 
sixtieth beam, which has a very low intensity indeed, has 
a phase lag of only • However it seems at fir st sight
that at higher magnifications fringe definition suffers 
considerably. The first graph, ?ig. 19, shows that this 
is not necessarily so in fact. Here thé phase lag is plotted 
against the number of beams, for different N.A.*s. On the 
same graph is plotted the intensity of the beam, ,
for two typical values of ^  , .90 and .95. Consider the
case of N.A. = 1, the most severe one. Nearly two-thirds of 
the beams have a phase lag of less than ^  and those that 
have a greater phase lag have such low intensities that they 
do not exert a great effect upon fringe definition . Thus 
we may expect to obtain fringes with reduced but by no means 
poor definition. This has been shown to be the case by 
TOIuiNSIOT and SIvIARA, 1955, who show tlie first two orders of a 
Newtons Rings" arrangement obtained on a diamond face. Of 

course when fc increases fringe quality will suffer, and again 
we see how small t must be, especially at high magnifications.
On this same graph are plotted the (phase lag) - (number of 
beams) curves for N.A. equal to .75 and to .5. When N.A.= .5 
no difficulty is met at all, and this is the strongest 
recommended objective for use with multiple beam surface 
interferometry^ unless exceedingly thin air gaps can be 
obtained, which is by no means always the case.
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For high powered objectives at the thin air gaps 
considered here, and for lower powered objectives if we are 
forced to have ratlier larger air gaps, it is likely that the 
phase lag- ̂  curve will rise above half a wavelength for 
higher values of V*“ • The behaviour of such a system can 
be visualized by an idea due to Dr. V.G. Bhide of this 
Laboratory. He supposes that we have an approximate Airy 
distribution due to those beams which have phase lag less 
than h and another, ^ out of phase with the first, for the 
succeeding beams which have phase lag in the range ^  c > 
The maximum of this latter distribution will of course be much 
less than that of the former, giving an approximately true 
Airy distribution.

It is also of interest to calculate the maximum useful 
N.A. with this system by equating the diameter of the 
objective diffraction disc with the displacement of the last 
effective beam along the surface. The displacement is

Ay, =

8 0

W.A.

, . (N.A.) max. = - — ^---
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If now we suppose that beams above the tiventieth will
not contribute greatly to the way in which a fringe contours
a surface, (see Fig. 19, curve 5), then the maximum value of 
N.A. permissible will be .82. (Takings as 30 this is .55)

To sum up, it has been shown that in order to obtain
good fringe definition the air g%) must be kept as low as
possible due to (a) the third order phase correction term, (b) 
the beam displacement along the surface, and (c) the finite 
width of the source line. This is one of the most important 
features of the multiple beam interferometry of surfaces. The
calculations using the value (N.A. ) show, in the
first place, that all the beams of any effective intensity 
enter the objective for all normal numerical apertures 
employed. Further, the fringe definition falls off as the 
microscope magnification increases as (N.A. )̂ . It is 
advisable to use only magnifications below X350 where possible, 
but, provided that the air gap is extremely thin, fringes with 
rather reduced quality can be obtained up to magnifications 
of X10Û0. Also at low powers (below X350), no trouble is met 
with over large beam displacements. They are well within the 
Airy disc for all beams but those of negligible intensity.
Use of higher magnifications, however, requires care.

C. The Incident Beam Must be Accurately 0ollimated^

In 1922 Pabry (1932), drew attention to the possible
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broadening of interferometer fringes due to incorrect
collimation of the incident beam. Srrors in collimation can 
arise from either, (a) lens aberrations or (b) finite source 
size. Case (a) is complex, and a general treatment has not 
as yet been given. Case (b ) has been discussed by 
TOlFd̂ SKY, 1946(c), 1948, BR088SL 1947, and H0ID3N, 1951.

We follow BROSaSL's treatment here, but that due to 
TOLciNSKY, although less general, deals with the more important 
factor. The general calculation of the phase of the 
reflected wavefront with respect to that of tlie direct beam 
gives

® t V i &■ -
When Ù is of the same order as -i. , then the 0 term in (\̂\) 
may be neglected, and we have a fringe broadening due to the 

^  term alone. This will give a square topped 
distribution, the maxima corresponding to the higher values of 
©  being displaced away from the wedge apex. If the 
fractional order broadening which can be tolerated is Am , 
then at the order of interference ti , the angular radius of 
the source must be less than

a  s  s e e  TOIAKTSKY, 1 9 4 6 (c )

For small gaps, we have to use large values of D to 
produce a givenA<w . At large angles of incidence, the k u  9" 
terra comes into play, and this gives a wing on the side of
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increasing • This fact has been verified by raicrophoto- 
meteri'ng fringe intensity distributions, (BR0S33L, 1947).
The results are shovm in Fig. 81. Curve I shows the natural 
width - highly colliwated beam, curve II is for small values,
and curve III shows the effect of the #term.

Since the wing occurs only on the side of increasing , 
it occurred to Brossel to use a convergent beam as a means of 
solving the "hills or valleys" question. (BH0SS3L, 1946)

Fig* SI.

To use tliis method for sorting out a topography, a 
highly convergent beam must be used. If only siiiallish angles 
are employed the Vs** & term will not operate. The figure 
following shows a set of fringes with (a) well collimated

—38—



light and (b) convergent light,

\

'ig.
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TOL^msKY (1948) has given a table of tolerances for 
collimation, giving the film thickness t , 
corresponding ang^üLer deviation, 4» , from the normal for
a phase shift of 1/5 tne half width. It is reproduced below.

1 1 0.1 0.01 .(

e° Vio Vs 1

The calculation is based on the small angle broadening only 
which is the practical case. This table illustrates the 
fundamental rule that, for good fringe définitions small values 
of k should be used, for the collimation conditions are far 
less stringent when small values of are employed.

WIIOGK, 1951, discusses the tolerance in phase shift due 
to collimation errors with regard to the natural half-v/idths of 
a line ( w  ), He again points out that, in practice the A
term may be neglected. He basis his calculations upon the work
of Dufour and Picca (1945) on the broadening of Fabry-Perot 
fringes. Let the order shift beA-n . Then if 
the natural width, increase ofô merely increases intensity, 
while for natural width, increase of © entails only a
sç[uare topped fringe broadening and no intensity increase. He
plots a graph of resultant width / natural width against
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/ natural width, (c.'n = ). It is possible
to decide from this graph when a suitable transistion point

the condition of increasing intensity (graph horizontal), 
to that of increasing width (graph sloping at 45°) takes place, 
and draw up a table similar to that given above for the ratio 
( / natural width) chosen. It will be seen that TOLAïïSKY*s
choice is a reasonable one.

9
I—z<H-_jZ>O)
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IHÛ

<
cc3H<
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^ / n a t u r a l  WIDTH

O I

Fig. 85.
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The other is:-

D. The incidence should preferably be normal.

Non-normal incidence introduces two complications.
At non-normal incidence, the Feussner surface, (F3U88N3R 1927) 
is not coincident with the plane of the film, its distance 
from the film, at an angle of incidence, L C»

in which h is the film thickness and <p the wedge angle.

Now it is evidently of great convenience, when we are 
studying the topography of a surface to have the friiĝ s
system located in the surface itself. This, as we see from 
the above expression, is only true for u = o .

The other effect of illumination at angles other than 
zero incidence has been described by TOIANSKY (1944(a)). That 
is the differential phase change on reflection between light 
prolonged at right angles and parallel to the plane of 
incidence. This effect is shown in an elegant manner by 
viewing the transmission fringes produced in the film between 
a plano-convex lens and a flat, tiie surfaces being silvered 
of coTurse.



This is of course the Newton's Rings apparatus. Here it
is used at non-normal incidence, as in the figure below -

Fig. 24.

To start with, the fringes are elliptical, not circular, 
as with normal incidence. Also only a small number of them 
are in focus on a plane perpendicular to the plane of incidence 
The most striking observation, however, is that the rings are 
doubled, as shown in the picture following - (part B only).
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(8) (B) (A)

The s e p a r a t i o n  and f r i n g e  d e f i n i t i o n  v a r i e s  w i th  a n g le

o f  i n c i d e n c e  and the o u t e r  h i g h e r  o r d e r  f r i n g e  becomes

p r o g r e s s i v e l y  weaker  a s  i t  moves away from the  o t h e r .  Now

i n  the  f i g u r e  above, t ak en  w i t h  a t r i p l e  s h u t t e r  (see

TOJhiN8KY 1948) ,  the  two o u t e r  p o r t i o n s  were  talcen w i t h  a

P o l a r o i d  s e t  to  p a s s  v i b r a t i o n s  i n  tlie p l a n e  o f  i n c i d e n c e

(a ) ,  and p e r p e n d i c u l a r  t o  the  p l a n e  o f  i n c i d e n c e  (G).  The

m id d le  portion i s  without a Polaroid at all, sliowing the
d o u b l i n g  n o r m a l ly  seen  ( i n  t h i s  p i c t u r e  the  weaker component,

i n  A, h a s  been  g i v e n  a l o n g e r  ejcposure th an  the  r e s t  o f  t h e

p l a t e .  The c o r r e c t  i n t e n s i t y  r a t i o  i s  shown i n  3 ) .  The
o

a n g le  o f  i n c i d e n c e  h e re  i s  60

Now i t  i s  w e l l  known from c l a s s i c a l  e l e c t r o m a g n e t i c  

t h e o r y  t h a t  the  p h ase  change on r e f l e c t i o n  a t  a m e t a l l i c  

s u r f a c e  i s  n o t  the same f o r  r a y s  p o l a r i z e d  p e r p e n d i c u l a r  and
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parallel to the plane of incidence. The plate above shoRr/s 
clearly that this is the cause of the fringe doubling effect 
at non-normal incidence.

This provides a simple method for measuring the 
differential phase change. The results obtained by this 
method were compared with the classical theory of I/IAGLAITRIN, 
1906.
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Appendix to Chapter I

liultlple Beam Interference Contrast.

Tolansky and Wilcock, 1946 and Tolansky, 1948 have 
described an elegant technique for examining structure in
nearly plane surfaces. It employs the interference contrast 
seen when the surface under test and the flat are brought close 
and so parallel that the dispersion increases until only one 
fringe covers the whole of the field of view. The rate of 
change of intensity varies from zero when the intensity is a 
maximum, increasing through the point of inflexion at about 
1 = 1  ĵ ax/̂  and going to nil when the Airy intensity drops to 
zero. Unfortunately this latter region covers quite a large 
range of thickness but the position is considerably improved 
by employing an unfiltered arc, or even an unfiltered arc with 
an impurity, e.g. cadmium, added. Really useful interferograms 
can be obtained by taking photographs of these high dispersion 
fringes with the transmission Pizeau system superimposed. The 
latter can be obtained quite easily by filtering the arc and 
increasing the wedge angle. We then have a Pizeau picture 
with the structure to which it corresponds, shown up in 
enhanced contrast, superimposed on the plate. So one of the 
disadvantages of Pizeau, namely that there are large regions 
inbetween the sharp fringes, is overcome. Pig. 26 S iows an 

example of this.
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Pig. 26

TOLfLÏTüKY, 1948, g i v e s  a s im p le  c a l c u l a t i o n  i l l u s t r a t i n g  

the  s e n s i t i v i t j T  o f  the  method* Suppose t h a t  the  gap i s  such 

t h a t  1 = 1  max/2 ,  i . e .  we a r e  i n  the  r e g i o n  of  maximum 

s e n s i t i v i t y .  Then,

So,

Now the  eye can  d e t e c t  a 1 0 /  change i n  i n t e n s i t y  e a s i l y .  So 

we can d e t e c t  a change i n  ^  to  ^  , where .
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T.45 I max =-- -------
I + p g.

s' : % /c'-'l

w «

. . The change in detectable i,

, _  -o. X
f"* -

0̂*t* %» *S. .  ̂ Wà̂ ., va ̂

Av. - z

which is remarkably small.

Precise Topography of Optical Surfaces.

In a recent paper SAUllDRPS, 1951, described a technique 
which eia^loyed Pizeau fringes using an order separation of 
less than V 7 . • He used an unfiltered source and rather 
high dispersion, but not so high as above. The picture was 
crossed by four or five fringes of different colours and in 
general, different orders. Before they could be used for
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measurements these orders would have to be found. This was 
accomplished by comparing the relative separations with a .
diagram, shovm in Fig. 27, giving the positions of fringes of 
different wavelengths on a thickness scale. This method allows 
the use of smaller wedge angles than calculated above,
with consequent increase in fringe quality. It also interpolates 
in the space between fringes, though not so elegantly as above.

LINES ORDERS OF FRINGES
Hg 4 0 4 6  A.

5 4 6 0  A.
He 5 7 9 0  A. II 4

FIELD OF VIEW

Fig. 27.

The second technique employed by SaUnders uses a Fizeau
interferometer enclosed in an air-tight chamber, honociiromatic 
transmission fringes are used and air is siowly pumped from the 
apparatus - see Fig. 28.
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The fringes slowly move across the field of view as air 
is removed. Actually air is removed in discrete amounts and 
the plate exposed when the system is steady. Again the 
region between the normal fringes is observed and smaller wedge 
angles can be employed. For quantitative work, it needs a 
separate calibration interferometer formed betv/een two flats.
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QHAPT3E II 

Reflection Pizeau Fringes.

As stated in the introduction, this dissertation is 
concerned primarily with the examination of surfaces by 
reflection methods, as opaque substances are in the majority, 
and, in any case study of transparent substances by reflection 
makes the surface examination independant of the bulk structure. 
(Thin film thicknesses, for example, are evaluated by reflection 
fringes). However, it was thought best to describe the 
transmission system, with its simple, symmetrical intensity 
distribution, first to bring out such features as the effect of 
small film thickness, the accuracy of the collimation, etc. The 
rather more complex intensity distribution of the reflected 
system will be described first, followed by a discussion of the 
results of Chapter I from the point of view of reflection work.

The Optical Arrangement

Two optical set-ups are employed, the one used depending
upon the working distance of the objective. For lower
powered lenses, the surface is illuminated by parallel light
by a half-silvered beam splitter below the objective. It is
desirable to make the splitter as thin as possible, to reduce
aberrations in the objective optics introduced by the glass 
paths, as objectives are not normally designed to work, in this
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way. This arrangement Is shown in Pig. 29,

o b j e c t i v e

45**
BEFLECTO R

i n t e r f e r o m e t e r

For high powered objectives, a conventional metalurgical 
microscope is employed, as in Pig. 30.
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The objectives supplied for metalurgical work are 
generally corrected for use with a glass coated beam splitter, 
but a further complication is introduced here. It is 
essential to use a parallel incident beam, and this is secured 
by arranging to have an image of the point source formed at I, 
which is the back focus of 0. So simultaneously, the 
objective has to focus on the air film X, (dotted rays) and to 
produce a parallel beam in the other direction. Thus the 
demands on the objective optics are severe. (in addition, of 
course, the objective must be corrected for cover glass thickness) 
Pig. 31 below is an example of a set of high quality reflection 
fringes •
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Example of High Q,uality Reflection Pizeau Fringes



The Intensity Distribution in the Reflected System

This problem was first discussed by IIAIIY, 1906 and much 
later by HOLDEi’T, 1949, in a very thorough article. Tliis 
section is taken almost entirely from Holden’s paper. The 
first part gives the deflation of the intensity distribution 
for a parallel plate interferometer in a rigorous manner, 
assuming that an infinite number of beams are collected but 
making no reservations upon the symmetry of the interferometer 
or the range of reflectivities of its two surfaces. The 
results are extended to the practical case of a thin air gap 
of wedge shape, by the method described in Chapter I. Only 
fringes in the zero-order Peussner surface are considered

The results given by Holden were used by him to discuss 
the variations in fringe appearance one should expect with 
varying values of the reflectivities of the front and back 
surfaces. The paper shows clearly how this depends upon the 
phase conditions at the surfaces as well as upon the 
reflectivities. These conclusions are verified experimentally 
and photographs are given in the paper illustrating the effect 
of varying the reflectivities, the corresponding transmitted 
and reflected systems being given side by side. A phase 
quantity, P, which is the sum of the phase changes on 
reflection (at normal incidence) at tiie front air—silver 
interface and the front glass-silver interface, is given for
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varying values oi the reflectivities. The values of F were 
calculated from measurements of the fringe displacement from 
the corresponding transmitted system.

Using these results, Holden found that the value of P for 
heavily silvered surfaces was (2 + l ) W  , = 0,%) "
Using this value, the intensity distribution of the multiple 
beam reflexion Pizeau fringes used in the interferometric
study of the microtopography of surfaces is discussed and the 
effect of absorption in the reflecting films shown.
Unfortunately, Holden only discusses a symmetrical 
W t erfepometer interferometer in this way. In practice, the 
back surface is heavily silvered while the front one has a 
85 to 90^ coating, giving a highly asymmetrical set-up.
Kov/ever, the critical effect the absorption in the TOP film has 
upon fringe quality is shown clearly. The superiority of 
reflected fringes for precision measurements is clearly 
demonstrated, so showing that the use of reflected fringes is no 
drawback in the cases where non-transparent substances are 
being studied interferoraetrically. In this section, however, 
the fringe contrast is defined as t it might be
held that ( ) / -r is a more correct
definition.

Holden's calculations of the intensity distribution of the 
reflected Pizeau fringe system now follows, a s stated above, the 
system first considered is an interferometer bounded by two
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plan©, parallel, silvered surfaces» Nornially incident, 
liionochromatic light gives rise to multiply-reflected beams as 
shmm in Fig. 38.

Pig. 52.

The symbols are

*yr.

are tlB amplitude reflection coefficients at 
the air-glckss interfaces 1 and 2 .
are the corresponding transmission coefficients.
are the corresponding phase (Ranges" ‘ ' ’ .
is the amplitude reflection coefficient at the 
gloes-silver interface of surface 1.
is the corresponding phase change.
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The effect of and in reducing the optical
separation of the plates is shown in Pig. 52.

Summing the reflected beams gives for the intensity 
in the focal plane of the collecting lens,

In the same nomenclature the transmitted intensity is,

V t O

We put the term - i= . This is the phase-like
term referred to above. It depends only on the first surface. 
Also we put the optical separation of the surfaces

C p. +fî>x'b = ^
so,

—  ^ "1  (S)

This is the intensity distribution, with varying values 
of the optical separation A  , of the reflected fringe system.
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It is seen that while the transmitted, system is described 
by a magnitude term involving only the transmission f a c t o r s  

of the two surfaces, the reflected system has two 
transmission like terms and one, involving c o s  ) x ,
which gives rise to the differences between the reflected and 
the transmitted ê -̂stem, (apart from the background term ),

Holden then proceeds to discuss the positions of the 
maxima and minima in the reflected fringe system. Sos-

Por turning points,

When sin P = o in (l), we see that the roots are equally 
spaced. So we have maxima halfway in between minima when

a) P = -Xâ X\

b) P = ^

For the case (a) we have maxima at A  s v̂ vtr -v ^

For the case (b) we have minima at a =■’2-̂ tr 4  

Also if we write (s) as
« C - . A  A-'we.<»>^ - V '

the roots are coincident for ,
«. . V- 'I . IP =
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Extension to the Care of a '/edge

Use is made of the same calculation given by T0h.d'T8KY,
1948 and BhOSShL, 1947 of the phase-lag of the beam in a 
wedge interferometer described in Chapter I. So provided the 
wedge angle and the gap, ^ are made small enough we can apply 
the results given above for a parallel plate interferometer to 
the wedge gap interferometer used in the multiple beam 
interferometry of surfaces.

Experimental

To observe the effect of varying the reflectivities of 
the flats on the fringe shape and on the positions of the 
maxima and minima, Holden used the transmitted fringe system 
as a reference. To do this, he used a source arm, complete 
with collimator, which could be moved with respect to a fixed 
wedge interferometer and viewing system, so that the 
transmitted and reflected systems could be viewed in turn.
Care was taken to see that the collimation was good and that 
the angle of incidence was small. Mercury green light was 
used.

The test interferometers were made by evaporating silver 
onto clean glass flats. Thirteen different reflectivities 
were deposited on a single flat used for the front surface.
The second surface was similarly treated, but with only three

59-



different reflectivities. Scratches were also made on the 
surfaces to help in comparing the transmitted and reflected sys
tems.

Holden* s Experimental Hesuits.

Figure 33, taken from Holden's paper, shows the 
variation in appearance of the fringes as the reflection 
coefficient of the first surface varies from 4 to 58%. When 
the first surface is uncoated glass we have minima coincident 
with the transmitted maxima. As the reflectivity of the 
first surface increases, the fringes go through an asymmetrical 
sequence, until at about 15̂ c the reflected system shows sharp 
maxima coincident with the maxima of the transmitted system, 
but much more luminous (the relative times of exposure are 
5 si). These fringes %  ) were first observed by
Hamy.

As the reflectivity of the first surface is increased 
further, the fringes again become asymmetrical, the background 
intensity grows, end finally we have symmetrical fringes with 
fine sharp minima.

It can be seen from the plates corresponding to different 
back reflectivities that the only effect of increasing the 
back silvering is to sharpen up all the fringes while they 
retain their shapes, which are derived only from the front 
surface conditions. There are in fact two fundamental ways
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in which the reflected fringes differ from tiiose seen in 
transmission. Firstly, the above, that fringe shape depends 
only upon the front surface properties. Secondly, in 
transmission the fringe shape is always of the same pattern 
even when Uy and are rather unequal. This can easily be 
seen by performing the Airy summation for two surfaces and 
it is,

#JCc )
As seen above, this is by no means the case for reflection 

fringes. It may be askedlAy there is so large a difference 
between the two systems; the answer lies in the fact that the 
first beam has suffered no transmission through a reflecting 
film and only one reflection (at the front surface), whereas 
the following beams have two transmissions and two reflections - 
as in the transmitted fringe pattern. Dr. J.A. Belk, of this 
Laboratory, obtained a transmission-like pattern by cutting out 
the first beam in a low magnification set-up. In fact, this 
method has been employed by H. KII.1.Î3L, 1955 for use in 
measuring film thicknesses. Normally, reflected fringes have 
to be used, which prohibits the use of a multi-spectrum to 
identify orders. An aperture was suitably placed in the focal 
plane of the objective and transmission type fringes obtained. 
This method cannot be more generally used, as with a nonnplane 
surface the position of the spot in the focal plane corresponding 
to the first beam is not unique.
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Lastly, Holden microphotometered the reflected and trans
mitted systems and obtained the true fringe profiles using known 
plate characteristics* By comparison with the transmission
fringes the values of satisfying a were measured and
values of F found from equation x * The results are plotted 
in Fig- 34.

iO

Fig. 34.

The Reflected System at High Reflectivities.

In a very useful section, Holden discusses the case of 
importance to multiple beam interferometry, i.e., when both 
films have high reflectivities. Although in this range 
measurements of F are difficult, it is found that F i s  nearly 
( ^  • The symmetry of the fringes confirms this.
(See also FAUST, 1950).
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Consider a symmetrical interferometer, we have
T r- ftSL •VXTYi'*- - tLTtl. «lcoA. 1•̂ cLx - \ :--------- — ------- \\ -4- TL Oroo A -i

The maxima occur at A = Xf and the minima at A--2.-wîr
The minimum intensity is,

^ - ( T\) - a p  * \
If the films have an absorption |p% given by

T ft . I
then,

an'*.

So the effect of absorption is to raise the level of the minima
from zero to

On the other hand the maximum intensity is 

so, for  ̂ '

r n t V) t"&\twhere \ \ is the value when A =
So we see that the effect of absorption is to 

a) raise the minima
and b) lower the maxima of the fringe system.
Thus the contrast of the fringe system is lowered by the 
absorptive effect.

Holden then gives three really useful graphs. The first 
showing how the maxima and minima vary with H foi^ (l) A = 0,
(2) A values taken from T0hiJ;[8KY*S results for silver films -
see Chapter ly and, (3) & (4), xi values two and three time
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those for curve (l). Tlie other tr/o plot fiûnge sliaruness 
against R, and. contrast againetR. (gee Figs. 3 5 , 36 and 37).̂

They illustrate that special care must be taken in order to 
minimise j-i - for a given H. Fig. 35 shows clearly that, for a 
high value of ii - curve 3 - the contrast is almost nil at 85#, 
and quite zero at 90^, while reducing A from 5 .5# (curve l) at 
^ = 90/t to 0 (curve o) increases contrast enormously. The 
other diagrams show the effect of increasing Bh in the range 
"7 4 AIL) . As R  increases the fringe sharpness goes up, but the 
contrast decreases rapidly. So we have to reach a compromise 
between sharp and contrasting fringes. Now both these curves 
depend critically upon absorption. That is tliey are dependant 
upon the A curves fcr the particular films v/e are 
employing. In Chapter it is seen that these depend in turn 
rather critically upon the evaporation conditions, e.g. rate of 
evaporation and hardness of vacuum - and in any given practical 
case there might be small differences between those actually 
obtained and the values given later. In principle one should 
have an accurate knowledge of the curves for the films used
and plot (contrast - IL ) and (sharpness - V. ) curves and judge 
which values give the best compromise between sharpness and 
contrast. In practice this is not done and good reflection 
fringes are produced by skill. In any case the overiding factor 
is to have low absorption films. In this laboratory it is usual
to have the first surface, which determines fringe shape, about
60 - 80^, and the back surface, which determines fringe
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brightness about 70 - 90%^ Unfortunately, Holden only 
considered a symmetrical interferometer and a very slight 
asymmetry is introduced by the use of different coatings. It is 
common knowledge in this laboratory that, in order to obtain 
good quality fringes, the back surface reflectivity should be 
about 10^ greater than the front surface. In all events,it 
is important that the two silverings should be carefully 
’•matched" and that ideal transmission conditions are seldom ideal 
in reflection.

Asymmetry of the Fringes.

All the precautions discussed in Chapter I to obtain good 
transmission fringes, such as small values o f , normal incidence, 
good collimation, etc., have to be taken for reflection work too. 
In fact all the experimental conditions described in Chapter 
except that regarding the suitable values of ̂  , are applicable 
here. The vector diagram for the reflection case is ^own in 
Fig. 38 below.

----------------   6 = 2 TITI

6  - 2 nTi t- 6̂

5 = (2n+ i)tx

Fig. 58.
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However, there is the difference here that any asyimetry 
or secondary maxima will occur at the edges of the fringes which 
are bright. Thus such effects are rather more marked than in 
transmission. The principle causes of such as^mimetry ares-

1 . I’/edge angle effect (phase lag).
2 . Assymetry of the interferometer.
3. lack of exact focus.

These are not difficult to overcome and with suitable 
coatings on flat and surface fringes of the quality shown a-bove 
can be obtained. It will be seen how accurately they contour 
the surface under test.

This Chapter has extended the fadamental multiple beam 
Fizeau fringe theory to the important reflection case. The 
next Chapter will describe how, by combination with a 
spectrograph, fringes which are more suitable for exact 
surface measurement can be obtained. Again the theory of the 
previous chapters applies to a great extent to the discussion 
of their properties.
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ÜIIiiPTdR III 

Fringes of Equal Chromatic Order

When a narrow gap wedge interferometer, as employed for 
the observation of Flzeau fringes, is illuminated by a parallel 
beam of white light and the surface imaged by the viewing 
microscope in the slit plane of a spectrograph, the image plane 
of the spectrograph is crossed with sharp lines whose shape and 
separation depends on the shape of the air gap in the interfero- 
meter. Thus if the surface under test is matched with a flat, 
the shape and separation of the lines will give information 
about the surface topography. These fringes were first des- 
cribed and discussed by TOIudlGKY, 1945 (a) and later discussed by 
TOLal'ISKY, 1948, who gave them the name "Fringes of Equal 
Chromatic Order".

These fringes can be used either in transmission or 
reflection. The optical arrangements in use are shown below 
in Figs. 39 and 40. As monochromatic light is not being used, 
care has to be taken over the quality of the lenses employed in 
the microscope.

In this set-up the wedge behaves as a WÂVE-LI3NGTH FILTER, 
for, as pointed out in Chapters I  and I I ,  the interferometer has 
high transmission or reflectivity of light when the optical 
separation of the two plates is an Integral number of half- 
wavelengths. So, for a given gap, only those wavelengths which
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Pi2 . 39. Transmission F.E.C.O. Set-Up.
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VICKERS P ROJ E CT IO N MICROSCOPE

SPECTROGRAPH

Fig 40. Reflection g.E.C.Q. Set-Up.



can  f i t  a whole  nuraber o f  h a l f - v / a v e l e n g t h e  i n t o  the  gap ,  , 

can  be a d m i t t e d  to  the  s p e c t r o g r a p h .  I t  i s  e v i d e n t  t h a t  we 

a r e  o b s e r v i n g  th e  s t a t e  o f  i n t e r f e r e n c e  a t  tlie wedge a lo n g  a 

l i n e  p a r a l l e l  t o  th e  s p e c t r o g r a p h  s l i t .  So any l i n e  drawn on 

th e  f i n a l  p i c t u r e  p a r a l l e l  to  the  d i s p e r s i o n  o f  the  s p e c t r o g r a p h  

c o r r e s p o n d s  t o  a p o i n t  on th e  s u r f a c e  u n d e r  t e s t .  There a r e  

i n  g e n e r a l  s e v e r a l  f r i n g e s  c r o s s i n g  the  f i e l d  o f  v iew ,  a l l  

s i m i l a r  to  one a n o t h e r ,  and s u r f a c e  s t r u c t u r e  can  be e a s i l y  

i n f e r r e d  by m easu rem en ts  t a k e n  a l o n g  the  l i n e  drawn p a r a l l e l  to  

the  d i s p e r s i o n .

Tiyo exam ples  o f  F . 3 . 0 . 0 .  a r e  g iv e n  be low .  P i g .  41 was 

t a k e n  a c r o s s  a s t e p  formed by s i l v e r i n g  o v e r  a s l i d e  a l r e a d y  

p a r t i a l l y  s i l v e r e d  i n  o r d e r  to  f i n d  th e  t h i c k n e s s  o f  the f i r s t  

d e p o s i t .  I t  was t a k e n  a s  p a r t  o f  th e  i n v e s t i g a t i o n  of  To I a n  sky 

and Bhide  d e s c r i b e d  l a t e r .  The s l i t  i s  p e r p e n d i c u l a r  t o  the  

s t e p .  P i g .  42  was t a k e n  a c r o s s  a g row th  s p i r a l  on s i l i c o n  

c a r b i d e .

Fig- 41
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P i g .  4 2 .

f r i n g e  o c c u r s  when

>k a X(, tr C),
where  ( t; ^  E ) i s  t h e  o p t i c a l  s e p a r a t i o n  o f  the  i n t e r f e r o m e t e r  

p l a t e s ,  g b e i n g  the c o n t r i b u t i o n  from p h a se  c h an g e s .  So,

^  ̂ \ L'"' y
where  i s  the  a d d i t i o n a l  gap due to  p h a s e  c h an g e s  e x p r e s s e d  a s  

an o r d e r  f r a c t i o n  o f  W. is a slowly varying f u n c t i o n  o f  w av e 

l e n g t h ,  b u t  only i t s  v a r i a t i o n s  w i t h  X  a r e  o f  moment when 

m e a s u r in g  s t e p  h e i g h t s  and d i f f e r e n c e s  i n  i n t e r f e r o m e t e r  g a p s  -  

w h ich  c o v e r s  the  m a j o r i t y  o f  c a s e s .  3 x c e p t  where the  g r e a t e s t  

a c c u r a c y  i s  r e q u i r e d ,  such  e f f e c t s  can  be i g n o r e d .  n e g l e c t i n g  

v a r i a t i o n s  o f  , the  wavenumber s e p a r a t i o n  betiveen o r d e r s  i s

- 'At
P r o p e r t i e s  o f  the  F r i n g e s .

F r i n g e s  o f  3 q u a l  Oiiromatic  order have s e v e r a l  notable 
a d v a n t a g e s  over F’i s e a u  f r i n g e s .  These w i l l  new be d i s c u s s e d  

i n  t u r n .

1 .  Smal l  wedge a n g l e s  may be u s e d  a t  a l l  m a g n i f i c a t i o n s .

T h i s  f o l l o w s  from the f o r m u la  ^  ^ '  V x t

w h ic h  shows t h a t  the  d i s p e r s i o n  i s  i n d e p e n d a n t  o f  *1
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may be reduced as much as possible, with 
consequent improvement in fringe quality. This is 
not possible in Fizeau work, where at least three fringes 
have to be observed at once.

2. Thicker silverings may be employed.
White light sources (e.g. Pointolite) are generally 

brighter than "monocliromatic" sources since no filter is 
needed and there are no restrictions on source line width, 
Thus rather greater values of may be employed with 
consequent improvement of sharpness of the. fringes. This 
applies specifically to transmission work.

3. In Fizeau LI.B.I., it is not easy to determine the order
separation of steps and the true direction of the step,
i.e. whether it is a rise or a fall. Two spectral lines 
have to be used and this means, in reflection, two 
photographs. In the same way, bill or valley questions 
are not answered straight away. Now, as will be seen 
below P.3.C.O. gives a definite solution to such problems 
straight away on one plate.

4. Again, in Fizeau work the dispersion of the fringes is 
uniform only for a wedge between a pair of planes. In 
practice, of course, it will vary over the surface under 
test. In F.3.G.O. the dispersion on the plate is a 
function of the gap C and the spectrograph only^ and we

can easily get a profile of the surface along the
-72-



projection of the slit on the surface.

Experimental Conditions

The fringe theory in Chapters I and II applies equally well
to P.3.0.0. except in so far that the discussion of phase lag 
effects with respect to numerical aperture is not applicable.
The phase lag theory applies, but as values of the wedge angle 
can be quite small, it is easier to keep the phase term low. In 
addition to the conditions discussed in Chapters I and II, 
though, we must consider the effect of the finite spectrograph 
slit width. The slit cannot be infinitely thin due to loss of 
light and diffraction effects. So a long thin section of 
surface is examined instead of a line. The effect depends on 
the orientation of the wedge the slit. TWo extreme cases
are considered following TOIflTSKY, 1948 and V/ILCOCK, 1951.
There are four causes of fringe broadening in P.E.C.O.

1. Natural line width of the fringes - as discussed in 
Chapter I.

2. Lack of collimation of the beam at the interferometer - 
as discussed in Chapter I.

3. Lack of collimation of the beam at the spectrograph
prism. This is a fault common to all spectrographs, and
is due entirely to the slit width. It results in the 
spectral lines put on for reference being images of the 
slit. Provided that diffraction effects in the
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spectrograph may be ignored, it is independant
of wavelength. ^s the separation between fringes
on the p l a t e  generally i n c r e a s e s  a s  X  d e c r e a s e s ,  

its effect as an order fraction decreases also as 
we go  from red to violet. Tr i i s  b r o a d e n i n g ,  wliich 
has been discussed by VON ÜlTTEüT, 1930, occurs even 
when t h e  wedge a p e x  i s  perpendicular to the s l i t *

4. When the wedge apex is parallel to the slit,
a d d i t i o n a l  broadening o c c u r s  due to small v a r i a t i o n s  

i n  V; a c r o s s  the s l i t  p r o j e c t i o n .  T h a t  i s ,  i t  i s  a 

d e f e c t  c o n s e q u e n t  upon the f a c t  that we are l o o k i n g  

a t  a  narrow rectangle o f  t h e  surface - n o t  a l i n e .

T h i s  broadening, as a n  order fraction is At

Effects 1 and 4 above tend to increase towards t h e  v i o l e t ,

and effects 2 and 3 tend to decrease. By a judicious choice of
slope of the wedge apex effects 3 and 4 may be made to compensate
increases in each other.

a spurious broadening is sometimes observed due to the 
greater sensitivity o f  photographic plates to red radiation,
a h a l a t i o n  effect taking place.

The fourth broadening effect can be reduced by increasing 
the microscope magnification. This effectively places a smaller 
s t o p  i n  front o f  t h e  surface. I t  i s  almost u n i q u e  i n  o p t i c s

that an increase in magnification is accompanied by an increase
in r e s o l u t i o n ,
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Interpretation of the Fringes.

As the spectrograph dispersion is not uniform, the fringes, 
as seen on the spectrograph plate, are not a true profile of the 
surface. Differences in height along fringes can he measured 
as follows.
iiS,

/w <à X s

rA is found by measuring wavelengths 7̂  and X^along the line
in the plate corresponding to the point under consideration. So

W*4 <wv s /
T h u s  we can f i n d  f r o m  t h e  d i s p e r s i o n  curve o f  the spectrograph,

For a st&p, the method o f  coincidences (TOlANoKY, 1948) is 
c o n v e n i e n t .  ;/e chose two wavelengths w i t h  wavenumber separation 

. let there be m + 1 fringes between these wavelengths on
one side of the dividing line and n + 1 on the other. In
general m and n are not integers.

Then L % z ^  /p

and v\ /

so  ̂ t<«-— >
a, A j

KOEHLER, 1953 has considered the case when the variation of 
with X is taken into account. However such precautions are 
only necessary if an accuracy better than 1 in lOpO »
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is required. This can be seen from Koehler’s table I. There 
are two quantities involved in a determination of , a) nA 

and b)4X . Now the determination ofaa involves the use of 
a wide wavelength range - especially at high dispersions. But 

is a SMALL INTEGER and so there is no ambiguity involved 
by the small changes in ̂  with % , The determination of âkX 
itself involves only a small wavelength^in general, so errors 
due to varying-n are small. Data on this question has been 
given by SCHULZ,I95I, KOEHLER,1953, and BARBELL and TEASDALE- 
BUCKELL, I95I. The latter work is probably the most reliable, 
having been done for the purpose of high precision wavelength 
measurements at the N.P.L. Although not with E.E.C.O. in 
mind, it is readily applicable. Even though the measurements 
were made using a transmission Eabry-Perot interferometer, the 
apparent optical thickness, k 4"^% 2^ > in the
notation of Chapter 2, is the same in either the transmitted 
or the reflected system. Using thq quantity ^ given by Barrell 
and Teasdale-Buckell, the fractional error in&Lis,

AA A X  AA A  X
(  A X >  X I

From (l) above and from Barrell and Teasdale-Buckell's table I 
we see that £  is less in the red than in the blue. This is 
fortunate as fringe quality improves towards the red end of the 
spectrum, due to improved quality of silver films at longer 
wavelengths. It is important to notice that asAK varies, AX 
and soA-’j , vary in such a way that tne fractional error 
is roughly the same for the working range ofAk values.
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oiiAPTaa IV

Properties of the Reflecting Coating

It was stated in Chapter I that in order to obtain 
wultiple bean interference fringes the surfaces of the 
specimen and the flat must be coated with a highly reflecting 
film which follows the surface structure of the specimen 
accurately. Three films are used in practise for this work;
(a) the well known silver film, (b) aluminium films, and (c) 
multilayer dieletric films. The efficiency and contouring 
properties of these films will now be discussed.

The Photometric and Resolution Efficiency of the Tranquitted 
and Reflected Fringe System.

A. Tr a n sini s si o n
In Chapter lit was shown that in a transmission Fabry- 

Berot type system the ha If-width, as an order fraction is given

by s
IT fa.

^iccording to BRIGHT, Ĵ iCKSOIT, and KUBT 1949, the resolving
power of a Fabry-Perot étalon can be expressed as the 
product of the order and -a • quanti ty ^
is termed the "equivalent number of beams by analogy with the 
prism and grating resolving powers. It is customary to plot 
N = w"^ as a measure of the fringe half Hr/i dth.
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'.7e 88 0 th.-t IT i s  dependant onl%" R, the reflection 
coefficient, so to increase N, R must be correspondingly 
increased. However, the photometric efficiency I/lQ* 
and this decreases with increasing h in the range for
the three types of film we are considering. The battle 
between high N and h i g h  1 / 1 ^  for the t h r e e  f i l m  ty es w i l l  be 
discussed later.

B. R e f l e c t i on .

In the reflected system the maximum intensity is no problem - 
there is generally too much light available instead of too little, 
Bore the quantities of interest are the contrast iJiXn /
for unit incident intensity and t h e  f r i n g e  half-width, here 
defined as twice the fractional order when the intensity drops 
to the value I . + y (inn- " holden 1949, has discussedlill n  iiilîi
the influence of absorption upon these. From the earlier 
discussion on the reflected system wo see that, as the absorption 
increases, the contrast and the half-width deteriorate rapidly.
It is interesting to note that only the absorption of the upper 
film matters.

Gomparision of the Efficiency of Silver, Aluminium, and 
Hultilayer Films.

Tliese three film types will now be compared from the point
of view of photometric and resolution efficiency. To achieve 
these it is evident from the previous section that for a given
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R and at a given wavelength, the absorption of the film must 
be a minimum.

Now multilayer films are designed to work at one wavelength, 
and have unique values of R and ^ at that wavelength 

(since the t h i c k n e s s  of the l a y e r s  involved a r e  determined by
t h e  wavelength • On th e  o t h e r  h a n d  i t  i s  p o s s i b l e  t o

produce silver and aluminium of varying thickness, R and à at 
any given wavelength. 8 0 we have to choose an R, ^ pair for 
silver and aluminium films from the available measurements.
This choise is complicated by the fact that

(a) in the reflected system, the judgement is 
made on the basis of high contrast and
1 ow fri nge wi d t h .

( b ) in the t r a n s m i t t e d  system h i g h  I / I q and  low 
f r i n g e  width a r e  the guiding f a c t o r s ,

and the dependence of these quantities upon R and A is not
the same for (a) and (b). In practice the reflected system is
m ore  i m p o r t a n t ,  b u t  the contrast a n d  &-width curves for s i l v e r

have o n l y  been g i v e n  in the l i t e r a t u r e  for one s e t  of
measurements and at one wavelength. They have not been given
at all for aluminium. In view of this, and the marked
s u p e r i o r i t y  of multilayers overs i l v e r  and  a l u m i n i u m  f r o m  t h i s

p o i n t  of view, since t h e  c o n s t r u c t i o n  o f  half-width an d  c o n t r a s t

curves for the reflection system is very laborious, it has been 
decided t o  find r e p r e s e n t a t i v e  R a  p a i r s  for silver an d
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a l u m i n i u m  u s i n g  t h e  I / I g a n d  h a l f - w i d t h  o f  th e  t r a n s m i t t e d  s y s t e m .

U n f o r t u n a t e l y  t h e  p o s i t i o n  i s  c o m p l i c a t e d  b y  t h e  f a c t  t h a t  

the furnished reflectivity and absorption curves for silver 
d i f f e r  so m e w h a t .  T h i s  i s  a n  important q u e s t i o n ,  f o r  i t  i s  

i m p o r t a n t ,  f r o m  the p o i n t  o f  view o f  o b t a i n i n g  h i g h  q u a l i t y  

fringes to know the quality of the films which one is depositing. 
Also, as the quality of the films measured by various authors 
varies, i t  i s  o f  interest t o  d i s c u s s  possible r e a s o n s  f o r  t h i s .

The Reflectivity a n d  absorption of S i l v e r  F i l m s  u s e d  i n  

I n t e r f e r o m e  try.

The e a r l y  workers i n  t h i s  f i e l d  were ROIANOWA, R03Z0W, and  

PROKRO'.VSKY 1934, G008 1936, miàUTKRAî.îER 1938, and STRONG and 
aiBBLE 1940. The results of these workers show so much
s c a t t e r  t h a t  they a r e  o f  little u s e  i n  the r e g i o n  o f  low A f o r  

a c c u r a t e  a s s e s s m e n t  o f  p e r f o r m a n c e .

The recent r e s u l t s  w h i c h  w i l l  b e  c o n s i d e r e d  a r e  t h o s e  

TOlANKSY 1946, KUB^ and I'aiSON 1950, and DUFOUR 1951. The 
results obtained b y  these workers are shown i n  F i g .  4 3 .
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Here the quantities ^ 3 and ti s TT fp̂  ^
are plotted against H. The film efficiency 3 is equal to 
the ratio l/lo for the transmitted system, but has wider 
significance than that, for it is an useful measure of the ratio 
of absorption to reflectivity. In this figure

r v e  1 i s taken at 6800 A ,by Kuhn and Wilson (new fi 1ms)

" 8 IT II 11 5200 A. II II II " II )
" 3 II II II 4700 A. " II II II " II )

4 «1 II II 4200 A . '♦ II II II " II )
" 5 II II II 5500 A.by Toiansky
" 6 II II II 5460 A by Dufour

It is unfortunate that these results differ so widely and
insufficient experimental data make it difficult to explain the
discrepancies, which are greater than the errors quoted for the
photometric measurements. It is considered that two effects
are to blame, namely varying rate of evaporation and surface
films on the substrate. An illuminating paper by SSIHTHTf and
8G0TT 1950, indicates that the rate of evaporation plays a big
part in determining film quality. They investigated the effect
rate of evaporation on the film reflectivities and absorption.
Fig. show8 clearly the results obtained with films
evaporated in 2 sec., 1.5 min, 8 min, 3 min, and 75 min. The
symbols #. #  and &  are drawn at reflectivities of 80, 70 and
6 0 3̂, and the corresponding absorptions are shown in the lower 
o-raoh. At these three reflectivities tlie films are in two
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groups; low absorption characterized by fast evaporation rates, 
and high absorption characterized by slow evaporation. Thus 
high quality films are produced by fast evaporation. It can 
be seen that the discrepancy in the qualities of fast and slow 
films is reduced as the reflectivity increases. It is felt 
thoughirnore information could be obtained about the effect of 
evaporation rates upon film quality in the region #
This variation in film quality has been attributed by Sennett 
and S c o t t  to varying grain size in the film. They support this 
by electron micrographs of their films. On the other hand, 
BUldtlDGS, KUHN and P13RY, think that the absorption of gaseous 
products of the evaporation is largely, or even entirely, 
responsible. They maintain that while a metal film is being- 
formed, the percentage of foreign atoms occluded in the metal 
can be expected to depend on the relative rates of bombardment 
of the surface by foreign gas atoms. If this view is correct, 
the product of ^ the foreign gas pressure and T, the 
evaporation time, is the factor determining film quality. To 
test this they plotted the reflectivity curves showing which 
points had high or low (\»T) values (tins was actually done for 
aluminium films, but the problem is similar for silver). Sven 
with aluminium, which needs more outgassing than silver, no 
marked dependence of film quality with (^) is no ti cable. It 
seems rather more likely that grain size is responsible, although 
occluded gasses may well have a anall effect.
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The actual cleaning method employed by each of the 
woi'kers mentioned above will have been different. Tliis is
especially true for the high tension gaseous discharge cleaning, 
about which little is known. The are-hi story of the substrate 
and the air impurities might also have varied. So it is not 
unlikely that impurity layers, unaffected by the cleaning 
process, will have produced a systematic effect upon film 
quality between the results shown above.

Surprisingly the nature of the substrate has little effect 
upon either grain size or film quality. This has been confirmed 
by Kuhn abd Wilson and Sennet and Scott. The latter compared 
films formed on formvar and silica, two widely differing 
substances while Kuhn and Wilson tested films formed, at the 
same evaporation, on silica and glass.

It is of interest to note that Kuhn and Wilson measured 
their reflectivities and absorptions (a) soon after the films
were exposed to air and (b) after 22 days in a clean atmosphere. 
They reported a marked reduction in film quality.

The Reflectivity and absorption of ülurninium ÿilms used 
in Interferometry.

BURRIDG3, KUHN, and PSRY 1953, carried out a series of 
measurements on evaporated aluminium similar to their previous 
experiments on silver films. Their results are shwn in Fig.44. 
Aluminium films are inferior to silver films in the region
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above 5000 i&., but do not suffer the high absorption of silver 
f i l m s  below 4 0 0 0 a nd  i n d e e d  t h e  q u a l i t y  o f  a l u m i n i u m  

increases as the wavelength decreases, as seen from ?ig.4* . 
Representative aluminium films have been taken which have 20 
effective beams.

200
E

ALUMINIUM

ICO

Other measurements have been made by GiiBHIilbi. 1944, and 
CRANFORD, GRAY, OOEA^LO^, and KEIIY 1949. G^BRRRA dealt with 
a wide range of film thicknesses and not with the thick film 
region in particular. Both Cabrera and Burridge et al. sliowed 
that both T and R increase by about 1% within a few hours after 
exposure to air, but remained steady afterwards in contrast to 
the rather more unstable silver films. Crawford et. al. showed
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the effect of fast and slow evaporation discussed above for 
silver. However, their results are for a few films only and 
cannot be compared with those of Burridge, Kuhn and Pery, who 
measured some hundred films in all. . Later measurements by 
S3BIG and M0LÎVÎ3 (1954) also suffered from this defect.

Multilayer Measurements.

Jacquinot and Bufour were the first to apply the 
multilayer technique to surface coating in (high resolution) 
multiple beam interferometry. These hi^ly reflecting multi
layers consist of alternate layers of high and low refractive 
index materials, each having an optical thickness of one quarter 
the wavelength of the light for which they are designed, (in 
some cases layers are used - such coatings are called
second-order multilayers). Typical materials used are zinc 
sulphide (high index) and cryolite (low index) for a glass 
substrate. The reflectivity depends on the number of layers 
used; 7, 9 and 11 layers are common for high values of R.

Such highly reflecting films have been produced for inter- 
ferometric purposes and their reflectivity and absorption measured 
by JARRSTT, 1952 ( a & b), 1954, STOITS, 1953, RING and WILOOGK, 
1953, (in the wave length region 4000-5000 A, ), BELK, TOLî NSKY 
and TURNBULL, 1954 and by PEN8ELIN and BTEND3L, 1955. The last 
authors give very extensive results for many types of multi
layers and quote results obtained by previous workers. The 
effects of ageing and rate of evaporation of the materials used
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in multilayers have not been studied in so great details 
as silver and aluminium films. It is well known, however, 
that multilayers last well for about 2 - 3  months. ROOD,
1949 investigated the ageing of single layers of and
CaSLO-^but gives no data about the effect of rate of 
evaporation. He only considers single films; in a multi
layer, the lower layers are well projected. In a later 
paper he discusses the ageing and effect of rate of 
evaporation ofZ^v^S films, and comes to the conclusion, like 
ROISTER, 1952, that rapid evaporation increases absorption 
(cf. silver). The results of measurements on films designed 
for use in interferometry are shown in the table below. The 
representative (RA) pairs for silver and aluminium films are 
shown for comparison.

The results of the multilayer, silver, and aluminium 
measurements are shown in Fig. 45. Here the quantity (N.B.), 
the product of the film efficiency I/l^ and the effective 
number of beams is taken as a measure of the film's suitability 
for interferometric work. There is considerable scatter in 
the multilayer results. This might well be due to effects 
similar to those resulting in silver and aluminium film 
quality as well as the difficulties inherent in making 
multilayer films and in the measurement of R, T and A in the 
region . The multilayers measured were the
conventional layer zinc sulplide - cryolite films, and
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the low wavelength lead chloride - uagneniu# fluoride films 
produced by fenselin and atendel ( zinc sulphide shows an
a b s o r p t i o n  b a n d  a t  a b o u t  4 0 0 0  A )•

Despite the scatter in t h e  multilayer m e a s u r e m e n t s  and  

the d e g r e e  o f  arbitafa^ness i n  t h e  choice of points to  

r e p r e s e n t  t h e  s i l v e r  a n d  a l u m i n i u m  f i l m s ,  i t  i s  clearly s e e n  

that m u l t i l a y e r  i l  1ms h a v e  greater efficiency a s  r e f l e c t i n g  

coatings in the reflection and transmission Fabry-Perot 
systems - in short, the graph clearly shows that multilayer 
f i l m s  h a v e  l e s s  absorption f o r  a g i v e n  r e f l e c t i v i t y .

D i s c u s s i o n  o f  t h e  R e l a t i v e  I l e r i t s  o f  S i l v e r ,  a l u m i n i u m  an d

M u l t i l a y e r U l m s  f o r  u s e  i n  M u l t i p l e  Beam I n t e r f e r o m e t r y .

The g r a p h  shows c l e a r l y  t h e  s u p e r i o r i t y  o f  m u l t i l a y e r  

f i l m s  o v e r  b o t h  s i l v e r  a n d  a l u m i n i u m  i n  t h e  v i s i b l e  r e g i o n  

and ultra-violet. The silver curve rises to only 3.8 at 
 ̂ multilayers in r e g i o n  \  are e v e n  higher

than t h i s .  A t  l o w e r  wavelengths the only m e t a l l i c  f i l m  

a v a i l a b l e  i s  A lu m in iu m ,  due to  an  a b s o r p t i o n  b a n d j i n  t h e  u l t r a 

v i o l e t  at lOtfD A ,  b u t  g i v e s  p o o r  p e r f o r m a n c e  f i l m s .  

U n f o r t u n a t e l y ,  t h e  h i g h  i n d e x  m a t e r i a l ,  z i n c  s u l p h i d e ,  h a s  an  

a b s o r p t i o n  band s t a r t i n g  at a b o u t  *%cy©dî ,. An a l t e r n a t i v e  

material which has satisfactory U.V. transmission, high
refractive index, and good vapourizing characteristics is 
difficult to find. Penselin and Stendel, in the paper
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Quoted above, use lead chloride and magnesium fluoirde. Lead 
chloride is hygroscopic and turns milky in a short time, but 
they protected the film with a half-wavelength layer of 
magnesium fluoride. Recently BiiRR and JRUKIRS 1956, have 
tried films using antimony trioxide, and preliminary results 
show promise. This Question is of importance, as it is the 
U.V. that high metrical accuracy is obtained using multiple 
beam interferometry (since here is less in centimetres than

in green light), and the available metallic films are of 
rather poor quality.

Kuhn and Wilson 1956, remeasured their silver films after 
keeping them in moderately clean air for 22 days. Tire y found 
a reduction of film efficiency due probably to formation of 
the sulphide. Aluminium films do not suffer so much 
deterioration, and this all occurs within a few hours after 
exposure to air. Multilayers, on the other hand, show 
little deterioration even after several months, a fact which 
is well known in this laboratory.

One of the properties of multilayer films is their 
chromatic filtering action. Their operation depends upon 
an interference effect so this might be expected. The pass 
band for the quantity ^ ^  is often only of the order 
of tens of Angstrom units - see, for example, STOUR 1953. 
Consequently, a multilayer film should only be used for the 
wavelength for which it is designed (i.e. at that for which
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the optical film thickness ). For Pizeau work this
is no defect, as monochromatic light is used, but it means 
that multilayer films cannot be used for fringes of equal 
cnromatic order. If a channelled spectrum is obtained using 
multilayers, the fringes broaden out considerably on either 
side of the wavelength at which the reflection maxima occurs. 
This property has been used by BRLK, T0IÀU8KY, and TURUBULL, 
1954, in the examination of surfaces by reflection Fizeau 
fringes. They used a second order multilayer giving maximum 
reflection at , and formed the fringes using this
wavelength. They then used a red filtered carbon-arc in the 
microscope. Since for this wavelength the film transmits 
about 90̂ 6 of the incident light, the surface could be viewed 
directly. In this way the actual surface and its inter- 
ferogram could be directly compared.

i.

The efficiency of a multilayer'film depends upon the 
refractive index of the substrate, as well as the layer 
constituents. Multilayers have been successfully deposited 
upon glass or quartz, but to produce efficient multilayers 
upon any given material is difficult. Uot only is it 
difficult to do this, but there is considerable danger of 
artefact in the fringe pattern. This might arise in the 
following way. In a silver film, thick say, the front
of the film contours the topography under examination. The 
reflections produced by the silver effectively take place at

—88“



a surface parallel to the front silver surface, a short
distance within the silver. This surface is well defined, 
unique, and parallel to the surface under examination. But 
however well a multilayer will contour a surface, the various 
reflections will take place at 7, 9 or 11 different levels each

(i.e. 500 to 700 A . ), apart. So we see that there is
likely to be a danger of artefacts at large wedge angles and 
for sharp or rough surfaces.

The situation is not as bad as might seem, for in 
reflection Fizeau work, which is the most important in which 
multilayers are employed, the usual practise is to coat the 
surface under examination with a very thick coating of silver. 
Then only the properties of the film on the flat determine 
the fringe quality. We can so use multilayer films to 
advantage on the optical flat. Their long life makes diem 
particularly useful here. (However, in this case the 
difference in between the flat and the surface produces a 
slight asymmetry in the fringes. To obtain fringes of the 
highest quality both surfaces have to be coated with identical 
films ). Further articles dealing with the use of multilayers 
in multiple beam interferometry have been published by 
T0IAU6KY, 1958 and TUEUBUIjIj and BRLK, 1958.

It is a funflamental assumption in the examination of 
surface topography by multiple beam interferometry that the 
reflecting layers shall contour the surface closely. ihere
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is much indirect evidence that surfaces are well contoured 
by silver and multilayers alike. For example, mica 
cleavage steps have been measured by multiple beam 
interferometry and in all cases have been found to be 
multiples of ̂ 6A. , which is the size of the mica latticed ; p 
as obtained from X-ray determinations. Also interference 
filters formed by deposition of the system (silver «A& cryolite' 
silver) on glass give quite narrow transmission bands, even 
though quite irregular substrates are used. Direct evidence 
on this problem has been given by a recent paper by TOJAJTSKY 
and EHIDR (private communication). They took a silicon 
carbide crystal which had well defined spiral pattern. It 
was examined by reflection eclectron microscopy and the step 
shown to be quite sharp. Silver was evaporated onto the 
crystal in varying thicknesses from S50 to 86,700 A.
This thickness was measured by evaporating, at the same time, 
the silver onto a glass plate covered with an opaque silver
ing. The measurement was then made using reflection 
P.3.0.0. The apparent step height was measured, also by
F.S.G.O., (a) at the step itself, and (b ) .06 mm. from
the step. The results are shown in Fig. 46.
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This shows that
a) Up to a silver thickness of 6000 A . the 

contouring is perfect even at the edge itself.

b) Up to 28,000ft contouring is perfect at 
distances beyond 1/15 m.m. from the edge.

c) For any thickness beyond 6000A- a defect 
begins to appear in the step height measured 
at the edge and it increases to about 100 A. 
at the max. film thickness of 26,700 A..

Since in multiple beam interferometry the thickest
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films are of the order of 1000 A .  thick, these experiments 
confirm that we may rely upon silver films to contour details 
upon surfaces examined by multiple beam interferometry.

Tolansk̂ '" and Bhide also performed similar experiments 
upon zinc sulphide and cryolite ...films, Bven though multi
layers are not usually used to coat surfaces under examination 
to obtain really sharp contrasting reflection fringes it is 
preferable to have both surfaces with exactly the same value 
of . For this reason ïolansky and BMde considered it 
worth while investigating zinc sulphide and cryolite 
contouring.

The same step on silicon carbide was used as before and 
the measurements were made as for silver. The results are 
shown in Pig. 47 for zinc sulphide.
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We see that for sine sulphide, contouring is perfect
at the step up to a thickness of about 2000/4 of zinc sulphide,
Beyond .06 m.m. from the step edge contouring is perfect at 
all thicknesses.

Similarly for cryolite, we find that contouring is
500

A 20

j  580
—  O slcf al" o ot-mvw -{-rovn

iK« tolgt aj "ikt stij»

— X ST cj*  h e l ^ k l "  a l '" I V i t  c d j c  a j  \U c

lOoo §oo5 700
T h ic k n e s s  of Cv^oUU

Fig. 48.

perfect up to film thicknesses of about 1000A, . This is 
of the same order as the metrical thickness of a quarter- 
wave film at 6460A, . Again beyond .06 m.m. from the step 
contouring is perfect even at great thicknesses, but nearer 
the step there is a pile up of cryolite at the step when 
the film deposited is thicker than about 1000A. •
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Tolansky and Bhide' 5 results show that we may rely 
upon silver contouring in multiple beam interferometry as 
the f i l m  thicknesses a r e  s e ld o m  more than 1000 A . On the 
other hand, care has to be taken when using multilayers to 
c o n t o u r  s m a l l  structures. T h e se  films generally have . 9  

l a y e r s  i n  a l l ,  5 o f 2 ^ S a n d  4 o f  cryolite. The m e t r i c a l  

thickness o f  o f  c r y o l i t e  a t  5400  A. i s  1000 A . .

8 0 we will have 4000 A. of cryolite in all. This is beyond 
t h e  safe l i m i t  o f  2000 A* . I n  f a c t  the c r y o l i t e  i s  i n  four 
distinct l a y e r s ,  an d  we m i g h t  e x p e c t  the e f f e c t  t o  be  l e s s  

than on  a  s i n g l e  f i l m  4 0 0 0 A*, t h i c k .  Tolansky an d  B h i d e  

carried out an experiment with silver by depositing 6000 
i n  6 s e p a r a t e  evaporations, u p o n  t h e  s i l i c o n  c a r b i d e  s t e p  a n d  

f o u n d  t h e  step d e f e c t  t o  be l e s s  t h a n  f o r  6000  A . d e p o s i t e d  

i n  a s i n g l e  evaporation. N e v e r t h e l e s s ,  the danger of l a c k  

o f  contouring of s m a l l  structures w i t h  multilayers s t i l l  e x i s t s

To sura u p ,  the results of many reflectivity and 
absorption m e a s u r e m e n t s  on s i l v e r ,  a l u m i n i u m  an d  m u l t i l a y e r  

films (displayed in Pigq^T) shows clearly the superiority of 
m u l t i l a y e r s  o v e r  b o t h  s i l v e r  and  a l u m i n i u m  f i l m s  f r o m  t h e  

p o i n t  of v ie w  o f  f r i n g e  i n t e n s i t y  and sharpness. T h i s  is 
especially t r u e  o f  t h e  ultra-violet region, b u t  h o l d s  t o  

a lesser extent at much greater wavelengths. Multilayers 
h a v e  t h e  f u r t h e r  advantage o f  g o o d  keeping q u a l i t i e s ;  a 

film, although rather more difficult to make than a simple 
silver deposition, w i l l  l a s t  f o r  s e v e r a l  months. On the other
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hand, their quality has a marked dependence upon wavelength 
with the result that they are unsuitable for f.g.O.C. work. 
Furthermore, they can only be deposited easily upon a glass 
substrate and even then their contouring properties are in 
doubt for small objects. These last objections, however, 
are only relevant in reflection work, if we are striving for 
fringes of the very highest quality; usually the back 
surface (that under examination) is coated with a thick 
silvering. In short, multilayers are eminently suitable for 
use on the optical flats used in reflection Fizeau multiple 
beam interferometry, but are unfortunately not available for 
F.a.G.O. as yet, although a recent paper (BAUiVISIST'lR and 
ST0N3, 1956) describes a multilayer film of exceptionally wide 
band-width in which the layers were not of the usual^ and 

type, but were calculated by a matrix method using a 
I.B.M. card catalogued computer.
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Appendix to Section 1.

3 x p e r i m e n t  a 1 Tec h n i que s .

The p r i n c i p l e s  o f  t h e  m u l t i p l e  beam i n t e r f e r o m e t r y  

of surfaces having been given in the previous chapters, 
some o f  t h e  e x p e r i m e n t a l  t e c h n i q u e s  employed, i n  this 
laboratory, in its practise are described below.

Before e v a p o r a t i n g  s i l v e r ,  a l u m i n i u m ,  or a multilayer 
onto a test s u r f a c e  or a f l a t ,  i t  h a s  t o  be v e r y  thoroughly 
c l e a n e d ,  otherwise t h e  f i l m  w i l l  not adhere o r  will b e  o f  

poor quality. The c l e a n i n g  process u s e d  depends, of c o u r s e ,  

on the nature of the surface material; care has to be taken 
t h a t  c l e a n i n g  r e a g e n t s  do n o t  attack the s u r f a c e  in an y  w a y .  

G l a s s ,  d i a m o n d ,  s i l i c o n  c a r b i d e ,  an d  o t h e r  h i g h l y  resistant 
m a t e r i a l s  a r e  g e n e r a l l y  c l e a n e d  (see TOhliSKY, 194 8  a n d  

STRONG, 1 9 4 6 )  b y  a p r e l i m i n a r y  w a s h i n g  w i t h  teepol and w a t e r  

f o l l o w e d  b y  r i n s i n g  w i t h  caustic soda, w a t e r ,  and t h e n  n i t r i c  

acid. The final cleaning i s  effected b y  l e a v i n g  over-night 
i n  hydrogen p e r o x i d e  and t h e n  rubbing with c o t t o n  wool 
soaked in hydrogen peroxide until clean. The surfaces are 
judged to be clean w h e n ,  u p o n  r a t h e r  h e a v i l y  breathing on the 
s u r f a c e ,  t h e  c o n d e n s a t i o n  appears t o  be  absolutely u n i f o r m .  

T h i s  test i s  best carried out by holding t h e  specimen a t  

a b o u t  e y e  level i n  f r o n t  o f  a  w indow and  viewing t h e  s u r f a c e  

at an angle of 20-30°. Metallic surfaces have to be 
treated w i t h  more respect. I n  many c a s e s  they a r e  not
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silvered, but have a natural high reflectivity after 
polishing. Otherwise, TOLANSKY, 1948 has recommended that 
they be degreased with ethylene trichloride. The ethylene 
trichloride i s  gently b o i l e d  i n  a b e a k e r  c l o s e d  w ith a 

watch-glass. Tïie s p e c i m e n  i s  suspended above the l i q u i d ,  

the vapour condenses on the surface, degreases it and t3œ 
i m p u r e  l i q u i d  d r o p s  b a c k .  I n  a l l  c a s e s ,  t lie f i n a l  c l e a n i n g  

is by ionic bombardment in the evaporating vessel.

The technique of tliin film evaporation has been 
described by T0IAN8KY, 1947 and 1948, I3TR0NG, 1946, LmVl8, 
1 9 4 6 ,  a n d  HNAV3ÎTS, 1 9 5 4 .  I n  t h i s  laboratory, an ddwards 
s t a n d a r d  evaporating p l a n t ,  t y p e  E5 i s  used. T h i s  i s  o f  

the vertical t y p e ,  t h e  ch am b er  b e i n g  a p y i . e x  b e l l - j a r ,  60#^ . 

h i g h ,  r e s t i n g  on a m a s s i v e  s t e e l  b a s e - p l a t e .  The vacuum seal 
i s  a r u b b e r  L -  g a s k e t  on  the l o w e r  r i m  o f  t h e  b e l l - j a r .  A 

number of insulated electrodes pass through vacuum seals into 
the chamber. Tivo of these are connected to flat rings 
f i t t i n g  j u s t  i n s i d e  t h e  b e l l - j a r .  i in a . c .  p o t e n t i a l  o f  

3 , 5 0 0  V. i s  a p p l i e d  b e t w e e n  t h e s e  when t h e  pressure f a l l s  

b e l o w  . 5  m.m. o f  I lg. and the s p e c i m e n s  r e c e i v e  t h e i r  f i n a l  

c l e a n i n g  before evaporation. The s p e c i m e n s  a r e  m o u n te d  f a c e  

d o w n w ard s  a b o u t  30#**. a b o v e  t h e  filament. A l a r g e  g l a s s  d i s c  

a b o v e  t h e  s p e c i m e n  h o l d e r  p r e v e n t s  t h e  t o p  o f  the b e l l - j a r  

from becoming coated with silver. The silver, in capsule 
form, is placed in a small depression in a molybdenum strip.
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which acts as the filament. ^ baffle is placed just above 
t h e  f i l a m e n t  - this is m o u n te d  on  a vertical rod t o  e n a b l e  

it to be removed when actually evaporating. ^11 the 
mountings, etc., in the plant are o f  aluminium, to reduce 
sputtering. ^ current of about 90 to 120 amps is passed 
when evaporating. Then the vacuum in the chamber is better 
than lO"^ m.m. ofW^^ a heavy current (150 amp.) is passed to 
d e g a s  the silver. This is reduced t o  about 90 amp. a n d  the 
b a f f l e  removed u n t i l  a s u f f i c i e n t l y  t h i c k  film h a s  b e e n  

d e p o s i t e d .  T h i s  i s  j u d g e d  either by viewing the f i l m s  from 
a b o v e ,  or by  timing. The vacuum which m u s t  be r e a c h e d  b e f o r e  

starting the evaporating is determined by the distance from 
the filament to the specimen. This uust be much less than the 
mean free path of the silver atoms. On the other hand, the 
specimen - filament distance must be large enough to secure 
a d e q u a t e  u n i f o r m i t y  o f  c o a t i n g ,  ( t h i s  is helped by the f a c t  

that the m o l t e n  silver i s  not a point source but has an  

effective radius of ^ - & cm).

The reflectivity of t h e  silver f i l m s  may be e s t i m a t e d

by eye, after experience, due  to the d i f f e r e n t i a l  a b s o r p t i o n

o f  silver to b l u e  an d  red-light. t h i c k  s i l v e r i n g  w i l l

appear deep blue v/hen held towards a window. û n alternative
method of quick evaluation is the observation of a pea bulb
t h r o u g h  t i fo  f i l m s  having a s m a l l  a n g l e  between e a c h  o t h e r .

The nu m b er  o f  i m a g e s  o f  the b u l b  s e e n  g i v e s  an  idea o f  t h e  

quality of the film after experience. For more accurate
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work, & Strong instrument may be used.

The production of multilayer films is carried out, quite 
successfully, in this laboratory us follows ( s e e  BTiK;, 1954). 
5n3 - cryolite films are generally used. Two filaments, 'which 
are "boats" of molybdenum, are used side by side with a glass 
sheet in between to prevent contamination of one by tlie other. 
The important feature is the method of thickness control used. 
This is the one originated by BANNING, 1947. The control is 
effected by visual observation of the change of colour of the 
light reflected from the films. As the thickness of uhe film 
increases t h e  w a v e l e n g t h  for win .ch  the film has its maximum 
reflectivity changes a n d  so the colour of the reflected light 
changes. The t a b l e  below, g i v e n  by B e l k ,  lists the colour o f  

light r e f l e c t e d  by  t h e  films from a GO w a t t  opal bulb for 
v a r i o u s  thicknesses ( i n  g r e e n  l i g h t ) .

Colour Optical thickness |
Zn8 Cryolite for Green Light j

Blue-white yellow
whi te magneta 'Vi,
yellow blue
magneta w hi  te
blue yellow

Greeni sh-whi te magne ta
yellow blue j
magne ta greeni sh-whi tel >

... ....  ......1
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^  m o n i to r  i s  usocl to  judge  the  t h i c k n e s s  o f  d i f f e r e n t  

layers. I t  can be partially or wholly covered by a movable  

b a f f l e ,  similar to that u s e d  in the silvering plant, and a 
f r e s h  section is exposed for each successive layer. For 
more a c c u r a t e  work  a photoelectric method may be used.

The interferometer set up and used in t h i s  laboratory is 
generally a j i g ,  consisting of two annular plates h e l d  to
gether by s p r i n g  loaded tiiumb sc rews -  see Fig. 49. The 

flat - which is usually a p i e c e  o f  o r d i n a r y  cover-glass (these 
are generally plane enough over  small regions) is held against 
the  specimen by the plates. To examine small r e g i o n s  in a 
convex portion of a specimen a micro-flat is u s e d .  This is 
a small t r u n c a t e d  cone of glass with ol a n e - p a r a l l e l  ends 
about 4 inn. tiiick, t h e  wide end b e i n g  about 3 mm. in diameter 
and t h e  thin end less than 1 mm. It is made by c u t t i n g  a 
sm a l l  c y l i n d e r  o u t  o f  a sm a l l  g l a s s  f l a t  and mount ing  on a ro d ,  

the ends  b e i n g  coated w i t h  wax for protection. The cylinder 
is t h e n  ground down to a cone with a carborundum wheel.

Fig. 49. _ioo-



Lastly, most of the work here is done using the Viclcei's 
Projection ificroscope. This has the advantage that the 
specimem is above the objective. ^̂ Iso it is easily set up 
for Fizeau or F.E.C.O. work and plates can be taken readily.
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PART A 

SECTION II 

Two Beam Interference Microscopy.



Tvo Beam Interference ]licroscopy.

Interference microscopy has come into being on account 
of shortcomings in two other optical methods designed to 
study surface microtopography, namely, multiple beam 
interferometry and reflection phase microscopy. It of course 
has its own shortcomings, but provides an extre.̂ .ely useful 
tool in its own province, the studq̂  of micro structures of 
surfaces at high magnification. Giving to the very nature 
of phase microscopy it detects only more or less abrupt 
changes in surface height and can tell us nothing about the 
more gradual variations of surfaces. u; further snag of the 
phase-contrast microscope lies in the well known halation 
effect. Due to the finite stop introduced by the annular 
ring of the phase plate an object, intended to appear dark, 
is surrounded by a bright band. This effect is of small 
moment in biological work, where small unstained refractile 
bodies are made visible, but can be highly confusing in tlie 
more extensive structures generally observed on opaque 
surfaces. In addition, a normal phase microscope is 
primarily of use for the detection of small structures and 
if these are appreciably greater than in height phase
contrast offers little advantage. quantitative work with 
the phase microscope is a matter of estimation rather than 
of accurate measurement. As explained earlier one of the 
drawbacks of multiple beam interferometry is that its use at 
high magnifications is limited by the third order correction
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term ( ^ ) to one or tv/o fringes near to zero
order.

The two beam interference microscope improves on this 
somewhat and orders of interference up to about five, even 
X 1000 can be employed. Here the maximum order is governed 
by the depth of focus of the microscope. Thus it decreases 
as the magnification goes up, but is still rather larger 
than permissible with say, a 4 m.m. objective using multiple 
beam Fizeau fringes. The important feature of these 
instruments is that the reference flat is a virtual image of 
a plane silvered surface. Thus one is not restricted to the 
"tops" of micro structures by the necessity of having extremely 
thin air films between the surface and a solid flat. It is 
true that the surface will only be contoured accurately in the 
region of low orders (why this is so will be explained later) 
but low order interference is always obtained in the region 
where the objective is focussed. For example, if we are 
examining a steel ball bearing surface, the use of the solid 
flat restricts observations at high magnifications to a few 
orders at the crown; by using a virtual flat, we can focus 
further down on the sides of the bearing and still obtain low 
orders. In addition, fringes on both sides of zero order 
can be seen, which doubles the range of height observed for a 
given depth of focus. However much vertical resolution is 
lost by employing the two beam fringes with their cesine 
squared distribution of intensity. This is a serious
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drawback to the use of this instrument and explains why it is 
preferable to use multiple beam fringes if possible. Recently 
multiple beam fringes have been employed successfully at high 
magnifications on a diamond surface, and 1955).

H a v i n g  e x p l a i n e d  t h e  r a i s o n  d ' e t r e  o f  the tw o -b eam  

interference microscope, the optical systems used will now be 
e x p l a i n e d .  The basic principle b e h i n d  a l l  s u c h  instruments 
is that a virtual image of a plane reference surface is 
b r o u g h t  near to th e  s u r f a c e  under t e s t .  B o t h  the image a n d  

the surface are viewed by the normal convergent microscopic 
illumination, e i t h e r  b y  the same or by different, m a t c h e d ,  

objectives. The w a v e f r o n t s  reflected by t h e  im ag e  and t h e  

surface interfere showing up the surface contouring in a two 
beam  pattern. The optics o f  s u c h  a s y s t e m  i s  r a t h e r  

different f r o m  t h e  Fizeau set-up i n  tliait c r i t i c a l  i l l u m i n a t i o n  

i s  used instead o f  K o h l e r  i l l u m i n a t i o n .  The two spherical 
wavefronts d i v e r g i n g  f r o m  a p o i n t  on t h e  surface and a 
corresponding point on the flat interfere to give fringes 
i n  t h e  image p l a n e  o f  th e  objective. Th e se  tv/o points h a v e  

t o  b e  w i t h i n  the depth o f  f o c u s  o f  t h e  o b j e c t i v e .

The three practical set-ups that have been published 
f o r  use i n  micro-interferometers will now be  d e s c r i b e d .

The L i n n i k  S y s t e m

This is the earliest two-beam microscope interferometer 
t o  be  d e s c r i b e d .  I t  is an  instrument related l.o ^ne
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Ivliohelson interfei'ometer and was first used by U:n"IK in 1933 
(see LIRNIK, 1953). The parallel beams of the Miohelson set- 
up are focused onto the surface under test (lix) and the 
reference flat (Mg) by two matched objectives, and Lg. The 
surfaces are observed by the eyepiece The image of Mg is
adjusted to be close to Mx* beam fringes contouring Mx
are then seen through In the path beam Alg is a plate,
the tilting of which enables the fringe dispersion and 
position to be modified at will, (üee also &antzch, 1945).

This instrument requires a very robust construction 
and is sensitive to vibrations and temperature effects.
It requires a pair of carefully matched objectives 101 
efficient operation. In 1954, GRU3Ï3 and HOUbS published
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a paper showing several interferograms taken with a linnik 
instrument.

A modern microinterferometer similar to the Linnik 
instrument has beon described by 1955. ^s shown
in ?ig. 2 the two beams are not collimated, but are directly 
focused onto the surface and flat by the two matched 
objectives.

^ig. 8.

The thickness of the beam splitter a n d  compensator have 
been kept to sufficiently low values to avoid even order 
defects which they might introduce into the objective optics, 
It uses 4 m.m. and 16 m.m. objectives, giving magnifications
ranging from 78 to 750 times. To give uniformity of fringe
visibility with varying specimen surface finish, the flat is
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m o u n t e d  e c c e n t r i c a l l y  an d  i s  m e t a l l i z e d  i n  tivo a d j a c e n t  

1 2 0 °  s e c t o r s  g i v i n g  r e f l e c t i o n  c o e f f i c i e n t s  o f  ap  r o x i r n a t e l y  

95 a n d  4 0  p e r  c e n t ,  t h e  third s e c t o r  b e i n g  l e f t  i m m e t a l l i z e d .  

An adjustable wedge compensator situated just above the lower 
objective, together with its counterpart in the other beam 
p r o v i d e s  a fine a d j u s t m e n t  o f  the path d i f f e r e n c e  between 
t h e  two b e a m s .

The I . i i rau  S y s t e m

This system (D31AUNAY, 1955) employs only one objective, 
The virtual image of the flat, which is merely a silvered 
portion of t h e  objective front f a c e ,  (see P i g . 3 )  is p r o d u c e d  

by the beam splitter Pg.

Pig. 5.
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The snag with this arrangement is that it requires a 
rather large working distance to the objective and that the 
aperture of the objective is cut down somewhat by the ‘‘flat**

The Dyson System
A rather more elaborate arrangement employing a single 

objective, but which has no restrictions as to working 
distance, was first described by DYSON in 1953. This is 
somewhat different to his transmission instrument. The 
optical system is shown below in Pig. 4.

hair-silviTPil mirror ol' 
vortical illuminator

centre of curvature of 
bottom .silvered surfacr

/// / V / y~z

A system of three blocks, of high optical quality, 
cemented together, is placed below the objective. The 
lowest block has a plano-convex shape, with the plane surface 
uppermost. The top surface is half-silvered and the bottom 
one has an opaque coating save for a small region near its
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pole. The middle block is plane - parallel and bears a
small silvered spot on its upper surface, to which the top 
block is cemented. The thickness of the lowest block is 
slightly less than half the radius of the convex surface and 
that of the middle block is such that the radius of curvature 
of the convex surfaces is about a millimeter above the 
silvered spot.

The convex surface is then oil-immersed onto the 
specimen in such a position that the specimen and the silvered 
spot are equidistant from the half-silvered surface. Images 
of surface and flat are then formed just above the centre of 
curvature of the convex surface. Tivo beam fringes are 
formed between these two images. Illumination is by the 
conventional vertical illuminator.

In order to give a fine adjustment to the separation 
between flat and surface the arrangement shown in simplified 
form in Fig. 5 is used.

i h l r i i i h  d  (ol*

7//^2/ZZZZ77] L

ezzzzzzzzzz^

.  f -  I ’ l i ' r l r o i i n r j i i i - l  . i i l j u - i . i i i l i -  r n i i L ' i n  l
1? X g  .  O  .  |„ i | ,  |,i<-, I- '

4 ? n m  <>bj<!fliv. 

I m is s  l l im j 'c  

' l i s  I lilH f 

i-i‘i i t i  im i  SI n  IV.-
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The r e l a t i v e  p o s i t i o n s  o f  the o b j e c t i v e  a n d  i n t e r f e r o m e t e r  

is adjusted by the dectromagnet. Very fine fringe dis
placements can be obtained using this devise.

Having described above the three types of interference 
m i c r o s c o p e  in use, v;e w i l l  now d i s c u s s  t h e  g e n e r a l  properties 
of the system. These have been discussed in detail in a 
paper "Interference Microscopy at High Wedge Angles" by 
MYKUHA, 1954.

The V e r t i c a l  Range o f  t h e  Instrument

The v e r t i c a l  r a n g e  of t h e  i n s t r u m e n t  i s  l i m i t e d  b y  the 
o p t i c s  o f  the illuminating s y s t e m  a n d  o f  t h e  v i e w i n g  system. 
I n  r e f l e c t i o n ,  o f  course, t h e s e  a r e  the same, b u t  their 
e f f e c t s  on t h e  v e r t i c a l  r e s o l u t i o n  a r e  rather d i f f e r e n t .

I n  o r d e r  t o  o b t a i n  interference b e t w e e n  the w a v e f r o n t s  

r e f l e c t e d  f r o m  t h e  f l a t  a n d  t h e  s u r f a c e ,  the i l l u m i n a t i o n  

o f  the corresponding p o i n t s  o n  t h e s e  two surfaces m u s t  b e  

coherent. To b e  more  p r e c i s e ,  t h e  c o h e r e n t  i l l u m i n a t i o n  

a t  the two points m u s t  h a v e  a p p r o x i m a t e l y  t h e  same 
a m p l i t u d e .  So,  intuitively, the two points must be  within 
the depth o f  f o c u s  o f  t h e  condensing l e n s  o f  t h e  s y s t e m ,  

which is t h e  objective in this case of course. Dyson, in 
an earlier paper on his transmission instrument (Dyson, 1950) 
calculates the visibility of the fringes as a function of the 
separation of the corresponding points on surface and flat 
g i v i n g ,  d  ^



H e re  d i s  t h e  s e p a r a t i o n  o f  t h e  p o i n t s  i n  a d i r e c t i o n  

p a r a l l e l  t o  t h e  a x i s  an d  i s  the s e m i - a n g l e  o f  t h e  

illuminating cone. This expression is .808 of its maximum 
when  W   ̂ so we s ee  t h a t  f r i n g e s  o f  s u i t e  a p p r e c i 

a b l e  v i s i b i l i t y  will b e  o b t a i n e d  e v e n  w hen  ^  i s  r a t h e r  l a r g e r  

than t h e  d e p t h  o f  f o c u s .

The viewing oftics, however, are effected in a rather 
different way. When the reference plane is in focus the ray 
optics are shown in Fig. 6.

0

At

Outside the depth of focus, t h e  light coming from the surface 
is reflected from a region 30. Thus a true picture of the 
s u r f a c e  will n o t  be  given u n l e s s  i t  i s  w i t h i n  t h e  d e p t h  o f  

focus of the objective. iykura gives a very good 
illustration of this in h i s  paper. He shows a portion o f  

an  i n t e r f e r o g r a m  o f  a  1 mm. s t e e l  b a l l  with s c r a t c h e s  t a k e n
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on  a Z e i  s G -L in n i lv  i n t e r f e r o m e t e r .  I g show s  c l e a r l y  how th e  

f r i n g e s  o n l y  c o n t o u r  t l ie s u r f a c e  a c c u r a t e l y  n e a r  t h e  z e r o  

o r d e r  f r i n g e .  O u t s i d e  t h i s  dentil o f  f o c u s  region of a b o u t  

f i v e  f r i n g e s  on e i t h e r  s i d e  o f  z e r o - o r d e r  we s e e  t l i a t  there 
a r e  fringes, b u t  o f  d i m i n i s h i n g  v i s i b i l i t y ,  a s  e x p l a i n e d  a b o v e .  

T h i s  r e d u c t i o n  i n  v i s i b i l i t y  i s  c o m p l i c a t e d  b y  t h e  v a r y i n g  

wedge  a n g l e  a s  explained b e l o w .

Var i a t i o n  of V i s i b i l i t y  w i t h  V/edge A n g le

As c a n  be s e e n  f r o m  F i g .  (0 , t h e  cone  o f  l i g h t s  f r o m  the 
s u r f a c e  and t h e  f l a t  a r e  n o t  c o a x i a l ,  t h e  a n g l e  b e t w e e n  t h e i r  

a x e s  i n c r e a s i n g  w i t h  i n c r e a s i n g  wedge a n g l e .  Correspondingly, 
t h e  l i g h t  f l u x  e n t e r i n g  t h e  m i c r o s c o p e  f r o m  t h e  s u r f a c e  w i l l  

v a r y  wi th wedge a n g l e  and wi t h  i t ,  the  v i s i b i l i t y  o f  t h e  

f r i n g e s .  h y k u r a  p o i n t e d  t h i s  o u t  and  p l o t t e d  v i s i b i l i t y  

a g a i n s t  w edge  a n g l e  -  see  P i g .  7 .

—  c o n v e r g e n t  i l l u m i n a t i o n  
  P A R A L L E L

U)
> 5

O
SINE WEDGE ANGLE

N.A.

-118-



I '  '1

%

Two-beam interferegram taken on a Zeiss-Lirmik 
instrument, as given by Mykura, Note how the 
fringes only contour the surface near the zero 

order fringe.



I t  will be  s e e n  t h a t  t h e  inai'Cii.ium w e d g e  a n g l e  g i v i n g  f r i n g e s  

of reasonable quality is rather less than the semi-angle . 
The corresponding quantity for two beam Pizeau fringes is shown.

To sum u p ,  t i i r e e  a r r a n g e m e n t s  which permit two beam 

fringes to be observed between a surface under test and a flat, 
u s i n g  c r i t i c a l  I l l u m i n a t i  o n ,  h a v e  b e e n  d e s c r i b e d .  The 
c o n t i n u e d  u s e  o f  c r i t i c a l  i l l u m i n a t i o n  and two beam f r i n g e s  

enables higher magnifications to be employed than is usual 
with multiple beam Pizeau fringes. The range of surface 
structures which c a n  be  observed by this m e th o d  i s  limited 
by the finite depth of focus of the objective to a few orders, 
but, having a virtual flat, we can focus "down the specimen".

Q
On t h e  other h a n d  the f r i n g e s  have only the broad cos* 

distribution, so t h e  v e r t i c a l  a n d  a n g u l a r  r e s o l u t i o n  i s  v e r y  

poor. hukura gives about 5 to 10^ for the accuracy of angle 
measurement between 30° and 10°. Really accurate mapping of 
s u r f a c e  m i c r o - t o p o g r a p h y  is i m p o s s i b l e  a n d  the very small 
details seen on the surface at high magnifications merely 
blur and confuse the fringes. Pictures of surfaces with a 
lot of detail do not come out at all well with two beam 
fringes, a n d  in fact look messy, especially when compared with 
the corresponding multiple beam p i c t u r e .
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83GTI0N III

.O u r fa c e  P r o f i l e  a n d  Shadow Gas  t i n g  h i c r o s c o p y .

The S u i ' f a c e  P r o f i l e  l i i c r o s c o n e

I n  1 9 5 2  TOh-fTSKY, 1 9 5 2  ( b ,  c an d  d )  d e s c r i b e d  an  

improved version of the SGHhhhTZ (195G) light-cut technique.
The Schmaltz method used one objective to focus the image 
of a fine slit onto the surface, the illumination being at 
45^ to the normal. The surface, thus Illuminated, was viewed 
by another objective at 90^ to the first* In this way the 
variations i n  surface height are revealed as lateral shifts 
of the image of the slit. The original gchmaltz method could 
only be used with l a r g e  working d i s t a n c e  objectives (i.e. at 
low powers) as the two lenses approach each other at 45°.
This objection w as  o v e r c o m e  b y  v a r i o u s  workers, but only a t  

t h e  e x p e n s e  o f  t h e  objective aperture, a n d  hence resolution.
I n  a n y  c a s e ,  light c u t  m e t h o d s  h a v e  t h e  d i s a d v a n t a g e s  t h a t  

they have a "chopped" appearance due to regions of non- 
specular reflection, scattered light leads to image broadening, 
t h e  w h o l e  s u r f a c e  c a n n o t  be s e e n  a t  t h e  same t i m e  a s  t h e  

light cut, and only one profile line appears.

The light-profile technique overcomes all these 
difficulties an d  p r o v i d e s  a simple a n d  accurate m e th o d  o f  

measuring surface features down t o  i n  h e i g h t  e v e n  a t  t h e  

h i g h e s t  m a g n i f i c a t i o n s  a v a i l a b l e  i n  a n  optical microscope.
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Any ordinary metallurgical microscope can be adopted for use 
with the profile. The set-up is shown in Fig. $ below.
The il uminating system (l^ and has a field iris 8% 
which focusses onto the surface at X. » fine wire, or 
series of parallel wires, or a scratch on a disc of glass 
is mounted close to The conventional glass illuminater
is replaced by a metal tongue h. Thus off-axis illumination ii 
is produced and so the image of the profile wire will appear 
to have different lateral displacements as the surface height 
varies. monochromatic light is used, since the tongue 
introduces chromatism into the objective optics. An example 
of a surface profile taken on a bearing surface at XIOOO. is 
shown in Fig. 8.

This technique overcomes the snags in the gciimaltz
method. Most of the objective aperture is used, all the
surface can be seen at the same time as the profile is used,
more than one profile is taken at once, and the nature of
the image (dark on a bright background) means that scattering
effects are not serious. There are no restrictions on the
magnifications employed other than those inherent in every
microscope. The magnification in depth is given by

rt' s M  Vb u w

where LI is the lateral manification, i is the angle of 
incidence of the illuminating light, andy* the immersion
refractive index. In practise, the ratio M  is round
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experimentally using a depth graticule previously calibrated
b y  F . T . C . O .  The t a b  1 e b e l ov/ g i v e s  t h e  v a l u e s  of /:I

found for three objectives used in this laboratory (it is 
i n c l u d e d  to g i v e  a r o u g h  i d e a  of t h e  ratios m e t  with in 
practise.

Lens f/ll

L | AM AM

^ ISAA *

1.00
1.23
0.56

I t  i s  i n t e r e s t i n g  t h a t  the 2 mm. lens h a s  a  r a t i o  t o  

11 o f  1.00. The l o w e r  p o w e r s ,  which h a v e  to be u s e d  on  t h e  

coarser structures due to the finite depth of focus, have
lower values.

To sum up, t h e  l i g h t  p r o f i l e  i s  a  s i m p l e  a n d  a c c u r a t e  

technique, which gives a method, complementary to multiple 
beam fringes, of measuring surface features down to in
height at magnifications up to X 2000, the surface being 
in full view at the same time. It has been found to be of 
great value to many workers in the laboratory.
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The Optical Shadow Casting Technique,

This is a method of microscopy which is analagous to the 
metallic shadow casting technique used in electron microscopy 
for the enhancement of contrast and surface height measurement. 
Likewise it shows up surface features clearly, and can be 
employed for measurements of vertical displacements under 
suitable conditions. The idea (see TOLANSKY, 1953) is that 
the specimen is illuminated at an angle of incidence near 
grazing with a small bright pencil of parallel light. The 
difference between this and darkground illumination is that 
the light falls onto a special smal1-grain scattering 
surface - which may be either a coated slide, upon which the 
specimen rests, or, as in the case of crystal studies, the 
specimen itself is coated. The shadows formed by surface features 
are then clearly visible in the microscope. Provided their 
height is greater than the wavelength of t|ae light employed, 
sharp shadows, free from diffraction will be seen, enabling 
height measurements to be carried out. The magnification is done 
using approximately spherical particles, e.g. lycopodium powder; 
either their diameter is found by an alternative method or &he 
ratio of shadow length to width is measured. This calibration, 
unlike that in the profile method, is independent of the objective 
in use. The specimen can be explored for t̂ e best contrast 
conditions by riasing and lowering the source and by rotating it 
about the microscope axis Polarizing the incident beam generally 
improves the picture.

The scattering surface found to give best results is 
obtained by evaporating a thick silver layer onto the specimen 
and holding it over aquaregia until it appears matt white. This
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gives an uniform, fine grain scattering surface. The figure 
below shows this method being used to measure the depth of a 
trigon on a d^mdnd growth face. The ratio of vertical to lateral 
magnificati&B is XI2 and the microscope magnification is X 250 
so the total vertical mgnification is X2500.

i

0

tA

Fig. 3.
Another interesting feature of this technique is showh in 

this photograph, namely, that the non-horizontal faces facing 
the beam have enhanced brightness. To sum up, the optical 
shadow-cashing method provides a simple method for revealing and 
measuring surface structures rather coaser than those which may 
be tackled by the previous techniques dicussed in part A,
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PART B

METHODS WHICH GIVE QUALITATIVE INFORMATION ABOUT

THE SURFACE

Phase-Gontrast Microscopy.

Soon after the war it was realized that phase microscopy, 
which up to then had only beenused to observe biological 
specimens of low amplitude contrast, could be easily applied to the 
mettaluggical microscope. The early work was done by, JUPNIK, 
08TERBERG, and PRIDE, 1946, 1948, and by CUCKOW, 1947, 1949.
Later, in 1949, TAYLOR the phase contrast equipment produced by 
Messers Cooke, Troughton and Simms, which is used extensively in 
this country.

The theory of phase contras^ microscopy has been given in an 
elementary fora by BENNET et al., 1951, end from a vector point 
of voew by BARER,1951. As the method has been very adequately 
described there, it it not desribed here. RICHARDS, 1954, has 
published a bibliography of phase microscipy which is intended to 
be ab supplement to the book by Bennet etar. This useful article 
contains about 200 references.

In biological and medical work the phase contrast features 
are produced by differences in refractive index ina film of 
constant thickness, but in reflection métallographic phase 
contrsat the differences in optical path are produced by changes 
in metrical distance. See fig. 1 .
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W A V E F R O N T  D I S T O R T I O N  P R O D U C E D  BY 

C H A N G E  IN p  C H A N G E  I N t

A reflection set-up has been described by TAYLOR,1949 
In this, see fig. 2, the light from a high intensity lamp 1, 
is converged onto the projector annulus,3; An imag of this annulus 
is formed, just above the focal plane of the objective, by the 
projector lens 4 and the objective 5, at 6, ihus an iu. ge of the 
projector annulus is produced by the surface of the specimen 
just below its surface, at 7. This it turn is imaged in the 
plane of the phase plate 8, which is situated ABOVE the beam 
splitter. The phase plate is above the back focal plane of 6 in 
the set-up. This isto avoid placing it below the beam splitter, 
which would give pise to spurous images reflected from the 
rhase plate. That such an arrangement will give a phase-contrast 
effect has been shown by OSTERBERG, 1948, who showed that any 
one of the conjugate pupils which follows the entrance pupil 
can serve as a location of a phase plate. In the C.T.8. apparatus 
the phase plates are incorporated in the objective mount, along 
with the beam splitter. All the various phase plates corresponding
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8 . PHASE PLATE

SOURCE
P R O J E C T O R

ANNULUS
5 OBJ ECI VE

SPECIMEN



to the different objectives have a common ratio, of inner and 
outer diameters corresponding to that of the projector annulus; 
thus by Taring the position of the latter we ean have perfect 
match between the phase plates and the image of the annulus,3.
In reflection phase microscopy the specimens are generally silvered 
in improve the light situation. The Bauch and Lomb and the 
Reichart métallographic microscopes are described by BENFORD 
& 8EIDENBERG, 1950, and by GABLER, L953 ,respectively.

The reflection phase contrast technique is very useful 
in conjunction with multiple beam interference to give an overall 
picture of the surface, A good example of this is shown ih fig.3 
below,The plate shows a growth ppiral of SiC taken in a) phase 
contrast and b) reflection Fizeau fringes. Unfortunately, the method 
can only be used with nearly plane surfaces. Otherwise the 
various facets of a surface will produce a numser ofsmall images 
of the projector annulus in ramdome relative positions, which 
would only result in a highly confused picture. Secondly, the cont
rast in the image is produced by diffration, which only occurs 
at abrupt discontiuities in the wavefronts. So little is 
known about regions where the surface height is varing slowly 
Furthermore, the halation effect, where a dark image is accompanied 
by a bright edge and vice-versa, confuses the picture and can lead 
to false detail, (this is sometimes useful in showing up steps 
though). Lastly, the phase microscope cannot be used to measure 
surface features at all ( though see FORTY ,L952 ), although it 
can detect features only 30 A. high. Like Fizeauu fringes, it 
has an upper limit too, though it is rather less, bein^ about

for normal phase plates.
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Phase  C o n t r a s t  
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