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ABSTRACT

This thesis describes the use of a linear, charge-coupled,
photodiode array, and microprocessor in the measurement of

various laser speckle statistics.

Contrast and probability densities for fully and partially
developed speckle patterns are derived theoretically as a

function of scattering angle and surface roughness.

The experimental apparatus incorporating the photodiode
array and microprocessor is described in detail, along with
various experiments to check expected specifications.

Using this apparatus, measurements are made of the proba-
bility density and contrast, as a function of scattering
angle, for the speckle patterns produced by three different
surfaces. From these results and the theoretical predic-
tions the roughness parameters for these surfaces are

determined.

In-plane surface displacement is measured using a cross-
correlation technique and is found to produce accurate
results over a wide range of displacements (from lum to
0.5mm) .

A short section on speckle size is also included to verify

theoretical predictions made in an earlier chapter.



ACKNOWLEDGEMENTS 111

I would like to acknowledge the advice and assistance
provided by my project supervisor Dr Geoffrey Barnes, and

the staff of the Physics Department.

My thanks also to Massey University for providing the
opportunity and facilities for carrying out this project,
and to Mrs Joan Mathews for the typing and copying of this

manuscript.



TABLE OF CONTENTS

Title s wie < #s
Abstract ... 5% % R e SR i
Acknowledgements ... s ot

Table of contents, ..,
List of figures ...
List of tables
List of symbols

CHAPTER 1 Introduction

CHAPTER 2 Statistical Properties of Laser

Speckle Patterns

Probability density of phase difference
Speckle contrast
Probability density of intensity

[NCRE \C T \ S AN
C = TN VE IR o B

Probability density function for a

fully developed speckle pattern

2:5 Probability density of a partially
polarized speckle pattern

2.6 ‘*Probability density of a speckle

pattern produced by a surface with

a low value of o

¢

2.7 Speckle size and displacement

CHAPTER 3 Description of the Experimental

Apparatus G Aiis g 308 “oe

Apparatus summary o a

The laser

Lenses, filters, and apertures

The translating and rotary stages WS
Test objects % W « oy

The spatial filter ey T 96 ¥

The photodiode array and microprocessor

W W w w w Ww w w
0 N o s W

The optical arrangements used during the

experiments ... o Wi

iv
Page

15
113
iv
vii
%1

=13

23

25

29
31

37

37
40
42
44
46
48
50

50



CHAPTER 4 The Photodiode Array
4.1 Description of the photodiode array
4.2 The array interface and controlling
circuitry
4.3 Array performance < v 5 e 5 ae
CHAPTER 5 The Microcomputer
Bad The analogue-to-digital converter
5. Programming the microcomputer
CHAPTER 6 Speckle Analysis Programs &
Experimental Results
6.1 Data load routine
6.2 Intensity compensation routine
6.3 Array response tests
6.4 Probability distribution of a
speckle pattern
6.5 Probability density of a fully
developed speckle pattern
6.6 Probability density and contrast of
a partially developed speckle pattern
6.s: 7 Surface roughness measurement
6. Array noise
6.9 Surface displacement measurement
6.10 Experimental results obtained when
measuring surface displacements
6.11 Measurement of speckle size
CHAPTER 7 Project Summary and Conclusions
Tick The linear, charge-coupled, photodiode
array
T The microcomputer 5 &

Optical components P S

Surface roughness measurement

54

58
61

66

67

75

78

78

81

84

92

92

103

106

118
149

126
143

146

146
147
147
148



APPENDIX A

Surface displacement measurement =
Uses of the array made by other

workers in speckle .o .« o

Derivation of the Probability Density

and Contrast for the Sum of Two Fully

Developed Speckle Patterns ...
APPENDIX B Computer Memory Map .. ce
APPENDIX C Computer Simulations - -- “ e
Cuil Simulation of a fully developed speckle
pattern intensity distribution ——
C..2 Simulation of a partially developed
speckle pattern intensity distribution ..
APPENDIX D An Experiment to Test the Effectiveness

APPENDIX E

of the Probability Distribution Program

Discussion on the Possible Causes of the

APPENDIX F

Probability Decrease Observed in

‘Probability Distributions as Measured

by the Array ... e st wiwo

Phase Shift Calculation for Light

Scattered from a Rough Surface S

APPENDIX G An Alternative Derivation of
Bgquatien 2.24 ... 5% i G v 5 b
APPENDIX H Computer Listing of Speckle Simulation
Program S i o i AR
REFERENCES

vi

149

149

151

1556

156

156

158

168

171

175

L77

L9

182



Figure

2.1 2

2.14
2.15
el

LIST OF FIGURES

Title

Cross-section of a rough surface v
Rough surface with a small value of T
Rough surface with a large value of T
Random walk in the complex plane .-
Light scatter from a rough surface “ e
Speckle formed in the image plane of

a lens ('subjective' speckle) ...

Speckle formed in the defocus plane

of a lens .. e

Speckle formed without a lens
("objective' speckle)...

Contrast as a function of o, and 6

for constant n

Contrast as a function of n and 6 for
constant 0, ol &

Probability density of a fully developed
speckle pattern wicoe — Ca i

Amplitude composition for a partially

.polarized speckle pattern s o e

Probability density function for the

sum of two speckle patterns as a

function of T :I srile s 5w
X Yy

Contrast for the sum of two speckle

patterns with <I > = 1 o

vii

Page

~ ~ e N

18

18

18

19

21

26

27

28

28

Probability density functions of intensity

for the sum of two speckle patterns with
<Ix> = <Iy> and correlation coefficients

Ci2 p— - - —_— -

Probability density function of speckle

intensity in the diffraction plane as a

function of surface roughness SHa
Formation of objective speckle S
Formation of subjective speckle —

Experimental apparatus 3 s S

30

32
34
34
39



B
3.4
345
Fnib
Bimy 1
3 5l
349
3:10
G |

Laser power shifts caused by

mode sweeping

Magnetic stands and lens holders
Apertures

The translating stage

The rotary stage

Laser beam intensity profile

Optical power spectrum of laser beam
Spatial filter > n -
Surface roughness measurement
Displacement measurement using the
translating stage

Displacement measurement using the
rotary 8Stage

Simplified schematic diagram of the
photodiocde array

Construction of a charge-coupled device
Potential wells beneath electrodes
¢; to ¢, as a function of time
Multiphase clock waveforms used to

generate the above charge transfer

_Simplified schematic of the array

interface system

Ideal outputs from array circuits

Actual outputs after discarding odd video

Array and driver board assembly

viii

41
43
43
45
47
49
49
49
51

51

53

35
5.5

57

57

59

62

62
64

Block diagram of microcomputer & peripherals 68

Simplified schematic of A/D converter...
Timing diagram for A/D converter

Output count vs. input voltage for the
A/D converter g o8
Alternative A/D converters

Timing diagram for data conversion

'Load video data' flow chart

Data compensation routines

Section of compensation routine

Optical arrangement for measuring

intensity response

69
70

73
74
79
80
82
83

85



6.8

6.9

6.l

.22
s 23
.24
-25
. 26

(=2 T = T =) T« L U =

Mean count vs.L™? ... i 5%

Intensity profiles as measured by the

array (uncompensated)

Intensity profile as measured by the

array (uncompensated)

Speckle intensity profile

Frequency distribution for speckle

pattern in figure 6.9

The optical arrangement used to produce

a fully developed speckle pattern

Program to find intensity distribution

Probability distribution for a fully

developed speckle pattern (after 60 scans)

Corrected probability distribution and

theoretical results

Corrected probability distribution of a

partially polarized speckle pattern

{for 64 scans)

Probability distribution of laser speckle
angle of incidence 60°

Probability distribution of laser speckle

: angle of incidence 65°

Probability distribution of laser speckle
angle of incidence 10"

Probability distribution of laser speckle
angle of incidence 75°

Probability distribution of laser speckle
angle of incidence 80° s % o

Probability distribution of laser speckle
angle of incidence 85°

Contrast vs. 6 for 3 rough surfaces

Speckle profile before displacement

Speckle profile after displacement

Clipped results

Cross—-correlation coefficient as a

function of lag T E. SEE

Speckle displacement vs. object-array

distance . . 8 i

Collinear illumination of an aperture

ix
87

89

90
93

94

95
97

100

102

104

108

109

110

Ll

112

113

116

121

122

123

125

128
129



6.29

6.32
633

F.l

Divergent illumination of an aperture ...

Optical arrangement for measuring

surface displacement

Speckle displacement as a function

of micrometer displacement

Micrometer displacement vs. lag

Surface displacement measurement using

the translating stage

Surface displacement measurement using

the rotary stage

Speckle displacement vs.micrometer

displacement

Autocorrelation function for determining

speckle size

Simulated probability

Random walk with constant amplitude

phasor added

Simulated probability
C = 0.80

Simulated probability
C = 0.58

Simulated probability

C = 0.49

Simulated probability
C = 0.36

Simulated probability
C = 027

Simulated probability

: C =0.14

Simulated probability
C = 9.07%

Probability distribution for a sine

wave input

Charge transfer inefficiency within the

array

Geometry of light scatter from a rough

surface

distribution

distribution

distribution

distribution

distribution

distribution

distribution

distribution

- e )

129

131

133
135

137

140

141

144
157

159

le0

161

162

163

164

165

166

169

173

176



Table

6.10
6.11

LIST OF TABLES

Title

Manufacturer's specifications for the

CCPD 256 array 3 s T
Specifications for the ADC0800P A/D
converter « o - e

Routines developed for speckle analysis

Mean count,<c>, as a function of I,~2
Array non-uniformity for wvarious
light sources “e ce
Contrast for six fully developed

speckle patterns v -

Contrast for six partially developed

speckle patterns “ee <ea

Contrast results with polaroid added

Contrast as a function of 6

Contrast as a function of 6 for three

differently abraded surfaces
Surface roughness results -
Speckle displacement as a function
of object-array distance -
Measurement of speckle displacement
Measurement of speckle displacement
using the rotary stage e 5
Probability distribution statistics

- .

X1

Page

65
71
17
86
88

103

105
105

107

115
117

126
132

139
167



LIST OF SYMBOLS xii

Page where

Symbo1l Meaning first mentioned
r Surface roughness ... e W v i 2
w Waviness T Sl e T T 2
o) Standard deviation of subscript T i 3
<> Mean value of symbol within brackets et 3

Correlation length ... < e el S 3

i Phase of ith elementary phasor 5 7

6 Angle of incidence ... S 5 s ¢ & S5 T
w Angle of scatter - w/e T e wion 7
A The ith elementary phasor ... T o 7
Al The resultant amplitude phasor fgius Saite 7
il The resultant phase - 7
A Wavelength of light source 8
p() Probability density of symbol(s) within

brackets 8
C Speckle contrast ¢ wo . w s . e o caion

Speckle intensity (also relative intensity) 9
X, Y Real and imaginary components of the

resultant amplitude phasor ... e OB )
n The number of scattering centres AT ST
a Amplitude of generalised phasor A, ... Ss ol

Smallest distance on a surface which produces

a resolvable image in the speckle pattern .. 17
n' Refractive index of air Sesin o 2= AR
d Diameter of illuminated area on a surface 17
AX,AY Amplitudes of the orthogonal components

of partially polarized light “m .
Ix,IY Intensities of the orthogonal components

of partially polarized light e ciane. 2D
B Angle between the net polarization vector

(QT) and A .- e is e TF s Bl
o Semi-angular subtense of the object at the

speckle being observed . o SO -

§ Characteristic speckle size i w33



xiii

L Distance from the object to the speckle

being observed saie e = T 34
X,Y,2,Q Computer stack registers ... - e i
M() Signifies contents of memory locations

within brackets S £ 02 . i a s i
Mx Particular memory space on computer

(see Appendix B) ... v § W #5q 82
c Compensated video data FOge Sars o 84
o 5 Frequency of occurrence for a

particular intensity I o % s 55 4 98
Ax Speckle displacement g o — SR 7
D Object displacement Ty Py sww  L3E
b Light source to object distance v % % sws k30
M Micrometer displacement T o 5. aws L3O
i A constant amplitude vector added to the

random walk resultant amplitude - swe  LB8



1s Introduction

When direct sunlight is observed after having been scat-
tered from a slightly roughened surface, small multi-
coloured points of light, which appear to scintillate

as the head or the surface is moved, will be seen. This
phenomenon is an example of a speckle pattern caused by
the scattered light forming a complex interference

pattern in the space in front of the object.

Most sources of light do not product an obvious speckle
pattern due to their lack of temporal and spatial coher-
ence. An incandescent lamp for example produces a

speckle pattern which changes continuously with time, at
such a rate that the eye perceives only a uniform illum-
ination. The coherence of sunlight however, is sufficient
to form speckles when scattered from very smooth surfaces
having a roughness of similar order to the coherence
length.

Before going any further it would be a good idea to
clarify exactly what is meant by a rough surface, and to
define a number of terms which will be used throughout
the text. With reference to figure 1.1 it can be seen
that for a two dimensional cross-section of a rough

surface there are two components of surface texture.

(i) Roughness (or primary texture). These are the
irregularities in the surface texture which result from
the inherent action of the production process. (e.g.

lapping, grinding, honing etc.)

(ii) Waviness (or secondary texture). The component of
surface texture upon which the roughness is superimposed.
Waviness may result from such factors as gross surface
shape, (the object could be a cylinder for example), or
from unintentional errors produced by faulty or imperfect

manufacturing techniques.



| Figure 1.1 Cross-section of a rough surface

Surface
Deviation r

M : \w(x)

r (x) roughness at x

‘ w(x) waviness at x




Roughness and waviness may both be statistically defined
in terms of their root mean square values. Because we
can arbitrarily set their mean values to zero we have,

using the relationship

2 <r?s>-<r>?, (1.1)

Q
n

that 0; = <r“>, (L:2)

where <r> is the mean value, <r%?> the mean square value,
and ci the variance of surface roughness. The root mean
square value of roughness is therefore simply equal to its
standard deviation. In a similar manner we can also define

waviness in terms of its standard deviation o

For most of this thesis it will be assumed for simplicity
that 0. =g although, for many real objects, this may not

be the case.

In addition to these parameters we can also define a pseudo
wavelength for such a surface in terms of its autocorrela-
tion function. In the absence of any large scale waviness
the autocorrelation function for a rough surface with a
Gaussian probability density (a reasonable assumption for
most randomly produced surfaces) will also be Gaussian in
form, dropping from a maximum value at lag zero at a rate
dependent on the adjacent peak-to-peak distance. We can
numerically specify this rate by defining the correlation
length T as the distance one must travel on the surface
before the correlation coefficient has dropped by a factor
of e"?. The physical significance of this parameter can
be seen more clearly in figures 1.2 and 1.3 which show

two rough surfaces with the same surface roughness but

quite different values of T.

Having defined the various aspects of a rough surface we

will now move on to consider speckle patterns produced



Figure 1.2 Rough surface with small value of T
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Figure 1.3 Rough surface with large value of T
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using laser light. Because of its far greater temporal
and spatial coherence the laser is an ideal light source
with which to produce speckle. Practically any stationary
object will produce a readily visible pattern, although
surfaces such as milk or human skin will, because of their
continuous movement (Brownian motion in the case of milk),

tend to blur the speckles.

Surfaces with a roughness much less than the wavelength of
light tend to produce a speckle pattern having reduced
contrast and this fact will be used in this thesis to

obtain a numerical estimate of or, for various surfaces.

Another phenomenon which is immediately obvious when
observing speckle is that for small displacements of an
object (up to about a millimetre) the speckle pattern
suffers little change other than a shift in the direction
of the object's displacement. By measuring this shift,

a non-contact means of measuring surface displacement can

thus be obtained.

Most conventional work done with speckle has used photographic
techniques which are often slow, or video processing which is

usually complex and expensive. This thesis will present a

new approach to the measurement of surface roughness and dis-
placement by the statistical analysis of the speckle pattern

as detected by a linear, charge-coupled, photodiode array.

While suffering from a number of statistical short comings
(chiefly the limited number of sample points available) the
array is quite sensitive and does allow rapid acquisition
of data. In conjunction with a microprocessor and low
powered laser it provides a reasonably compact system which,
when perfected, could conceivably find its way into an

industrial application.



Z Statistical Properties of Laser Speckle Patterns

The amplitude of the light at any point in a speckle
pattern is determined by the coherent superposition of
all field vectors scattered from the surface which .
converge on that point. The surface may be considered

to consist of a large number of independent scattering
centres displaced about the mean level of the surface in
a random fashion. These scattering centres are regions
over which the surface deviation is considerably less
than one wavelength of the illuminating light. They may
therefore be considered to be regions which scatter light
of constant phase. Numerically, the area of the scattering
centre is of the order of T? where T is the correlation
length as previously defined. Due to the variable path
differences introduced by the surface, and the position
of the observation point, the field amplitudes at any
point in space due to each of the scattering centres,
will, in general, be random in both phase and amplitude.
With reference to figure 2.1 it can be seen that such a
sum of random phasors is identical to the random or
'drunkardsf walk problem encountered in many fields of
physics. The techniques already developed in the solution

of these problems can thus be applied to speckle.

2.1 Probability Density of Phase Difference

Information about surface roughness and the nature of the
illuminating light source may be gained by studying the
probability density of the speckle intensity. To derive
a general expression for this function requires knowledge
of a number of statistical parameters, including the
probability density of the phase difference ¢ as defined

in figure 2.1l.

Figure 2.2 depicts a generalised scattering situation for a



= Re

A, = ith phasor

= phase of ith phasor

A = resultant amplitude

Y = resultant phase

Figure 2.1 Random walk in the complex plane
From light To observation
source plane

Figure 2.2 Light scatter from a rough surface




rough surface. Light travelling path B is taken as the
reference beam with no phase shift. All other rays (repre-
sented by path A) will suffer a phase shift ¢i where the
subscript i1 indicates the light has been scattered by the
ith scattering centre. For distant source and observation
points this will take the value (see appendix F for deriva-
tion)

¢, = ZKI(COSQ+COSMJ. {2 1)

If we assume, as previously mentioned, that the surface

roughness r follows a Gaussian distribution we will have

.
pilE)] = et et 25 (2.2)
G V2t ZOi

E

If we take the mean square value of equation 2.1 and then
apply the relationship found in eguation 1.2, we can
substitute for o in equation 2.2 with the expression

AQ

2 ¢
9 T Zu(cosf+cosw) ’ (2.3)

where 0¢ is the standard deviation of phase difference at the
point of observation. Since phase difference is directly
proportional to roughness for a constant incidence angle 6
the probability density for phase difference will also be
Gaussian. By substituting equation 2.3 into 2.2 and normal-

ising we obtain

2
p(¢) =—l——~—-exp . (2.4)
c¢/7ﬁ 2o$

For values of phase difference greater than m total destruc-
tive interference can take place producing regions of
complete darkness in the speckle pattern. Such a pattern

is termed 'fully developed' and the surface which produces

it as optically rough. On the other hand, surfaces which



produce phase shifts considerably less than m will reflect
light specularly and are considered optically smooth. 1If 0¢
is taken as a representative value of phase difference for
the whole speckle pattern we see from equation 2.3 that for
zero angles of incidence and scatter, and a Helium-Neon

light source, that surfaces rougher than = 0.2um may be
considered optically rough. For angles greater than zero
this value will rise until, at glancing angles (i.e. 8=w=90),
all surfaces will reflect light specularly. Thus even the
rough surface of a road can act as a specular reflector if
the sun and observer lie near a line tangential to the road

surface.

This ability to adjust the visual roughness of an object
by changing its angle to the illuminating beam, and the

effect this has on the speckle pattern, allows estimates
to be made of surface roughness parameters for a wide

range of objects.

2.2 Speckle Contrast

The loss of speckle visibility which occurs as g, decreases
can be expressed in terms of speckle contrast which is

defined by the ratio

C = L, (2.5)

where OI and <I1> are the standard deviation and mean values

of speckle intensity.

Contrast is not difficult to obtain experimentally, but
to be of any practical use its relationship to the surface

parameters roughness and coherence length must be determined.

The following rather lengthy derivation of speckle contrast,
is modelled after the work of Beckmann {ref 2.1} and Goodman
{ref 2.2}. Where pertinent, detailed references to their

works are given.
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Consider again the random walk situation pictured in
figure 2.1. From this diagram we see that the resultant

light intensity at the point considered is
I = |A]%? = |x%+y?| = x%+y? = (Acosy)?+(Asiny) ?, (2.6)

where x and y are the real and imaginary components of A,

" the resultant amplitude phasor.

From this expression the mean light intensity over the whole
speckle pattern can be found, since as x and y are indepen-
dent (see below), we have

< T% = <x2+y2> = <x2>+<y2>_ (2.7)

The variances of x and y are defined by the expressions

oi = <x2>—<x>? and U; = <y2>—<y>2’ (2::8)
so 2.7 becomes
I = 0i+<x>2+U;+<y>2. £2::9)

Using (2.8) we can determine 9. since for similar reasons

2 (2.10)

gy = <I%>-<1>?,

We already know <I> from equation (2.9) but <I%> is some-

what more complicated and may be expanded as follows
EFy = @RS = 4 [yt e

(2:11)

<x*>+2<xPy oy,

To express this result in terms of the more easily obtained
parameters used in equation 2.9 requires knowledge of the
probability distributions of x and y over the whole speckle
pattern. Since the number of scattering centres contribu-

ting to the intensity at any point will be very large and
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because we have assumed that each scattering centre is
essentially independent from its neighbours we can therefore
infer that x and y will satisfy the central limit theorem

and thus be normally distributed {ref 2.1 p 191}. Hence we
have the expressions

) il — (x=-<x>)2
g V2 20i

X

I

and ) (2.12)
i i -<y>)”
ply) = exp | - kyesarl .
o V271 207
¥ ¥
And because
e = Jpladxtdx, (2:13)
we have
22 - 2
<x> = 1 I exp|- AxRE x*dx, {2:14)
g V21 - 202
X X
which after some rearrangement becomes
4 exp(-g*/p) 2y b
x> o= 2 L2 Jexp(2gx-px ‘) x'dx, {2.18])
o V2n —oo
X
where p = e and q = 6.1
207 V.
X X
This is a standard integral {ref 2.3 p 337} with the
following solution
4 exp(-q?/p) Oi i @l g’
<x*> = L (q-exp(2 )). (2.16)
o V2 4 J\P| aq? P
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After carrying out the differentiation and substituting

for p and g we obtain

<x'> = 3g;+6<x>20i+<x>“, 4 g 3 )

and similarly

cpts = 3o;+6<y>2c;+<y>“_ {2.18)

To solve <x?’y?> we first note that the correlation
coefficient
<XYy>—-<X><y>

SRy} = —— = My (2.19)
XYy

since by using the information in equation 2.6 we see that
<Xy> = <A’cosysiny> = 0, (2.206)

for a symmetrical distribution of y, and that rotation of

the mean amplitude phasor in the complex plane allows us to
set <y> = 0 without affecting any observable parameters.

Since x and y are uncorrelated (and independent since both
are Gaussian variables) we have from statistical theory
{ref 2.1 p 188} that

o0 (s 9] [s0]

<x’y?> = [p(x,y)x?y?dxdy = [p(x)x?dx [p(y)y?dy, (2.21)

-—00 -_ 00

which from equation 2.8 is simply

intytis = (gi+<x>2)(c;+<y>2)

glo2eensta? , (2.22)
%Y y

since <y> = 0.
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Using the results obtained in equations 2.5 and 2.10 we

obtain the following expression for contrast

1
. e e

P £

{4+ 43)

By substituting for <I> and <I?> using equations 2.9 and
2.11 and for <x">, <y"> and <x*y?> using equations 2.17,
2.18 and 2.22 this equation then becomes *
i
(2(G“+o“)+4<x>20i)2

o X_y . (2.24)
2 2 2
OX+Gy+<x>

Identical to the result obtained by Goodman {ref 2.2 p.72}.

Now we need to determine a relationship between the various
parameters in this equation and the surface roughness of
the object responsible for the speckle pattern. From

figure 2.1 we saw that

A = ?(Aiexp(j¢i)) = ?(Aicos®i+insin¢i), (2.25)

where the summation ranges over all n scattering centres
contributing to the resultant amplitude.

Comparison of equations 2.6 and 2.25 shows that
B = ?Xi = ?Aicos¢i and y = ?yi = §A151n¢i, (2.26)

where X, and y, are the real and imaginary components of

phasor Ai.

For the moment it will be assumed that all scattering centres
scatter equal amounts of light. This means that Ai will
become a constant which shall be designated 'a'. The mean

value of x is thus

LS = <in> = Z(Xi> = Z<ac05¢i>
i i i

1 For an alternative derivation of this equation see appendix G.
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= a§<cos¢i>, (i 2 )

since all scattering centres are assumed independent.
<cos¢i> 1s the ensemble average of cos¢. 6 over the whole
1

speckle pattern for a particular value of i. That is

[e¢]

<COS¢1> = fp(¢i)cos¢id¢i. (2.28)

- 00

For the case where all p(¢i) are equal, (a reasonable
assumption if the number of sampling points is large)

(2.27) becomes

& B = ¥ )
X ai_ip(¢i)cos¢id¢i
= HE fp(¢)cos¢id¢i
i -

na Sp(d)cospde. (2.29)

-0

Repeating the above process for <y> gives
oo

<y> = na JSp(¢)sinodd. (2. 300

From equation 2.8 we saw that

gt = wxfr=xgs?,
X

After substituting for x in terms of X, this becomes

g? = <(zxi)?>-<zxi>2_ (2.32)
- i i

But since we have assumed that all scattering centres are

independent, this simplifies to give

2

o}
1]

- D
5 1 . 1
1 i

Z<a2cosz¢i>~2<acos¢i>2
3 i



oo e 15

. 2y 2 ot 2
= & i_i?(fbi)cos $,d¢o. -a ?(ﬁip(d)i)coscbidﬁbi) . (2.
If all p(¢i) are the same, as previously assumed, (2.33)
becomes
Oi = a’n fp(¢)cos?ddo-a’n( Sp(¢)cosodd) 2. =
Now
fos) - l fo's) -¢'2 B . 3
Sp(¢)cospdd = Jexp cos¢de = exp(-%0;), (2.
—o0 V2TGQ - 20*
¢ ¢
and
o0 5 B l o0 —q)z g
Jpl¢)cos“¢de = Jexp|—— |cos ¢dd
—_ /—2_‘”1(:‘ -0 202
¢ ¢
= %(l+exp(-204)), (2
using equation 2.4 and Gradshteyn's table of standard
integrals {ref 2.3 p 480}. With these results equation 2.
simplifies to give
Gi = %azn(l+exp(—20;))—aznexp(-oé), (2
which is equivalent to
oi = %azn(l—exp(—cg))z. (2

33)

34)

35)

36 )

34

37}

38)

Using the result from (2.35) and substituting into equation

2.29 we obtain

<x> = naexp(-%0?). (2.

¢

In a similar manner we find for oy that

[e9] Q0

o; = a’n /p(¢)sin?¢do-a®n( Sp(¢)singde) ?. (3.

- e

38)

40)



16

Now
/p(¢)singde = fexp| = |singd¢ = 0, (2.41)
—oo 2mg  —™ 20°
P )
since we are integrating over an odd function, and
2 - R T 5
/p(¢)sin?¢de = fexp sin?¢do
_— J2no¢—m 2@%

2 LU e
¢)}, ( )

see Gradshteyn {ref 2.3 p 480}. Equation 2.40 then becomes

= Y(l-exp(-20

Qi = %naz(l—exp(-2aé)), (2.4 3)

and <y> (from equations 2.30 and 2.41) is zero, as expected.

As indicated by Beckmann {ref 2.1 p 128} these results will

also be correct if 'a' is replaced by <Ai> when the values

of Ai can no longer be assumed equal.

On substituting equations 2.38, 2.39 & 2.43 into (2.24) we

obtain
5 - i 9
e S = u Py 2 < - 28 73
o = Y2 (e n® ({1-B) "+ {1-8%) ¥} un "a B {1-8) *) ' (2.44)
kna’ ((1-B) °+(1-B”) +2nB)
o ( 3) ad a = ilp c 0 (see ti F.3)
where B = exp —u¢ an g = 3% oslt (see equaktien F.3j.

This may be simplified to give

y —pn2y 2 - 2 %
721 (1B} *+(1=B2} *+dnB { 1=B) *} ) (2.45)
(1~B) 4+ 1~8° b 42nB

Contrast therefore depends on only three factors: the
standard deviation of surface roughness, o the angle of

incidence 6, and the number of scattering centres n.



Ew
While 6 can be easily measured, n depends on a number of
factors including the surface correlation length T. For
speckle patterns produced in the image plane of a lens (as
depicted in figure 2.3) the area on the surface contributing
to the intensity at a point in the image plane is determined
by the diffraction limiting effect of the lens. The smallest
distance on the object which produces a resolvable image is
given by the well know formula

E :.._1._.‘_.2_.2_2‘_._’ (2.46)

2n'siny

where v is half the angle subtended by the lens at the
surface, and n' the refractive index of air. If T is taken

as the diameter of the scattering centre, n may be defined by

R e (2.47)

which after substituting for &, becomes

6 .37%"
.= 5 (2.48)

T2h ' 2 gin2y

For the more general situation depicted in figure 2.4,

where the lens is defocussed, n becomes
no= Jd° FPE, (2.49)

where d is the diameter of the illuminated area contributing
to the intensity at the detector. This formula also applies
to the lensless situation in figure 2.5 (the pattern pro-

duced with this arrangement is termed objective speckle).

With n defined we can now consider what happens to speckle
contrast for various surface conditions. Figures 2.6 and
2.7 plot contrast as a function of 6 for various values of
o and n. From figure 2.6 we see that (as expected) con-

trast is reduced for decreasing surface roughness with a



Figure 2.3 Speckle formed in the image plane of 18

a lens ('subjective' speckle)

laser illumination

image

4¢:, plane

rough surface

Figure 2.4 Speckle formed in the defocus plane of

a lens

laser illumination

defocus
— plane

Figure 2.5 Speckle formed without a lens ('objective'

speckle)

laser illumination

diff-

raction
plane




Figure 2.6 Contrast as a function of g, and 8 for constant n
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particularly large drop for o 0.15uym. This confirms the

result obtained in section 2.1 concerning the transition

point between a rough and smooth object.

Figure 2.7 shows that contrast is also reduced for increasing
values of n, larger numbers of scattering centres tending to
'smooth out' the speckle pattern. In addition, both figures
show that for small angles of incidence (and optically rough
objects) speckle contrast is unity, while for glancing angles
of incidence uniform illumination results, with contrast tend-

ing toward =zero.

2.3 Probability Density of Intensity

Although the intensity contrast of a speckle pattern has
many applications the probability density function (from
which the contrast can be derived) can, if presented in
graphic form, provide additional information which may not

be evident from the contrast.

In equation 2.12 we obtained expressions for p(x) and p(y)

and by using the fact that p(x,y) = p(x)p(y) we have the
result
. 2 2
pi(x,y) = hl—q exp [ - X “’;” = o |, (2.50)
kay 20x 20;
where we have again assumed that <y> = 0. Since x and y

are not directly measurable we need to change to a set of
variables which are. The most straightforward conversion
is to polar coordinates where

X = Acosy and y = Asiny. (2.51)

Substituting into (2.50) gives

o 2 : 2
p(Acosy,Asiny) = e exp|- (Acosy-<x>)* _ (Asiny)
2m0_0O 202 52
X VY - v

{2.52)



Figure 2.7 Contrast as a function of n and 6 for constant o,
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Now
ee] m o
SIp(x,y)dxdy = [ Sfp(A;{)dady = 1, (2.53)
-— 00 _-n-—m

and since dxdy = AdAdy the left hand side of this

expression becomes

T o0
/ /p(Acosy,Asiny)AdAdy = 1. (2.54)
-.‘n_,,m

Comparison of (2.53) and (2.54) shows that p(a,y) =

Ap(x,y) so (2.52) becomes

2m0 ©

p(A, V) = - exP(
Xy

» 2 A
_(Acosy-<x>) _ (Asiny) . (2.55)
2g* 202
X y
From probability theory we know that
i

p(a) = [p(A,y)dy. (2.56)
- T

This integral is rather complex and rather than reproduce
the solution here the interested reader is referred to
Beckmann {ref 2.1 p 124} who produces the result

A <x>? (02+05)A2
p(A) = exp |- - X x

5 2
% T i=53"g 1 ("‘—Y-.AZ T, [2EEE (2.57)

function of order m.

With this result obtained we will now consider a number of
physical situations which will be covered in the experimental

part of this thesis.
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2.4 Probability Density Function for a Fully Developed

Speckle Pattern

First consider a normally illuminated surface with a
roughness such that c¢>>n. From considerations in section
2.2 we know that the resultant speckle will be fully
developed i.e. it will have a contrast of one. Since
these conditions will apply for the majority of natural
surfaces, it is interesting to consider what form the
probability density of the speckle intensity will take.

I 0¢>>n, p(¢) will be practically flat over the primary

interval (-m»m) and we can simplify equation 2.4 to give

p(¢) = 5— for |¢|<n
(2.58)

0 for |¢]|>m,
since all phase shifts outside the primary interval will
have an equivalent phase shift v less than m, i.e. for

|¢|>m,¢ = gn+v where g is an integer.

This being the case, equations 2.38, 2.39 & 2.43 simplify

to give
<x> = 0 and (2.59)
62 = g% = %na? (2.60)
X Y

p(A) then becomes, after substitution and simplification

2a A’ m_
= —_— — —_— 2-
p(A) .2 exp ( oy L(-1) e I.(0)Iy, (0), (2.61)

and since

_ {l for m = 0
I,00) =19 for m # 0
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the only non-zero solution occurs when m=0. p(A) is then
2
pla) = 2B agn {2 |, (2.62)
na? na?

To find p(I) we note that

oo oo

fp(AldA = [fp(I)dI = 1, (2.63)
0 0

as p(A) is not normalized i.e. [p(A)dAa = 2.

In addition

T = [A|F+d1 = 2ndn,
therefore
p(I) = —lp(A) = et emplw B 5 exp| - : . EZEJBA)
2A na fnat 2g° g 2
since o? = g2 = kna‘.
X Y

Now <I> from equation 2.9 is just

215 = gfdetienrteey>? = Pot | (2.65)
% Y X
therefore
BN = =1 (2.66)
P = 21> exp(<1>). )

An additional function which can also be easily obtained

is the probability that the intensity exceeds I since

[oe]

e P
{p(I)dI = <I){exp(

<I>

P(I) )dI

exp(;£>), (2.67)
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which 1s directly proportional to p(I). These two
functions are plotted in figure 2.8 where it can be seen
that the most probable intensity in a fully developed

speckle pattern is zero.

2.5 Probability Density of a Partially Polarized

Speckle Pattern

The results obtained in equations 2.66 and 2.67 were
derived by assuming that all the light amplitudes were
scalars. This assumption is only correct if the light
producing the speckle pattern is plane polarized. 1In
many situations this is not the case and to produce
probability densities for such speckle patterns requires a
somewhat different approach. The particular situation to
be considered in this thesis is the speckle pattern
produced by a partially polarized laser. As will be
explained in chapter three such a laser divides its power
between two orthogonal planes of polarization. Each of
these components will produce a separate speckle pattern

so that the resultant amplitude will, from figure 2.9, be

B, = A I+A ], (2.68)
where i and j are orthogonal unit vectors. With this

result the net intensity will be

By = [B,]% = AX2+AY2 = I *I. (2.69)
The total observed intensity is therefore equal to the
sum of the intensities of the two orthogonal components.
If the two speckle patterns are not fully correlated (i.e.
if they are not identical in form and position) then the
probability of a zero intensity in the pattern will be
reduced because of the overlapping of speckle. The
probability density and contrast for such a situation are

derived in Appendix A and plotted in figures 2.10 and 2.11l.
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Figure 2.9 Amplitude composition for a partially

polarized speckle pattern
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These results show that the probability of a low intensity
is reduced as the amplitudes of the components become more

similar, reaching a minimum when <I > = <Iy>.
X

Results obtained in chapter six indicate that when partially
polarized light is scattered from a metallic surface little
decorrelation of the two components results. This means

that the speckle pattern will still have a probability
density function given by equation 2.66. It is probable

that if such light were scattered from a non-metallic surface
decorrelation of the pattern would result. Figure 2.12,
reproduced from Goodman's work {ref 2.2 p 25}, shows this
situation for <Ix> = <Iy>, and for various values of

correlation coefficient Cy;.

2.6 Probability Density of a Speckle Pattern Produced

by a Surface with a Low Value of ¢

o

For smooth surfaces, or objects illuminated at glancing
angles of incidence, we can no longer assume that o¢ is
large and so must use equation 2.57 as it stands. From

equation 2.64 we know that

.
p(I) = 2Ap(A)

(2.57) therefore becomes

0 —-<x>? I(O;+02)
p(I) = 20.0 eXp = .
x"y 202 " o
X Xy
0,-0, < >I%
% Tit=1i"e ¥ [—=—Li I it (2.70)
m R ek e W o
¥ X

Numerically this equation is not easily solved since Im(x)

is given by the series {ref 2.1 p 183}

L &% m+2s .
, STm¥sI T (3) ' (2. 71)

I x} =

N~ 8

s



Figure 2.12 Probability density functions of intensity for the sum of two speckle
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and for m = 0 values of ¥ = 40 and s = 15 will set (g)m+252

1x10%, a number larger than the computer used to perform
the calculations in this thesis could manipulate. Because
of this problem direct comparisons could not be made bet-
ween experimental and theoretical probability density
curves, but some idea of the form expected can be obtained
from figure 2.13 which reproduces a series of curves drawn
by Asakura {ref 2.4 p 23} for a variety of rough surfaces.
If we assume that these results were obtained using normal
illumination of the object we can calculate, using equation
Fs:3; 0¢ for each of these curves. The results are listed
below (for X = 632.8nm) .

Surface or(um) o¢(radians)
A 0.140 D T8
B 0. 0706 1..39
e 0.047 0.93
D 0.040 0.79

2.7 Speckle Size and Displacement

So far we héve considered speckle statistics in terms of
the contrast and probability density functions. These
results can be used to obtain information about the scat-
tering surface and illuminating light source. However
they cannot give information about the average size of

the speckle or the effect that a change in the position of
the object would have. Such information can be found by
determining the auto and cross-correlation functions for

the speckle pattern.

Speckle Size

In many experiments involving speckle patterns it is
important that the detector used is smaller than the
smallest speckle produced, otherwise information can be

lost. For this reason knowledge of the characteristic



Figure 2.13
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size of speckles for a particular optical arrangement is
necessary. Rigorous derivation of this size is possible
by determining the width of the autocorrelation function
for the speckle pattern, but does involve fairly complex
mathematics (for details see ref 2.2 section 2.5.1).

The following, rather simplistic, model produces identical

results with considerably less effort.

Consider figure 2.14 which shows a circular beam of col-
limated light illuminating a sheet of ground glass.

Each scattering centre on the surface may be considered
to be a tiny imperfect converging or diverging lens, at
some arbitrary inclination to the normal. If the surface
is rough enough scattering centres over the whole object
with a common focal point will contribute light to produce
a speckle at that point. If we replace this particular
group of 'pseudo lenses' by a lens having an identical
focal point but a diameter >d the speckle will have a
characteristic size given by the radius of the Airy disc

produced by this lens, i.e.

il (2. 72)
n sina

which, for small angles o, becomes

0.61) _ 1.22AL

- %n'd/L n'd (243

¢

Therefore the diameter of the average speckle (i.e. the

distance from minimum to minimum) will be

2.44ML (2. 74}

28 = 'd

In situations where image or subjective speckle is being
studied the limiting aperture in the system is now a real
lens (see figure 2.15) so that only light from a small area
on the surface will contribute to the intensity of each
speckle. This arrangement will also have a speckle size

given by the diameter of the Airy disc produced by the lens,



Figure 2.14
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1;8,
_ 1222
26 = N A (2:75)
where N.A. = n'siny, the numerical aperture of the lens.

Note that both these results are twice as large as the
values obtained by other writers {ref 2.2 p 207} who used
the radius, rather than the diameter of the Airy disc as

a measure of speckle size.

To indicate the wide range of speckle sizes that can be
produced consider the following results obtained using

A = 632.8nm and L = 20cm for objective speckle. If

o,
I

10em #hen 24 = 3Jim

100um then 26 = 3mm

o
1l

The optical arrangement must therefore be carefully
selected so that the speckle size produces optimum results

from the available detector.

Speckle Displacement

As we have seen in previous sections speckle is produced
by the complex interference of light scattered from a
rough surface. If the surface were to be displaced by a
small amount one would therefore expect that the speckle
pattern would be displaced by an equal amount, and that
as long as the displacement did not introduce too many
new scattering centres into the illuminating beam little
decorrelation of the speckle would occur. Observation of
real speckle patterns shows that this is indeed the case.
There is thus the possibility of producing a non-contact
method for the measurement of in-plane displacement of an
object by cross-correlating the speckle patterns before

and after the displacement. Movement can then be deter-
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mined by finding the lag at which maximum correlaticn
occurs between the two patterns. Experiments along these

lines will be discussed in more detail in chapter six.
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3 Description of the Experimental Apparatus

In this chapter the experimental apparatus and arrange-
ments used to test the results obtained mathematically in

the last chapter will be described.

Five main experiments were carried out and are listed

below.

i) Measurement of the probability density function and
contrast of a fully developed speckle pattern using

a linearly polarized laser.

ii) Measurement of the probability density function and

contrast of a partially polarized speckle pattern.

iii) Measurement of the probability density functicn and
contrast as a function of incidence angle and surface

roughness.

iv) Displacement measurements of translating and rotating

objects.
v) Measurement of speckle size.
In addition a number of tests were made on the various
pieces of apparatus used, to check their suitability for
performing the above experiments. These will be described
in chapter 6.

What follows is a brief description of the apparatus used.

3.1 Apparatus Summary

All experiments (apart from (i) above) were carried out
on a heavy steel plate (approximate size 90 x 70 x 4cm)
mounted at each corner on a pile of newspapers. The

resultant system was therefore reasonably well isolated
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from external movement (although this was not a critical
factor in most experiments as exposures were made in
v 65ms) and ideally suited for magnetically mounting

optical apparatus.

The light source used was a Spectra Physics helium-neon
laser with a rated output power of 4mW. This laser was
only partially polarized and so experiments requiring
linear polarization (such as (i) above) were carried out

using an 80mW polarized laser.

To allow for a variety of possible apparatus positions the
4mW laser was mounted on an adjustable lamp jack which in
turn was bolted to the steel table. BAll lenses, filters,
and apertures were mounted on plastic holders which could
be attached to magnetic stands. These proved to be very

stable and allowed easy adjustment of component positions.

Two devices were built which allowed a selected object to
be moved a small measured distance. The first was a
translating stage which caused a block of aluminium (to
which the test object was attached) to move in a vertical
direction as a micrometer was adjusted, while the second
rotated the test object about a fixed axis. Both pieces
of apparatus were attached to the steel table with strip

magnets for stability.

The final component in the system was the detector. This
was mounted in a perspex case and placed on another lamp

jack.

An overall plan view of the experimental apparatus arranged
for measuring surface displacement is pictured in figure 3.1.
Included in this diagram are the microprocessor and oscil-

loscope used to record and analyse the optical data.

We will now consider each component of the optical system

in more detail.
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3.2 The Laser

The laser used in most of the above mentioned experiments
was a 4mW helium-neon laser operating in the TEMy, mode
with a measured beam divergence of 1.2mrad. This laser
was found to have adequate brightness for most of the
experiments although some of the rougher objects used did
produce fairly weak speckle patterns. Its chief short-
coming stemmed from the fact that it was not linearly
polarized and for one set of measurements it was necessary
to use an 80mW linearly polarized laser. Unfortunately
this laser was fairly large and so could not be used in
conjunction with the steel table for some of the more
difficult experiments . To clarify this polarization
problem the following excerpt (from ref 3.1 section 2)

is given.

Partially Polarized Lasers

All lasers produce an output which, depending on the
design of the laser, will be either a single linearly
polarized beam or a beam comprised of two orthogonal.,
linearly polarized components. Lasers having an unspecil-
fied orthogonal polarization (often incorrectly referred
to as unpolarized or randomly polarized) have an output
comprised of two collinear beams of linearly polarized
light of slightly differing wavelengths, separated in
frequency by c¢/2L where L = optical path length of the
laser cavity. The planes of polarization of these beams
are orthogonal to each other. The physical orientation
of these planes does not shift randomly over time, but

is permanently fixed in relation to the physical structure
of the laser - the particular orientation being dependent

on the various asymmetries of the plasma tube.

While the power output in plane A plus plane B is always
100% of total power, mode sweeping (illustrated in figure

3.2) causes the component values of A and B to shift



Figure 3.2
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randomly and approximately inversely with respect to each

other over time.

3.3 Lenses, filters, and apertures

Only four lenses were used in the experiments. They had

the following characteristics:

i) 2 convex lenses with 72mm focal lengths and diameters

of lom.

ii) 2 microscope objectives with focal lengths of 16 and

10mm and diameters of 5mm. (All focal lengths * lmm).

The two larger lenses were used as part of the spatial
filter and to adjust the spot size on the object. They
were mounted in holes drilled in squares of perspex and
held in place with a drop of glue. The smaller microscope
objectives were used to expand the beam up to a large
enough size (3+4cm) so that the detector was uniformly
illuminated. They were also used to adjust the sensitivity
of the displacement measurements. Because of their small
size and thin edges these lenses were mounted between

plastic slide holders which clipped together.

Thus mounted, all lenses could be clipped onto a stand
which was then fastened to the steel table by a strong

magnet. (See figure 3.3 for diagrams).

For many of the experiments (in particular, measurements
of surface roughness at glancing angles of incidence) the
beam intensity was too high, so a number of attenuators
were made by mounting partially exposed sections of film
on a magnetic stand. Because they were often scratched
the films were placed within the spatial filter (to be
discussed in section 3.6) to remove the speckle that

would otherwise have been produced.
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To adjust the beam size & block off unwanted light three

apertures were used with the following characteristics:

i) A 200um pinhole for use in the spatial filter (mounted

between slide holders) .

1i) A 1lmm hole drilled in a sheet of aluminium to block
off unwanted light. (This clipped directly onto a

magnetic stand) .

1ii) An adjustable iris (from 0.5+30mm) for varying speckle

size. (Since from equations 2.72 and 2.75 we saw that
speckle size is dependent on the angles a and f which
can both be varied by introducing an aperture into

the system.)
To test the effect polarizing the beam had on probability
density and contrast, a slide of polaroid was also used.

This clipped directly onto a magnetic stand.

Diagrams of the above mentioned components may be seen in

figure 3.4."

3.4 The Translating and Rotary Stages

These two pieces of apparatus were most important as they
allowed a test object to be mounted and moved over very
small distances - a necessary requirement for both dis-

placement and surface roughness measurements.

The first device to be considered is the translating stage
which is drawn in elevation and plan view in figure 3.5.
A block of aluminium, so shaped that it can slide freely
up and down in a set of grooves, sits on the barrel of a
micrometer which is bolted to a thick perspex and wood

stand. By adjusting the micrometer the object could be

moved up or down over the required distance.
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The gsecond device is the rotary stage pictured in figure
3.6. The micrometer is now mounted horizontally and pushes
(or pulls with the aid of a button magnet) a lever arm
attached to an axle. This axle has an aluminium disc
screwed to it to which various objects can be attached.
Both stages have magnetic strips bonded to their bases to
ensure stability, yet allowing positioning on any part of
the table.

The rotary stage was found to be the more suitable device
for displacement measurements because of its smoother
action and greater sensitivity. (By placing objects close
to the centre of the disc displacements of less than lum

could be obtained) .

3.2 Test Objects

For measurements of fully developed speckle statistics or
speckle displacement, the form of the surface texture is

not particularly important as long as it is optically

rough and reasonably reflective (to obtain adequate light
for detection). However for surface roughness measurements,
the surface should have as little waviness as possible and
an even degree of roughness over the whole object. To
achieve this pieces of aluminium and glass (approx 2 X 3cm)
were ground with various grades of carborundum grit, on
plate glass, until the desired surface texture was obtained.
Due to the differing hardness of these two materials it

was not expected that identical surface roughness would

result.

When carrying out an experiment the appropriate test object
was mounted on either the translating or rotary stage with
double sided adhesive tape. This was found to produce a

surprisingly rigid bond.

Transmission speckle patterns (as in figures 2.14 and 2.15)

were obtained by shining the laser onto one of the glass
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objects which was fixed to the edge of the rotary stage.

3.6 'The Spatial Filter

One item of optical apparatus which deserves special
mention and which was used in many of the experiments is
the spatial filter. If light from a laser is expanded
using a microscope objective it is seen to contain
diffraction rings and other imperfections. These result
from the interference effects of light scattered by dust
particles, and from mirror defects within the laser. The
ideal profile for a TEM,, laser has a Gaussian shape. The
addition of the above mentioned imperfections will lead

to unwanted intensity fluctuations superimposed upon this

profile (see figure 3.7) 1i.e.

I +
actual Iideal 1noise

noiseusually varies rapidly over distances smaller than
¢ where € is the distance from the central axis at which
I has dropped by a factor of e”?. The average spatial

wavelength of the noise is therefore much less than that

of the ideal beam.

If the light from the laser is observed in the focal plane
of a converging lens the resultant intensity distribution
will represent the optical power spectrum of the light

(see figure 3.8). Because of its higher spatial frequency
the noise component will be separated from the ideal curve,
and may be selectively removed from the beam by introduc-
ing an aperture of the appropriate size. This selective
removal of a particular band of spatial frequencies corres-
ponds directly to the low pass filter used in electronics
and so may be termed low pass spatial filtering. The
optical arrangement used to achieve this is illustrated

in figure 3.9.

In situations where the light intensity is too high the
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spatial filter may be used as an attenuator. If a section
of partially exposed film is placed between the lens and
aperture, speckle produced by imperfections in the film
will be blocked because of its high spatial frequency,

leaving a (reasonably) clean, attenuated beam.

3. The Photodiode Array and Microprocessor

These are the two most complicated components used in the
experiments and so will be considered separately in the

next two chapters.

3.8 The Optical Arrangements Used During the Experiments

Rather than reproduce a large number of similar diagrams
for the various optical arrangements used, this section
will contain all the important diagrams. These will be
referred to when required. More detailed diagrams will

be presented where necessary.

The three major optical arrangements used in the experi-

mental section of this thesis are for:

i) Surface roughness measurements. This setup is
pictured in figure 3.10. Light from the laser is
filtered and then adjusted to give the correct spot
size on the object by L;. The light scattered in
the specular direction (ein6=8ref=fﬂ is collected by

L; and expanded to evenly illuminate the array.

ii) Surface displacement measurements. In this experi-
ment (pictured in figure 3.11) light from the laser
is not filtered but falls directly onto lens Li which
is used to adjust the apparent source of the light as
seen by the object. As will be explained in chapter
6 this has the effect of varying the sensitivity of
the apparatus to displacements - hence the reason for

not using the spatial filter which would complicate
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matters. The light scattered by the object is then
intercepted by the array. The angle the array makes

with the object normal is not critical.

11i) Surface displacement measurements using the rotary
stage. In experiments where transmission speckle
patterns are to be viewed this arrangement (pictured
in figure 3.12) is used. Light from the laser, again
unfiltered (for the reasons given above) is expanded
by lens L; so as to fall on a glass object attached
to the edge of the rotary stage. The array side of
this object is roughened and so produces a speckle
pattern which is then detected by the array. It has
been found that the array should be kept parallel to
the object, since adjustment of this angle produces

undesirable variations in sensitivity.
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4. The Photodiode Array

Central to the success (or failure) of this thesis was the
use of a charge-coupled photodiode array as the detector.
This device was chosen for the three basic reasons listed

below:

i) Used in conjunction with a microprocessor the array
allows electronic measurement of speckle statistics
without resorting to more conventional techniques (such
as a vidicon and minicomputer system) which although

more sophisticated are also complex and expensive.

ii) The charge-coupled device is a fairly recent addition
to the optics field and so investigation of its use-
fulness from a general research point of view was

deemed a worthwhile pursuit.

iii) Because the system is largely electronic, control is
simple, and fast analysis of data is possible, unlike
the standard photographic techniques which often require

much time and skill in their development and analysis.

4.1 Description of the Fhotodiode Array

After reading the work of Stephens et al.{ref 4.1} it was

decided that a Reticon 256 element linear array would be

used because of its high resolution and reasonable cost.

This array (with reference to figure 4.1) is comprised of
a line of 256 photodiodes (or pixels) with two 128-element
shift registers placed on either side. Each pixel has an
active area lé6pum square with no significant gap between
adjacent elements. The detector therefore has a light

sensitive region l6um wide and 4.096mm long.

Light incident on the sensing aperture generates a photo-

current which is integrated and stored as a charge on the
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Figure 4.1 Simplified schematic diagram of the photodiode
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capacitance of each photodiode. When the set integration
(or exposure) period is completed analogue switches are
closed causing charge to be transferred in parallel to two
charge-coupled shift registers. For reasons of compactness,
odd pixels (that is pixels 1,3,5 etc) have their charge
transferred to a shift register on one side of the array
and even pixels to one on the other. This means that the
data obtained by the array is split into two separate sets
which correspond to a sampling of the light intensity at
32um intervals. This data is reassembled by a multiplexing

circuit external to the array.

In figure 4.2 we see that the shift registers are made from
a strip of p type silicon substrate overlaid with a thin
film of Si02. Groups of 4 conducting electrodes connected
to a 4 phase clock are bonded to this surface layer.
Between each of these groups is a region of n type material
which is diffused into the substrate to act as an input
source for each of the pixels. The charge produced by

each of these pixels is then transferred from this input
source and along the substrate by proper manipulation of
the voltages .on the conducting electrodes. Figures 4.3 and
4.4 show this process in more detail. These figures and
the following discussion have been adapted from a paper by
Barbe {ref 4.2} and though not identical to the actual
processes which occur in the array they do give a simplified

illustration of what happens.

At time t=t, the two input regions under consideration each
have an amount of charge proportional to the light intensity
on their relevant pixel. Charge cannot move from these
regions because of the potential barrier set up by the
electrodes on either side. At time t=t,, the potential on
¢, is made positive forming a well under the ¢, electrodes.
Charge will then flow from the ¢; wells to the b2 wells,

At time t=ts3, the potential on the ¢, electrodes has been
reduced so that the remaining charge in the ¢, wells will

be pushed into the ¢, wells. By t=t, all the charge which
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was under the ¢, electrodes will have been transferred to
the ¢, electrodes. This process is repeated, transferring
charge to ¢3 and ¢4, and then onto the next ¢, electrode.
When each packet of charge reaches the end of the register
it is passed on to a charge detection circuit which converts

it to a proportional voltage.

One particular aspect of the array which has not been con-
sidered is its antiblooming facility. If the charge accum-
ulated on any photodiode exceeds a saturation value, the
excess is shunted to an external circuit to avoid overload.
This action may also be externally controlled so that the
integration time can be made shorter than the readout time.
(This facility would be useful at high light levels where

the integration time must be kept very short).

For a more detailed description of the array and charge-
coupled devices in general the reader is referred to Barbe's
paper {ref 4.2} and the various Reticon specification sheets
{ref 4.3 and 4.4}.

4.2 The Array Interface and Controlling Circuitry

To simplify construction interface boards were obtained with
the array. The following discussion summarizes the descrip-
tion of the interface circuitry as given in the Reticon

instruction sheets {ref 4.4}.

All timing in the array interface system (see figure 4.5)

is controlled by a master clock which is derived from a

2MHz crystal oscillator external to the array circuitry

This drives a divide by 256 circuit to produce a stable
7812.5Hz square wave. This waveform is then fed to a group
of flip-flops which produce the required 4 phase clock pulses
$1>¢y which have a period of 512us. (Four times that of the
master clock). These clock pulses are then passed through
various shaping circuits which delay their fall time for

optimum charge transfer.
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The master clock also feeds a divide by n counter which,
after a predetermined period (called the integration time),
produces a transfer pulse which initiates data exchange
from the photodiodes to the video output. During this

data transfer the charge on the photodiodes is removed by
applying a reset pulse to the array. Once reset, the pixels
are again ready to provide intensity information after the
elapsed integration period. Because of this dual action
(i.e. outputting old data while new information is being

assimilated) there is little dead time between each scan.

Correct biasing of the array is obtained by adjusting R15
and R16. The odd and even outputs from the array are
balanced and summed by R28 and preamp Al. Because the
registers deliver their charge packets alternately the

output from Al will be a stepwise continuous video signal.

The video signal from each output is alternately set to a
high level of 6V and then released to carry the video infor-
mation at a lower level of around 2.5V. After combination
and buffering the maximum video signal has an amplitude of
approximately 2.5 volts peak-to-peak, riding on a (dark)

bias level of approximately 4.5 volts.

The remaining analogue circuitry conditions this signal so
that output is grounded for dark conditions and has a value of
up to 2.4 volts when illuminated. This is achieved in the
following manner. During data transfer from the pixels to
the shift registers the D.C. restoration switch (SW1l) is
kept closed so that the voltage across C20 is 4.5V (DC bias
level). When data is available from Al SW1l is opened leav-
ing C20 connected to A2 with 4.5V still across it. As each
pixel output becomes available it is sampled by SW2 and
stored on Cl3. C20's effect is to subtract 4.5V from the
voltage across Cl3 leaving the video data to be buffered

by AZ2.

R29 and C23 form a simple RC low-pass filter to minimize
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residual switching spikes, and Cl2 is adjusted to minimize

the spikes produced as SW2 is opened and closed. The
resultant video output, as well as the odd and even outputs

produced by the array, are pictured in figure 4.6.

4.3 Array Performance

On obtaining the array and interface boards it was found
that the array was partially defective as one half of the

odd pixels did not produce any output.

Since time was not available to go through the necessary
channels to obtain a replacement it was decided to use the
array as is, but to ignore the odd video output. This was
achieved by disconnecting the odd video output from R28 and
connecting a dummy resistance in its place. With this done,
the resultant data was made up of 128 pulses, corresponding
to the output of 128 pixels spaced at 32uym intervals. As
long as the structure of the speckle pattern being studied
did not have too high a spatial frequency the data thereby

obtained would still be useful.

Because half the data was no longer available the output
waveform (as illustrated in figure 4.7) was different. It
was found, by trial and error, that the video signal had
minimum amounts of non-uniformity with the dark level adjust-
ed to ™~ - 0.5V and the saturated level to ™~ + 2.5V. Actual
voltage values were not found to be particularly stable

being subject to thermal drift, so that compensatory meas-

ures had to be taken when analysing the data.

Because only 128 pixels were active, results obtained from
one scan did not always contain enough sample points to
produce an accurate picture of the various statistical
parameters used in analysing speckle patterns. To overcome
this problem a number of scans were made over various parts
of the speckle pattern and stored for later analysis. In

this way statistical results could be obtained which
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appeared to have been produced by a detector with many

thousands of pixels.

Once adjusted, the array and interface circuit boards were
mounted in a perspex container (size 161 x 120 x 44mm) and
connected, via an 8 core ribbon cable, to the controlling
computer to be described in the next chapter. Checks were
then made of the array's response to various light inputs.
Figure 4.8 pictures the array mounted in its container and
itemises the input-output lines which connect it to the

computer.

Since measurements of the array characteristics required
the microprocessor, results from these tests are not given
until after the next chapter. We can however list the
manufacturer's specifications for the array so that a

comparison can be made when these results are presented.
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Table 4.1 Manufacturer's specifications for CCPD 256 array

Parameter (Symbol) Typical Value Units Notes
Dynamic Range (DR) 500 - 1
Spectral Response Limits e N pm i
Average Dark Signal (V. .) 10 mv 2
Dark Signal Non-Uniformity 10 mV 2
Responsivity (R) 2 V/uJem™? 3
Photoresponse Non-Uniformity +7 % 3;4
Saturated Output Voltage (%ﬁt) 1 \Y -
Peak-to-Peak Noise (ﬂp) 2 mv 5
Power Dissipation (P) 70 mwW =
Notes

1 Dynamic range is referred to peak-to-peak noise. It

is approximately 5 times higher when referred to r.m.s.

noise.

2. At 20°C with 30 msec integration time (integration time

for present set up is 256us x 256 = 65.536msec) .
3 Light source is a 2870°K tungsten lamp.
4. Measured with uniform illumination at 50% of saturation.

54 Peak-to-peak noise is approximately 5 times rms noise.
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5. The Microcomputer

To be of any practical use the intensity data obtained by
the linear array must be able to be stored and manipulated
quickly and accurately. The obvious candidate for such a

task is some form of computer.

Fortunately, a COSMAC 1802-based microcomputer, which had
been built by the author some years earlier, was available,
and for reasons of cost and time available it was decided
to use this to do most of the data manipulation, rather
than build a faster and more powerful processor from

scratch.

The original device was fairly limited having only 256 bytes
of memory and no faculty for long term storage of programs
or data. So the computer could be used for the desired
purpose the following additions were made to improve its

capabilities.

i) 512 bytes of permanent memory which held a simple hex
monitor and a routine for reading and writing programs

on cassette tape.

il) A cassette interface for use with the routine mentioned

inm i) .

iii) 3 kilobytes of random access memory to hold data from
the array and provide space for the necessary manipu-

lation programs.

iv) An 8 bit analogue-to-digital converter to convert the
analogue data produced by the array into a form compa-

tible with the computer.

v) An 8 bit digital-to-analogue converter so that inten-
sity data in the computer could be displayed in

graphic form on an oscilloscope.
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In addition the original unit had an 8 digit seven segment

display and a hexadecimal keyboard.

A block diagram showing these major components is given in

figure 5.l.

5.l The Analogue-to-Digital Converter

The subsystem of special interest is the analogue-to-digital
converter since any design defects in this part of the unit
could lead to erroneous results. With reference to figures
5.2 and 5.3 we see that the system is based on a National
Semiconductor ADCO0800P 8 bit A/D Converter. The manufac-

turer's specifications for this device are listed on page 71.
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Table 5.1 Specifications for the ADC0800P A/D converter

Parameter Typical Value Units Notes
Power Supply Voltage 5,-12,Gnd Volts =
Power Supply Current 15 mA =
Resolution 8 bits -
Non-Linearity 1 L8 . B 1
Zero Error +2 TR 2
Full Scale Error 2 L8 B 3
Clocking Frequency 50 to 800 kHz -
Conversion Speed 40 Clock Periods -

Start Conversion

Pulse Length 1 to 3% Clock Periods

Input Voltage Range from -5-+5 Volts 4
up to 0-10

Notes (LSB = Least Significant Bit)

1 Non-linearity is the departure of the device response

from an ideal linear transfer curve.

2 Zero error is the departure of the actual input
voltage from the ideal input voltage for a zero

output count. (Expressed in terms of digital bits),

3 Full scale error is the departure of the actual input
voltage from the ideal input voltage for full scale
output count. (Expressed in terms of digital bits),
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4. This range is variable and its limits are dependent

on V and V., (see figure 5.2).
max min

On receiving a start conversion pulse of the appropriate
length from the microprocessor this device will, after 40
clock periods, produce, by means of a successive approxima-
tion technique, a complemented 8 bit output proportional to
the input voltage. (With the clock rate as indicated this

corresponds to an 80us conversion time).

By adjusting VRl and VR2 the range of input voltages over
which the device responds can be varied. To be compatible
with the array output this range was set from approximately
-0.35 to 2.45 volts. The exact value of these limits was
not particularly important as long as they contained the
maximum and minimum values produced by the array. Subse-
quent processing referenced all measurements to the dark

video signal and thereby restored the zero level.

Measurements of complemented output count as a function of
input voltage were made. The results obtained are plotted

in figure 5.4. A least squares fit for this graph gave
Count = (91.4%0.2) x Ve, ® (32x1) < 5..1)

From this we can obtain the deviation of the actual curve
from the best fit line (i.e. the non-linearity). This turns
out to have a standard deviation of 0.75, within the * 1 LSB

specified by the manufacturer.

It should be noted that this unit was the third to be built,
the first two being designed along quite different lines.

The first used a simple ramp type system while the second
produced a pulse which had a length proportional to the

input voltage. Block diagrams of both these devices are
shown in figure 5.5. Both circuits were eventually discarded

in favour of the third option due to their relative complexity,
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slow conversion speed and non-linearity.
Once the data from the array had been converted to 8 bit
digital form it was then stored in blocks of 128 bytes in

the computer's memory to await further manipulation.

542 Programming the Microcomputer

A number of programs were written to investigate the situa-
tions and results discussed in chapter 2, in particular
measurement of surface roughness, surface displacement,

the effect of depolarized illumination, and average speckle
size. Since the basic instruction set for the 1802 is
rather difficult to use when it comes to performing even
simple mathematical operations, a 1 kilobyte maths package
was written which included a number of useful routines that
would make writing of the speckle analysis programs a lot
simpler. As software for the 1802 is somewhat limited all
these routines had to be written from scratch which, as can
be imagined, took quite some time! The resultant routines,
most of which were accessed by a one or two byte instruction,
are listed in table 5.2. All arithmetic is performed in

3 byte blocks with another byte being used to indicate sign
and overflow. This gives a decimal range of #(2?°-1), adequ-

ate for most of the tasks undertaken.

Because all the arithmetic is integer in form certain calcu-
lations could not be completed by the computer (determining

a standard deviation for example). However it was found

that by allowing the computer to perform the bulk of the
simple calculations (such as LI or II?) little time was

lost by completing the maths on a calculator. A more sophis-
ticated machine, with say a number crunching unit attached,
would not have this problem.

Most of the instructions in table 5.2 are self explanatory

being modelled on a (simple) programmable calculator.
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However, some of them do merit attention.

Instructions 10 and 11 allow (speckle) data to be loaded
into the X register, manipulated, and then returned to a
previous (or new) storage location specified by the

lower two bytes of register A.

Instructions 29 and 30 allow the program to run in machine
language when high speed is required. Compared with machine
instructions which take 8us to perform, most of the new
routines take between 100 and 1000us to run. Exceptions

to this are the multiply and divide routines and the XHex+
X, conversion which take tens of milliseconds. Despite
thelir slow speed these instructions improved program design

and readability greatly.

Once completed this package was stored on tape so that it

could be quickly reloaded (v12 seconds) whenever required.

In the next chapter the programs used to load and analyse
the laser speckle will be discussed and the experimental

results obtained will be presented.



Table 5.2

WA

Routines Developed for Speckle Analysis

General Maths Routines

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)

Go to cd

Go to abcd

Go to cd if X=0
Go to cd if X#0
Go to cd if X<0
Go to cd if X<A
Display X

X-+A

A-+X

M(A)+X

X+M(A)

Constant+X
Keyboard input =X
0-+A

0+all memories
Y+X+X

Y-X->X

YxX+Y

Y:X+X

X=X

Shift X right n times
Shift X left n times

Do subroutine at abcd

Return from subroutine

Key

1. abcd signifies an address
anywhere in memory.

2. cd on its own indicates
that ab is kept constant.

3. X,Y,Z and Q are stack
registers

4. 'A' is a general register,
(including the stack
registers) of which

there are 40.

(i.e. X+X/2")
(i.e. X»>xx2")

Shift stack up 1 X+Y+Z-+Q
Shift stack down 1 Q»Z-Y-+X

A=A+1

Return from subroutine if X=0

Run a machine code routine

Return from a machine code routine

X hex *X10

Display a word
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6. Speckle Analysis Programs and Experimental Results

6l Data Load Routine

The first program to be developed was one which loaded video
data from the array into the computer's memory. Because of
the speed at which this had to occur the program was written
in machine language and called as a subroutine from the main

program when required.

So the program obtained data from the array in the

correct sequence it first waited for an end of scan pulse
to be detected. When this had arrived the even video clock
(¢E) was monitored, and at the beginning of the second

low cycle a start conversion pulse was sent to the A/D
converter. After an 88us pause to allow for complete con-
version the data was loaded into the computer's accumulator,
complemented, and then stored in the appropriate memory
location. This process was repeated 128 times until all
pixel intensities were stored in memory. Control was then
returned to the main program. The total time required for

this process was around 65ms.

A pictorial representation of the above discussion may be
seen in figures 6.1 and 6.2 which show the timing diagram
and flow-chart for data acquisition. As can be seen from
figure 6.1 a lower limit is set on the integration time (ti)
by the conversion period (tc), and the time required to load
data into the computer (ti)' If shorter conversion times
were required a faster (and therefore more expensive) A/D
converter would be needed, and data would have to be loaded
directly into the memory, bypassing the microprocessor com-

pletely (a technique which was used by Stephens et al.

{ref 4.1} in their apparatus). An alternative solution to
this problem would be to use the antiblooming control in
the manner mentioned in section 4.1 and as described by

Reticon {ref 4.3}.
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Figure 6.1 Timing diagram for data conversion
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Key
1 Ei)T = End of scan, or transfer pulse. Produced once every scan
before data output.
2 ¢E = Even video clock. Keeps in step with video output waveform.
Goes:low when video output is active.
3. S.C.= Start conversion pulse. Produced by the microprocessor to
start the A/D converter.
4.E.0.C= End of conversion waveform. Goes low while conversion is
taking place.
5 tE = period of each pixel transfer. Approximately 256ls for
the present arrangement.
6. tC = Conversion period, 80Us for the present arrangement.
7 tQ = time available for computer to complement and load data
= 512-80=432us,
8. t = integration time.
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6.2 Intensity Compensation Routine

In section 4.3 it was noted that the output voltage from the
array tended to drift slightly with time, especially when

it was first switched on. In addition, for many applications,
the value of the signal, with respect to the dark level, was
qguite important and so a reading was made of the intensity

in the dark and then subtracted from the illuminated results.
This action solved both problems and also had the (desirable)
effect of removing the dark signal non-uniformity which was

quite large (~30mV).

In addition to this problem it was observed that the sensi-
tivity of pixels across the array was not uniform and al-
though this non-uniformity was not marked it did cause diff-
iculties with some of the measurements (probability densities
in particular). To eliminate this problem a program was
written which multiplied each pixel output by a correction
factor. The effectiveness of this technique was based on the
assumption that each pixel has a linear photometric response.
To obtain sufficient accuracy each factor was 2 bytes long,
requiring a total of 256 bytes of storage for all correction

factors.

A flow chart showing the major steps involved in the above
process 1is pictured in figure 6.3. Note that the first

two operations in this routine are simply 'Load Video Data'
subroutines as described in figure 6.2. Because it deals

with only single byte numbers the third operation is run in
machine language to improve program speed. However the
fourth and final operation is somewhat more complex and so is
implemented using the instructions in table 5.2. Since 128
multiplications have to be made this routine is relatively

slow taking around 1.5 seconds to run.

So the reader may obtain some idea of the programming
techniques used, a section of this last routine is flow

charted in more detail in figure 6.4 along with the partic-
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Figure 6.4 Section of compensation routine
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2 Circled numbers represent the instructions used (with reference

to table 5.2).

s Instruction 10 shifts up the stack before loading from the

memory. Hence the first multiplicand is shifted from the X to Y

registers in the second instruction.

3. In instructions 10 & 11 we can specify the number of bytes to be

handled.

4. Instruction 21 effectively divides X by 256 = 2%,
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ular instructions used to perform each step.

6.3 Array Response Tests

Once the compensation programs had been run, the data in
memory M2 was expected to be a fairly accurate measure of
the light intensity across the array. To test this a
number of experiments were performed. The results obtained

from these experiments will now be presented.

i) The response of the array to varying light

intensities

Ideally the array should show a linear response to varying
light intensities. To test this, the array was set up with
the optical arrangement shown in figure 6.5. Light from the
laser was spatially filtered and then expanded by a micro-
scope objective until it had a diameter of approximately 3cm.
A magnetic stand was then introduced at this point with a
piece of paper mounted on it to act as a diffuser. From
equation 2.74 we see that this will give a speckle size of
approximately 10um for L = 20cm. Since the pixels are l6um
square this will result in an integrating effect which will
tend to smooth out the speckle (i.e. reduce the contrast).
To further enhance this effect the paper was moved rapidly
during the exposure to produce a practically uniform field
of illumination. By changing the distance L the intensity
of the light could be varied over a wide range. After the
video data had been loaded into the computer the compensa-
tion routine previously described was applied. Once com-
pleted the mean and standard deviation of this data was

then found using the formulae

and

2 2
g. =28, (E_C] ¥ (6.2)
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where c is the compensated video data (hopefully proportional

to the light intensity) and n = 128, the number of sample

points available in each scan.

The results obtained are tabulated below as a function of

L™?, which should be proportional to the light intensity.

Table 6.1 Mean count, <c>,as a function of L~?

L(mm)* lmm E* ) £e5ia,

50 400.0 194.0 £ 0.5
60 277.8 186 .0
80 156.3 15,0
100 100.0 49.0
120 69.4 34.0
140 51.0 25.0
160 39.1 20.0
180 30.9 16.0
200 25.0 13.0
220 20.7 11.0
240 17.4 8.0
260 14.8 8.0
280 12.8 1.0

As the standard deviation ¢, was found to be fairly constant
it seems reasonable to assume that any residual non-uniform-
ity in ¢ was due to electronic noise rather than variations
in pixel sensitivity. This indicates that the compensating

routines have functioned correctly.

The obviously linear relationship which exists between L7?
and <c> (as seen in figure 6.6) indicates that the compen-
sated video data is directly proportional to the light
intensity on the array. Although simple this result is
most important as it allows the compensated video data to
be used as a direct measure of intensity, something which

is necessary if the theory in chapter 2 is to be investigated.
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14) Non-uniformity as a function of wavelength

When the first compensation programs were written the corr-
ection factors were obtained using a diffuse white light
source. It was soon discovered that when this routine was

used on data obtained from a laser source (such as in

figure 6.5) the video data was no longer uniform. It was
suspected that this was caused by a difference in the spectral
response of each photodiode. To check this possibility non-
compensated scans (still zero-corrected) were made for various
light sources and from these, mean and standard deviations were
calculated. The results for the four light sources considered
are pictured in figures 6.7 and 6.8 and show quite marked diff-
erences from one another. (These graphs have been made by
averaging the results over every four consecutive pixels). In
particular the yellow helium source shows an especially large
amount of non-uniformity. The mean and standard deviation for
each of these results are listed below.

Table 6.2 Array non-uniformity for various light sources

Predominant Standard Non-
Source Colour Mean Deviation uniformity
Cadmium blue 130..2 3.4 + 2.6%
Mercury green 137l 2:9 £ 2.1%
Helium yellow 107.8 12.4 £11.5%
Laser red 136.6 33 t 2.4%

where non-uniformity is given by

Standard Deviation of intensity
Mean intensity

x100.

Non-uniformity = +#

(6.3)

The high non-uniformity produced by the helium source was

also seen in white light,thus accounting for the discrep-
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Figure 6.7 Intensity profiles as measured by the array
(data 1s uncompensated)
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anclies obtained earlier when the laser was used.

Apart from the helium source all other lights produced a
non-uniformity within the expected limits of * 7%. The
response of the pixels to the helium source was rather
unexpected as the manufacturer's specified response indi-
cated that maximum sensitivity occurs around 800nm, well
into the infrared. Large variations in response should

therefore be more likely with the red laser source.

iid) Array Noise

In any experiment where data is to be collected noise will
be present. If this data is to be digitized it is pointless
to use an A/D converter with a resolution greater than the
signal-to-noise ratio of the transducer. The manufacturer's
specifications indicate a S/N ratio for the array of approx-
imately 500 for a saturated output of one volt. This figure
would seem to indicate that an 8 bit A/D converter producing
256 grey levels would be sufficient. Any more resolution
would produce little extra useful information (the next
available level of resolution is a 10 bit A/D converter

which has 1024 grey levels).

To check the above specification we need only look at figure
6.6 which shows the intensity response of the array. From
the least squares best fit we see that when the intensity

is zero (i.e. L?» ») we will have a mean output of 0.7 *

1.5 counts. A value of 0.7 gives a S/N ratio of 256/0.7

=~ 370 an acceptable result when one considers the large
uncertainty, and the fact that this figure also depends on

noise produced by sources other than the array.

An alternative method of determining array noise will be

considered later in the chapter.
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6.4 Probability Distribution of a Speckle Pattern

Now 1t has been established that the array produces an
output with predictable response and low noise we can use

it to make measurements of speckle statistics.

Figure 6.9 shows a typical speckle intensity profile ob-
tained using the apparatus in figure 3.11 and the compen-
sation programs previously discussed. To obtain information
concerning the intensity distribution for such a pattern we
need only count the number of pixels at each level of
intensity. Unfortunately because of the small number of
sample points (128) and the large intensity range (256
levels) this will generally lead to a rather nondescript
distribution which could represent practically anything.

A significant improvement may be obtained by counting the
number of pixels with intensities between predefined
limits. An example of this is given in figure 6.10 using

the intensity data from figure 6.9.

Further enhancement of this result may be obtained by
looking at .a large number of different speckle patternmns,
obtained by moving the object slightly, and then determin-
ing the intensity distribution for the total number. In
this way the size of the array can be effectively increased
many times. It was this technique which was finally used
to obtain all measurements of probability density and sur-

face roughness.

6.5 Probability Density of a Fully Developed Speckle

Pattern

To investigate the fully developed speckle pattern the
apparatus in figure 6.11 was used. Light from a polarized
80mW laser was filtered and attenuated before being shone
onto the translating stage described in chapter 3. The
array was positioned so that the average speckle size was

around 390um, large enough for the speckle to be recorded
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as a smooth curve by the array. The object used to form

the speckle pattern was rough enough to ensure large values

of phase shift for all but glancing angles of incidence.

The program used in conjunction with this arrangement, to

obtain the intensity distribution of the speckle pattern,

is given in figure 6.12. The following notes are given

to clarify each flow charted operation.

4,1 38

When the program is run the computer displays the
word 'input' on its 8 digit display to act as a

prompt to the experimenter to adjust the apparatus.

When a shutter has been placed in the beam's path
to darken the array the experimenter presses a key

to continue the program.

The prompt signal is removed.

A scan is made of the darkened array and the result-
ant data is stored in the computer. This data is then
used throughout the experiment to provide zero correc-
tions. (During the course of the experiment voltage
drift will be small and so a single dark scan will be

sufficient) .

The experimenter is prompted to adjust the object’'s

position so that a new speckle pattern is produced.

The new speckle pattern is loaded, corrected and

then stored in memory M2 (128 bytes long).

The contents of location A + pc is loaded into the
X register. (A is the address of the first location
in M2 and pc refers to the particular pixel inten-

sity being considered).
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S 2 The contents of location B + X in memory M4 (256
bytes long) are incremented by one. (Where B is
the address of the first location in M4 and X refers

to the contents of the X register).

12,13. Increment pc and check to see whether all pixel

outputs have been considered.

14. Display the contents of M4 (the intensity distri-

bution) on the oscilloscope for five seconds.

Although not shown in the flow chart, memory M4 is cleared

before the start of the program.

Once a satisfactory intensity distribution has been prod-
uced (which often requires 20 to 80 scans of the array)
the program is terminated by the experimenter. The data
in M4 1is then used by another program which calculates

the sums
T£0x) T SE(X)I*; SElT), (6.4)

where f(1I) is the frequency of occurrence for the partic-
ular intensity I. This value can be obtained directly
from M4. (Note that 'I' is now being used rather than
the count ¢ to represent the compensated data because we
have established that it is proportional to the light

intensity) .

Once these results have been obtained it is then a simple
matter to calculate the contrast with a pocket calculator
since

5

0. = (<I?>5-<1>?%)

s

2 2
LEf(r)I° _ [Zf(I)I ) (6.5)

b3 olf () REGr)
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and C = —,

The intensity distribution data stored in M4 may be convert-
ed to a probability distribution by dividing each value of
f(I) by the total number of sample points Zf(I). Figure

6.13 is a typical example of such a distribution, obtained
using the apparatus and programming previously described.

To simplify plotting, and smooth out statistical fluctuations
the results have been summed over every five consecutive

data points.

This graph clearly shows the expected decaying exponential
form at medium and high intensities but problems do seem to
have arisen at low intensities where f(I) is very small.
This particular phenomencon was observed in all prohkability
measurements that were made, and was probably caused by one

or more of the following effects.
1) Electronic noise.

1) Light scatter from the glass covering the array, and

from surrounding objects.

iii) Possible depolarization of the light scattered by
the object.
iv) The phenomenon of charge transfer inefficiency

within the array.

These four possibilities are discussed more fully in
Appendix E with the conclusion that the first two contenders

are the most likely.

To compare the results obtained in figqure 6.13 with the
predicted curve in figure 2.8 we must decide how much of
the detected intensity is not due to fully developed speckle.

Since the data has been graphed by grouping five intensities

MASSEY UNIVERSITY
LIBRARY
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together it was decided to see what would happen if the
first five intensities were ignored. Figure 6.14 is the

result.

The expected probability density is given by the equation

= oI =T
p(I) = <I>exp(ﬁ;), (6.6)

but since we have essentially integrated our intensities

over five pixels, figure 6.14 actually represents

b

P(1) = —-Jexp(Zr)al, (6.7)
a

where a =71 = 2.5 and b = 1 4+ 2.5.

This particular function has been plotted for comparison
with the experimental data in figure 6.14. The close fit
between the two results (when statistical fluctuations
f(I);i are considered) would appear to confirm the theoret-
ical treatment given in chapter 2. (A more accurate test
done by McKechnie {ref 2.2 p 19}, who used 23,000 samples,

produced an even closer EiE) »

The contrast for this pattern was found to be 0.93 before
correction and 1.05 afterwards, indicating an ideal correc-
tion value of less than five intensity levels. To see if
these contrast results were typical of all speckle patterns
five more measurements were made for various values of <I>
and speckle size. The results are listed on page 103.
Because of the difficulty in determining the contribution
of scatter and noise to these results it was decided to
establish the criterion of ignoring all intensities with
zero probability. (For the results in figure 6.13 there

happened to be three).



G2
Probability

of
Occurrence
0.10

0.06

0.04

0.02

-

Statistical
I I + = I I I 1 Fluctuation
+ predicted result
Scale x 10
4 3 } 'S i d + + 4
T T L T T L] i L T g
0 25 50 5 100 125 150 175 200 225 250

Figure 6.14

Relative Intensity

Corrected probability distribution and theoretical results

201




103
Table 6.3 Contrast for six fully developed speckle patterns

Run <I> Or Contrast Z Corrected Contrast

1 12.40 12.40 1.00 0 1.008

2 29.16 28.00 0.96 2 e 0

3 2163 20,52 095 1 0.499

4 24 .45 21.:69 0:89 3 1,

5 24.13 22.04 (.90 Z 1.00

6 40.37 37.35 0.893 3 1 .00

where Z = number of intensity levels with zero probability

(not including high intensities).

The average contrast for these speckle patterns is 1.01:0.01,
close to the predicted contrast. It is interesting to note
that the brighter speckle patterns generally had larger
values of Z, as would be expected if the error were caused

by scatter.

6.6 Probability Density and Contrast of a Partially

Polarized Speckle Pattern

To check the results obtained in section 2.5 the above
experiment was repeated using a 4mW partially polarized
laser as the light source. A typical probability distri-
bution for the speckle pattern produced using this arrange-
ment is given in figure 6.15. Results have been summed
over every five consecutive intensity levels and for the
sake of comparison the first five levels have again been

ignored.

The most obvious difference between this result and that
pictured in figure 6.14 is the reduction in the probability
at low intensities. As expected from the discussions in
section 2.5 there is also a marked decrease in contrast;

if we use the above mentioned criterion a contrast of 0.86

is obtained against 1.01 for the fully developed pattern.
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Table 6.4 lists six similar results which give an average

oorntrast af 0.95£0, 0l.

Table 6.4 Contrast for six partially developed speckle

patterns
Run 2T 3 OI Contrast Z Corrected Contrast
1 25.53 21.40 0.84 e, o K
2 27.28 22.23 0.81 3 0.92
3 279 .05 21.63 0.80 3 0:90
4 26.83 21 .80 0.81 3 0.91
5 27 .02 21.66 0.80 3 0.90
6 27 .68 22.03 0.80 3 0.89

To check on the degree of correlation between the two
orthogonally polarized patterns the above experiment was
repeated with a sheet of polaroid placed in the beam. This
will leave only one plane polarized beam which should
produce a fully developed speckle pattern. The results are
tabulated below.

Table 6.5 Contrast results with polaroid added

Run Ve 0 Contrast Z Corrected Contrast
1 3255 24.50 075 3 0.83
2 30.89 24 .52 0.:79 2 0.85
3 21.90 18.44 0.84 2 0.93
4 29535 24 .50 0.83 2 0.90
5 27:75 22.80 0.82 2 0.89
6 33.49 29..37% 0.88 3 0.96
7 28 .59 24 .88 0.87 3 0.97
8 35.81 2822 0= 79 3 0.86

Mean contrast is 0.90x0.05.
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This result was not totally unexpected as visual observation

of large speckle patterns showed that there was little change
in the structure of the pattern when the polaroid was intro-
duced and rotated. This indicated a close correlation between

the two speckle patterns.

What was unexpected, was the low contrast obtained both with
and without the polaroid. If the two components were closely
correlated then we would expect (from figure 2.12) a fully
developed speckle pattern in both cases. The only plausible
explanation for this effect would seem to be that the object
has depolarized the incident light in both instances.

However this does not explain why the polarized laser, which
used an identical optical arrangement, produced a contrast

of one. More information concerning the mode structure and
polarization of the 4mW laser would appear to be necessary

before any firm explanation can be given.

6.7 Surface Roughness Measurement

Conventionally surface roughness (v,) and correlation length
(T) have been measured by a stylus-type instrument which rubs
over the object's surface producing an output voltage propor-
tional to the surface profile. This technique, discussed in
detail by Reason {ref 6.1}, has the disadvantage of looking
at only small portions of the surface. There is also the
possibility of scratching the surface with the diamond

stylus.

The following technique, although not as precise, does
allow non-contact measurement of surface roughness over

reasonably extended areas, with only moderate difficulty.

As shown in Chapter 2 a reduction in speckle contrast

(in the specular direction) results when the surface rough-
ness (Or) is reduced, or the angle of incidence (6) increased.
The following experiments measure this variation in contrast

for a variety of angles and surfaces. The optical arrange-
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ment depicted in figure 3.10 and discussed in section 3.8

was used throughout this experiment with the test object
mounted on the translating stage. The various apparatus

measurements are listed below.

i) Lens L; to pinhole; 72mm.
g3 ) Lens L; to object; adjusted to suit angle of
illumination.

5 & 19 Object to lens Lj; 60mm

iv) Lens L3 to array; adjusted to suit angle of
illumination.
v) Focal length of Lj; and Lp: 72,
vi) Focal length of Lj; l6mm.

All measurements, * lmm.

To investigate the variation in probability density which
occurs as 0 is adjusted the experiment was performed,
using a glass test object roughened with 800 grit carbor-
undum powder, at incidence angles ranging from 60 to 85
degrees in 5 degree steps. The results are depicted in
figures 6.16 to 6.21. The various statistics calculated

from these distributions are listed below.

Table 6.6 Contrast as a funection of @

0 (degrees) N <I> Oy Contrast
60 13312 50411 33,62 0.67
65 13952 60.85 34.79 0.57
70 13952 73.08 36.61 0.50
75 14848 114.03 27.70 0.24
80 6528 123:79 12.49 0.10
85 1536 61.87 3.30 0../05

where N is the number of sample points being considered,
e.g. if N = 13312 then there have been 13312/128 = 104 scans
of the array made. (Note that none of the above contrast

results have been corrected for scatter).
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Figures 6.16 to 6.21 clearly show the transition from the

fully developed speckle pattern for small (<600) angles

of incidence to the more symmetrically placed distributions
at glancing incidence angles. As 6 tends toward 90° the
probability distribution will approach a delta function
centred at I = <I>. With the present experimental arrange-

ment this result is not possible for the following reasons.

) At glancing angles of incidence the illuminating
spot becomes very extended and will tend to illumin-
ate objects other than the desired surface. This will
effectively increase the surface roughness and so,

(from figure 2.6) increase the contrast.

1.3 Small scratches, particles of dust, and films of
grease on the surfaces of lenses (especially L3s)
and the array window produce diffraction and
interference patterns which cause intensity

variations across the array.

i3 ) Electronic noise (vt% count) presents a degree of
variation in the video signal which increases

contrast slightly.

At the other end of the scale (small values of 8) the
speckle pattern will not be fully developed because a
partially polarized light source is being used. This
will tend to reduce the contrast from the expected value
o6f 1a

The above factors must be taken into account when analysing

the surface roughness measurements.

The actual measurement of surface roughness was undertaken
by determining contrast for a range of angles and surfaces
and then curve fitting the results to equation 2.45.

Three surfaces were used, all made from aluminium abraded
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with different grades of carborundum grit. Five measurements
were made for each angle, from which an average contrast
and uncertainty were obtained. The results are tabulated

below.

Table 6.7 ~Contrast as a funection of € for three differently

abraded surfaces

Angle of Surface A Surface B Surface C
incidence(8) (220 grit) (500 grig) (800 grit)
45.0+0.5° - - 0.87+0.08
50.0 = - 0.85+0.06
550 o - 0.7820.02
60.0 = - 0.6920.04
65.0 = 0.90+0.06 0.50£0.02
700 Q. 295480.07 0:85+0.05 0. 3386 .02
725 - O 59+0:02 =

75:..0 0.93+0.04 0.40x0.03 0.21%20.02
80.0 0.83+0.05 0.23£0.03 0.14%0.02
82.5 0.45+0.02 = -

85.0 0.13+£0.02 0:09x0.02 0. 062002

Note that the criterion established earlier, concerning the
correction of the intensity distribution, could not be
applied to these results because most of them had zero values
of intensity probability which resulted from a real low
contrast, as well as from scatter. It is this lack of
correction which has resulted in the comparatively large
uncertainties in the above results. (An improved correction
procedure for this more general situation is discussed in

Appendix E).

The above results have been plotted in figure 6.22 along
with best fit curves obtained by performing a least squares
analysis on the data. The resultant roughness parameters

are listed on page 117.
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Table 6.8 Surface roughness results

Surface Roughness Number of scattering Sum of the
(g } centres (n) squares (LA?)
0.61um 97 0.0094
B 0.27um 42 0.016
0.09%9um 2 0.081

No uncertainties have been given here because of the diffi-
culty in getting equation 2.45 into a linear form. The least
squares analysis was performed on a computer (see Appendix
C) using a simple trial and error program which substituted
various values of n and ¢ into 2.45 until a minimum value
of LA%* was found, where A is the difference between the

experimental and theoretical results.

The value of n can be determined approximately by other
means. With the optical arrangement in figure 3.10 and the
apparatus measurements given previously, the array will be
in the defocus plane of the objective lens L3 (see figure
2.4). This means that all of the illuminated area on the
object (v lmm in diameter) will contribute to the intensity
of any one pixel. By equation 2.49 we can therefore say

that for a value of T of the same order as er, n will be

g% . Li=ig™% 2

- = 4x10°.
e (g.5%10 %) 2

n =

I1f, as indicated by Nakagawa et al. {ref 6.2 p 953}, T is

larger than oy (often by as much as a factor of 10 to 100)
the value of n will be reduced to between 400 and 40000,
still larger than the results obtained in table 6.8.

However, if the factors noted earlier in the section are
considered, the situation changes quite appreciably. A
decrease in contrast at large angles 6 would result if all

optical noise were removed and an increase at small angles
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if a polarized laser were used. This would have the effect
of steepening the curves which, from figures 2.6 and 2.7,

would lead to an increase in both ¢, and n, as required.

Future experiments along these lines will need to be care-
fully thought out if good results are to be obtained. The
use of a polarized laser would partially solve the problems,
as would improved optical componentry. The correction problem
with regards scatter would also have to be improved as this

leads to a lessening of the contrast at all angles.

The chief advantage which this technique has over the more
standard roughness measurement procedures (which use speckle)
is the ability to observe contrast changes for even optically
rough surfaces by adjusting the angle ¢ appropriately. The
more conventional techniques (e.g. Asakura ref 2.4) generally
measure probability density and contrast at a normal or

small angle of incidence. This limits the surfaces used to
those with optically smooth surfaces (i.e. o <w).

¢

6.8 Array Noise

As mentioned in section 6.3 there is an alternative method
for measuring array noise. If the probability distribution
routines, as previously described, are carried out with the
array in the dark, the noise recorded by the microprocessor
will show up as intensities greater than zero having a non-
zero probability of occurrence. After 39 scans it was found
that the intensity level 1 had been observed 256 times. No
larger intensities were observed. This means that 5%
(256/(128x39)) of all noise levels were greater than % a
count but less than 1% counts. Since the peak-to-peak
amplitude of the noise is not affected by the zero correction
routine (which subtracts another noise scan) we can say that
the peak-to-peak noise lies somewhere between % and 1%
intensity levels, consistent with the value of 0.7 obtained
in section 6.3. A more detailed estimate would require

knowledge of the noise amplitude distribution after correction.



119
6.9 Surface Displacement Measurement

Standard photographic techniques which use speckle to
measure surface displacement require a doubly exposed
photograph to be made; one exposure before and one after

the displacement. The resultant negative will then consist
(for a limited range of displacements) of a large number of
doubled speckles all approximately the same distance apart.
If a laser is shone through such a transparency interference
fringes will be formed because of the close and reasonably
consistent spacing of the doubled speckles. The spacing of
these fringes can then be directly related to the object's

displacement using standard diffraction formulae.

The chief difficulties associated with this technique are
listed below.

1) For displacements of more than approximately 20
speckle diameters the pattern begins to decorrelate
i.e. the speckles change shape and intensity. This

results in a loss of fringe contrast.

11} Large displacements cause the shifted speckles to
overlap unrelated unshifted speckles. This also

results in a loss of fringe contrast.

1.1.05) For very large displacements (>1lmm) the speckles
may move so far, and be so large, that formation of

a fringe pattern is not possible.

iv) For displacements of less than one speckle diameter
the fringes will have reduced contrast because of

the incomplete speckle separation.

v) The photographic process is necessarily fairly slow
requiring (for modest laser powers) long exposures
(tens of seconds), developing, a second exposure to

record the fringes, and then a possible microdensi-
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tometer scan of the fringe pattern.

The chief advantage of this technique is that it allows
displacement measurements to be made over an entire surface
from a single doubly-exposed negative, something which is

impossible with the electronic system to be described below.

The linear array and microprocessor system is ideally suited
to displacement measurement since the recording of a speckle
pattern can be simply and quickly accomplished using the
techniques described previously. Once two such patterns have
been stored in the computer's memory a cross-correlation may
be performed to determine the displacement which has occurred
between storage times. The method by which this is accomp-
lished can be understood by studying figures 6.23 to 6.26

in conjunction with the notes given below.

i) The two speckle patterns (examples of which are
pictured in figures 6.23 and 6.24) are stored in
memory M4 (see Appendix B) after having been zero-

corrected and compensated to remove non-uniformities.

i) Data in the first half of M4 (M4a) has its mean value
<Iz> calculated. A similar process is carried out

on M4b to find <Ib>.

133) Data values in M4a greater than or equal to <I_ > are
set to 1 while those with values less than <I_ > are
set to zero. This 'clipping' process is repeated on
M4b using <Iy>.

iv) The segment of data in M4b from pixel 20 to 107 is
multiplied by the segment of pixels 0 to 87 in M4a.
(Multiplication can now be accomplished using the
microprocessor 'AND' instruction because of the
clipping process). The resultant products are added
together to produce the cross-correlation coefficient
for lag -20.
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v) The process in step (iv) is repeated but this time
pixels 20 to 107 in M4b are multiplied by pixels 1 to
88 in M4a. The resultant product-sum is the clipped,

cross-correlation coefficient for lag -19.

vi) The above process is continued until all cross-
correlation coefficients from lag -20 to lag +20
are obtained. A subroutine then determines the lag
at which the correlation coefficient is greatest.
This corresponds to the average displacement of the
shifted speckle pattern. Figure 6.26 shows the cross-
correlation coefficients obtained from the clipped
data in figure 6.25. From these results we can see
that the maximum correlation has occurred at lag +12
which corresponds to a speckle displacement of 12 x
32 = 384 ym (since adjacent, active pixels are 32um

apart) .

Note that the data in figures 6.23 and 6.24 has rather a
large number of zero intensities. This was caused by the
array's thermal drift problem mentioned earlier. When the
unit is first switched on, the dark level is below the
lowest level.(%—O.SV) which can be accepted by the A/D
converter. The data in figures 6.23 and 6.24 was collected
under just such conditions. Although a problem when
obtaining probability densities thermal drift caused few

difficulties when measuring displacements.

A maximum lag of *+20 was chosen because of the limited

number of data points available (128). Any larger lags

would have produced erroneous results because of the limited
region of correlation between the two samples. Larger

arrays would of course allow much larger lags thereby
increasing the precision and range of the displacement
measurements. (E.g. a 1024 pixel array would allow a maximum

lag of *160 if the above criterion were used) .
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Step (iii) in the above notes is not essential as results can
be obtained by simply multiplying the pixel intensities to-
gether. However the time required to perform the average
multiplication of two 1 byte numbers is around 5ms; against
8us for the AND instruction used in the clipping correlator.
After adding additional instructions the clipping correlator
runs about 30 times faster than the unclipped version, allow-
ing displacement measurements to be made in a tolerable 1 or
2 seconds. The information lost by clipping did not seem to
affect the correlator's ability to measure displacements in

any significant manner.

6.10 Experimental Results Obtained when Measuring

Surface Displacements

The apparatus used in this experiment is illustrated in figure
3.11. Light from the laser falls directly onto the transla-
ting stage and the resultant speckle pattern is monitored by
the array. Results were first obtained for a displacement of
150pym at various distances from the array. This was done to
check the assumption (made by many workers in speckle) that
the speckle pattern moves with the object. A number of mea-
surements were made at each distance and from these results a
mean and standard deviation were calculated. The results are

tabulated below.

Table 6.9 Speckle displacement as a function of object-array

distance
Object Array Lag for Maximum Displace-
Distance (mm) Correlation Mean ment (um)
100 + 2mm 7:6#58:5;6;5 5.7+t0.8 182%26
200 8.7 anli6: 007 6.9£0.7 221%22
300 2 P SNy AR [y 7.5£0.8 240+26
400 10,7 .8.,8,9,6 8.0+1.4 25645
500 8,10,9,9:;9,9 9.0x0.6 288+19
600 V910,129 10 10+1 32032
700 e O T R 12+1 384+32

The displacement listed here is calculated by multiplying
the mean lag by 32um. This is the speckle displacement as

measured by the array.
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The results in table 6.9 have been graphed in figure 6.27

with a least squares best fit of
Ax = (0.30£0.02) %L+ (150430} , (6.8)

where the measured displacement (Ax) is in um and the object-

array distance (L) in mm.

Although this result indicates that the measured displacement
increased as the object-array distance is increased, it does
show that the speckle displacement at the object is the

expected 150um.

One possible reason for the increase in speckle displacement
with distance can be obtained by considering the following

model of speckle formation.

In the transmission speckle pattern pictured in figure 2.14
the object may be represented by a large number of randomly
placed apertures, each having a diameter of the same order
as the correlation length T. The speckle pattern to the
right of the.object will be formed by the coherent super-
position of all the diffraction patterns produced by these

apertures.

Consider now a single aperture, and its diffraction pattern.
A parallel beam of coherent light with a diameter much
greater that the aperture size, will produce a diffraction
pattern, which moves as the aperture moves (see figure 6.28).
However, if a diverging beam is used, movement of the aper-
ture will produce a greater displacement in the diffraction
plane. The reason for this phenomenon may be seen in figure
6.29. From this diagram we see that the displacement of the

diffraction pattern is given by the formula

- L
Ax = D(1 + g), (6.9)
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Figure 6.28 Collinear illumination of an aperture
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where D is the distance moved by the aperture, L the aperture
to image distance, and b the distance from the light source

to the aperture.

This result will also be correct when all apertures are
considered. It will then represent the displacement of the
speckle pattern as a function of object movement and object-

array distance.

To test the relationship given in equation 6.9 the apparatus
pictured in figure 3.12 was used. Light from the laser was
expanded by lens L; to produce a spot approximately 1.5mm

in diameter on a piece of ground glass, which was attached
to the edge of the rotary stage. The resultant speckle
pattern was then monitored by the array. A more detailed
diagram showing all relevant measurements may be found in
figure 6.30. From this diagram the light source to object
distance can be seen to be 22+1mm. In deriving this result
it has been assumed that the laser's slight beam divergence,

of 1.2mrad, has little effect on the focal point of lens L,.

From figure 3.6 we saw that the lever arm on the rotary stage
was 115mm long. This means that for every lmm of movement

by the micrometer the glass object will move 66/115mm.

This corresponds to a demagnification factor of 0.57. With
these results we can now substitute into equation 6.9 to find

Ax.

235%1

Ax = D(1+ CETS

} =D % (11.9£0.5), (6.10)

but since D = M x (0.57+20.01), where M is the micrometer

displacement, we have

A% = M % (0.57£0,01)=(11,9£0.5) = Mx(6.8%0.3) . (6,11}

The experimental values of speckle displacement (Ax) obtained
for various micrometer displacements (M) are tabulated below

along with the expected results from (6.11).
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Table 6.10 Measurement of speckle displacement

Micrometer

Displacement Mean Lag Experimental Ax Expected Ax
(um) (um) (um)

0 0 0 0

10 2.3%20.6 74+19 6816

20 4.0£0.0 128+0 136+12
30 Bl 3203 202+10 204+18
40 8.3+x0.6 26619 27224
50 9.8+0.3 314+10 340£30
60 127406 406+19 40836
70 15.0+£0.0 4800 476+42
80 16. 72056 534+19 544+48
90 18: 7206 598+19 612+54
Notes

¢ B The mean lag was derived from 3 separate measurements.

Those with zero error gave identical results on each

run.

. The experimental value of Ax is obtained from the

mean lag by multiplying by 32um.

The results in table 6.10 have been plotted in figure 6.31

with a least squares best fit of

Speckle displacement = (6.7+0.1) xM+(-1+£17) . (6 .12)

A result consistent with the values given in equation 6.11.

One interesting factor which is evident when figures 6.27
and 6.31 are compared is the smaller errors that have arisen
when the rotary stage is used. This was typical of all
measurements made with this device, which had a noticeably

smoother action than the translating stage.
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The uncertainty in Ax can be reduced still further by increas-

ing the spot size on the object. A larger spot means that
less speckle decorrelation will occur as the object is moved.
The upper limit to spot size is dependent on the following

two factors.

i) As the spot size is increased speckle size decreases.
If speckles become smaller than a few pixel lengths
consistent cross-correlation results will no longer

be obtainable.

ii) When the rotary stage is moved, significant variations
in the displacement D will occur across a large spot.
This will lead to decorrelation of the speckle pattern
because different speckles will move different

distances.

With both these factors considered, the optimum spot size

was found to be around 3.5mm. This was obtained by placing
lens L; 71lmm from the object. The results plotted in figure
6.32 were obtained using this spot size along with an object-
array distance of 250mm. The lack of error bars in the graph
may be understood by determining the relationship between M
and the expected mean lag for this arrangement. From equation

6.9 we have that

Ax = D(1 + ). (6.13)
Now

L = 250%1mm

b = (71*1)-(16*1) = 55*1mm.
Therefore

Ax = Dx(5.55+0.08), (6.14)

but D= M¥ (0,57£0.0T) . (6.15)
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Therefore
At = Mx(3:1620.:07) » (6.16)

But since Lag = Ax/32um we have that

Lag = Mx(0.099%0.002um ') . (6.17)

This expression is in close agreement with the experiment-

ally observed results which from figure 6.32 give
Lag = Mx(0.luym ). (6.18)

For micrometer displacements which are multiples of 10um

the expected lag will, from equation 6.17, be close to an
integer. Since lag is a discrete quantity the measured

lag for each of these micrometer displacements will always
be the same and so no errors will be observed. If measure-
ments had been made with micrometer displacements that were
not multiples of 10um a maximum uncertainty of * % lag would

have resulted.

The results dbtained in the last two experiments were made
by detecting light scattered perpendicular to the surface.
Experiments were also carried out by observing the speckle
patterns produced by scattering light at oblique angles
from metal surfaces. The results obtained were rather
surprising as they did not agree with the predicted expres-

sions obtained from equation 6.9.

Observation of speckle patterns produced using the‘trans—
lating stage showed that although speckle displacement

was not a function of incidence or scattering angles, it
did seem to be consistently larger than expected. The
expected results for the data given in table 6.9 will now
be derived as an example of this effect. Figure 6.33 shows
the experimental arrangement. The relevant apparatus

measurements are listed below.
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i) Effective light source-to-object distance;
b = 500+2mm + 0.75/1.16x10"° = 1147+2mm,
where 1.16x10 °

in radians, and 0.75 is the beam diameter at the

is the divergence of the laser beam
laser in millimetres.

ii) Object-array distance (L) ; from the results in
table 6.9.

iii) D =M = 150pm.

With these figures it is now possible, using equation 6.9,
to determine the relationship between speckle movement (Ax)

and micrometer displacement (M) .

L

Ax )
114742

]

Mx {1+

L
114722

(15025) % { 1+ )

(0.13120.004) xL+(150£5) um. (6.19)

This result can be compared with equation 6.8 which was

obtained experimentally i.e.
Ax = (0.30+0.02) xL+(150+30) um, (6.20)
where L is measured in millimetres.

Similar curious results were obtained when the rotary stage
was used. Observation of the speckle pattern showed that

it actually rotated as the micrometer was adjusted, despite
the fact that all points within the illuminated area were
moved in the same direction. Because of this rotation there
were regions in the speckle pattern which experienced large
positive displacements and others which underwent small
negative shifts. Sections of the speckle pattern in the

specular direction tended to simply decorrelate as the
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object was moved. The following results using the arrange-
ment in figure 6.34 were obtained by positioning the array

in a region of large positive displacement.

Table 6.11 Measurement of speckle displacement using

the rotary stage

Micrometer

Displacement Mean Lag Experimental Ax Expected Ax

(um) (um) (pm)

0 0 0 0

50 4.,0t0.0 1280 60

100 7.820.5 249+16 120

150 11.5+0.6 36819 180

200 15:8+£0:5 506+16 240

250 18.840.5 634+16 300

The mean lag has been calculated from five separate measure-
ments while the expected speckle displacement has been

obtained from the data in figure 6.34 and eguation 6.9.

Here the experimental best fit has the form (see figure 6.35)

A = Mx(2.5320.,03) #{=1.5+9,7) um, (6.21)

while the theoretical result is quite different with

Ax = Mx(1,2+0.1) um. (6.22)

No reasonable explanations have been found for these
anomalous results although it seems likely that the small
range of displacements which occurred in the illuminated
area of the rotary stage contributed to the observed phen-

omenon in the second case.

More comprehensive tests, including measurement of surface
displacement as a function of scattering and incidence angles,
as well as a more reliable translating stage, could be useful

in providing a solution to these problems.



Figure 6.34

Surface displacement measurement using the rotary stage

rotary
stage

10% lmr/nS,

i

array

b

32+ 1mm

—_

10+1mm

4dmW Laser

0vT




141

Figure 6.35 Speckle displacement vs. micrometer

displacement
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Despite these difficulties, which are purely theoretical,

the array does appear to be well suited to making in-plane
displacement measurements over a reasonably wide range.

From table 6.11, we saw that a surface displacement of lum
will produce a lag of 1. Even smaller displacements could

be detected by reducing the value of b. As mentioned in
section 6.9 improvements in the measurement range could also
be brought about by increasing the number of pixels and their
resolution. (The present unit has pixels spaced on 32um
centres while the non-malfunctioning device has responsive
pixels every lé6um.) Large displacements (>0.5mm) are
somewhat more difficult to measure because of the speckle
decorrelation which occurs when the object is moved too far.
Illuminating large areas on the surface could solve this
problem but because of the decrease in speckle diameter

which would result, some form of limiting aperture would have
to be introduced to optimize the pixel-to-speckle size ratio.
For large spot sizes (>lcm) a high powered laser would also

be required to offset the attenuating effect of the aperture.

To investigate the array's usefulness in the monitoring of
real (non-test) object displacement, the laser was shone
directly onto the leaf of a plant. Over most of the leaf
the resultant speckle pattern was observed to slowly decor-
relate with time, indicating movement of the surface in a
direction which was not parallel with the array. Light
scattered from the stem, which was oriented parallel to the
array's aperture, produced a speckle pattern which moved

slowly across the array with little decorrelation.

1t can be envisaged, that with little change to the existing
displacement program and apparatus, that the movement of any
suitable plant could be monitored by recording the speckle

pattern at discrete time intervals. From this data the rate

of plant growth at that point could then be determined.
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6.11 Measurement of Speckle Size

The average size of laser speckle was first considered in
section 2.7 where it was found that the objective speckle

should have a mean width from adjacent minimum to minimum of

_ 3. 44a1
28 = B (6.23)

To check on the wvalidity of this formula, and the model which
produced it, speckle size was measured experimentally using
a simple visual inspection of the array output and an auto-
correlation program. The speckle intensity profile pictured

in figure 6.9 was used as the test scan.

By simply determining the width of each speckle in this

figure and then averaging, the following result was obtained.
28 = 13+3 pixel widths = 416+96um.

This process tended to be fairly tedious and so a program
was written which would do this automatically by determin-
ing the autocorrelation function for the speckle pattern.
The lag at which the function drops to its first mimimum

corresponds to half the average width of the speckles.

The autocorrelation program used was designed along similar
lines to the cross-correlation program discussed in the last
section, except that only one scan was considered. Once
loaded this data was then multiplied by itself at various
lags to produce 40 autocorrelation coefficients from lag -20
to lag +20. The data was not clipped as speed was not ess-
ential in this experiment. The autocorrelation coefficients
for the data in figure 6.9 have been calculated and normal-

ized to lag zero. The results are pictured in figure 6.36.

From this figure we see that the width of the central maxi-

mum is 14*1 lags if we take 1 lag as being the uncertainty
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in the result. This corresponds to an average speckle size

of

26 = 14*1 lags = 448+32um,

a result which compares well with the value obtained above.
To check these two results against the formula in equation
6.23 we note that when this data was recorded, the apparatus
pictured in figure 3.10 was used with an object-to-array
distance (L) of 110*1lmm and a spot size (as measured by a
micrometer) of 0.40x0.0lmm. With A = 632.8nm this gives

a speckle size of

26 = 425+11yum,

in good agreement with the values obtained previously,

despite the fact that only 10 speckles were considered.
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7 Project Summary and Conclusions

The major aim of this project, to investigate the usefulness
of the charge-coupled array in the measurement of certain
speckle statistics, has been largely met. To summarize and
draw conclusions from this work the following five sections
have been written covering each major piece of apparatus,

and experiment.

B widh The Linear, Charge-Coupled, Photodiode Array

A 256 element photodiode array was obtained along with
driver boards and was used to collect intensity data from
speckle patterns. Despite the fact that only 128 pixels
were active the array was found to have adequate resolution,

linearity, and sensitivity for the present task.

Problems arose in analysing the speckle data because of the
need to preprocess the array output. The device showed sig-
nificant amounts of thermal drift, zero-offset and pixel non-
uniformity which had to be minimized before statistical ana-
lysis of the speckle data could take place. To achieve this
two scans of the array were made, one in the dark and one
exposed to the speckle pattern. By subtracting the dark
signal, zero-offset and dark signal non-uniformity were
removed. As pixel sensitivity proved to vary by as much as
10% across the array a compensation program was written which
multiplied each pixel output by a correction factor. This
procedure proved to be quite effective, reducing pixel non-
uniformity markedly. Thermal drift remained a major diffi-
culty as it limited the output range of the A/D converter,
because Vmax-—bkin(see figure 5.2) had to be increased to
allow for signal drift. A properly functioning array with
symmetrical video outputs would probably reduce thermal

drift significantly.
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For some of the experiments (displacement measurements in
particular) the limited number of pixels reduced efficiency,
but larger arrays (up to 1024 pixels) could be plugged into
the unit, with only minor circuit changes, to alleviate this

problem.
Once these factors had been taken into account the resultant
processed output proved to be a reasonably accurate picture

of the speckle intensity profile.

7 2 The Microcomputer

The computer used to control and analyse the output from the
array was based on an 1802 Cosmac microprocessor. Video
data was digitised by an 8 bit analogue-to-digital converter
and then stored in the computer memory to await statistical
analysis. The data was first corrected, in the manner
described in section 7.1 and then manipulated by a number of
specialised routines (described below) to obtain the desired

parameters.

Considerable improvements could have been made to this device,
but with the current availability of relatively cheap,
sophisticated microcomputers this was not thought practical.
Future research in this field will no doubt make use of one
of these machines, allowing complex data analysis to be
performed and presented, with far less effort on the part

of the experimenter.

Ts3 Optical Components

The optical components used in this project were generally
fairly simple. Most of them could have been improved on
immensely if more time and skilled labour had been avail-
able. The translating mount in particular caused many
headaches, although an adjustable microscope stage, as
used by Briers and Angus {ref 7.1}, would probably have

provided a suitable solution.
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Many of the difficulties encountered in this thesis were
caused by the lack of a low powered polarized laser. The
laser used, produced only partially developed speckle
patterns which had statistics that were difficult to

predict theoretically.

7.4 Surface Roughness Measurement

Light from the laser was shone obliquely onto a rough
surface and the resultant speckle pattern was observed in
the specular direction. As the incidence angle was adjusted
the speckle contrast in this direction was found to vary.
The ways in which it varied could, from theoretical consid-
erations, be related to surface roughness and surface

coherence length.

The results obtained were not considered particularly acc-

urate for the following reasons.

i) The partially polarized laser tended to reduce

contrast as 9-+0.

ii) Scattering and non-uniform spot illumination
caused an increase in contrast at glancing incidence

angles.

Improved optical componentry and a polarized laser would

have solved these problems.

Unfortunately no standard surfaces with known roughness
parameters were available. If these experiments were to be
repeated it would be worthwhile obtaining a standard set

so that the results could be checked for accuracy. Such

a set is discussed by Reason {ref 6.1 p 627}.
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7:5 Surface Displacement Measurement

Light from the laser was shone through a glass slide which
had one side roughened. The resultant speckle pattern was
monitored with the array oriented parallel to the object.

As the object was moved the speckle pattern also moved, and
once the divergence of the illuminating beam was known the
displacement of the object could be determined. The measure-
ment accuracy was limited by the number of pixels and their
spacing. Both of these factors could be improved with

larger arrays.

By adjusting various apparatus parameters, measurements from
lum to 0.5mm were made. A larger range could have been
obtained by using different optical components (lenses in

particular) .

When the rotary stage was used accuracy was found to be
very good, a 2.5% uncertainty being observed at the maximum
measurable displacement. Agreement with theoretical dis-
placements was also found to be excellent. As noted in
section 7.3 the translating stage caused many difficulties

producing results which were far from consistent.

When measurements were made with reflection speckle patterns
the resultant speckle displacements were found to disagree
with the theoretically predicted results. More work on

the theory of speckle displacement would appear necessary

in this case to explain this curious phenomenon.

All in all the results produced using the speckle displace-
ment technique were very pleasing and it is in this field

that the array would appear to have the greater potential.

7.6 Uses of the Array made by Other Workers in Speckle

The theory and experiments described in this thesis are

based on the work of some of the earliest researchers who
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studied speckle. The variety of possible laser speckle
applications is continuously growing; improved methods of
measuring surface roughness, displacement, and strain using
speckle interferometry are already well developed, offering
a wide variety of new situations to which the array could
be applied. For detailed discussions on some of these
techniques the interested reader is referred to the work of

Prancon {ref 7.2}

To the author's knowledge only a handful of speckle experi-
ments have been performed using a photodiode array. Costa
et al.{ref 7.3} used a 64 element diode array in an inter-
ferometric experiment to measure thermal expansion of
optically rough objects while Yamaguchi {ref 7.4} used a
1024 element array to measure surface strains. Both authors

produced results which would seem to indicate the photodi-

ode array has a promising future in this field.
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Derivation of the Probability Density and Contrast for the

Sum of Two Fully Developed Speckle Patterns

As mentioned in section 2.5 we may consider the partially
polarized speckle pattern to be made of two overlapping
fully developed patterns each of which will have an ampli-
tude probability density given by equation 2.62 i.e.

-

p(Ai) = 2B - exp 4 (A.1)
nai na’
1

where the subscript i refers to either the x or y field
components, (not to be confused with the real and imagin-

ary components of each individual field).

If we assume that the two speckle patterns are uncorrelated

and independent we can write

p(Ax,Ay) = p(Ax)p(Ay)
4 A B A;
= 2T el b Tob\ZT = &L B[ (A.2)
X v X ¥
since from equation 2.65
&y .5 = Jut = pac, (A.3)
1 1 ol

for a fully developed speckle pattern.

From figure 2.9 we saw that B, = AL cosf and Ay = B sing,
so by changing the random variables to AT and B we have,
using the coordinate transformation

dAdiy = ATdATdB, (A.4)

the result
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4A;cosBsinB — S
= 2 3
p(AT,B) - T A AT == * =< |} (A.5)
X Y X Vg
and
/2
p(A,) = {p(AT,B)dB. (A.6)
If we let
2 0. 3
_ cos*“B sin‘B
L <T > ¥ 2 | T (A.7)
X Y
then
_ ; . il
dw = 2c05881n8(<1 s = 5 >)d8
Y xX
<I >-<I >
- ) . X
2cosfsinp ?f_§7?_%- dg, (A.8)
x y
with these substitutions we have
2A;dw
p(AT,L":)d[‘\' = I 5-<1 > ° exp(-A;W) r (A.9)
X y
and therefore
ZA;
= 2
p(AT) =TT 5-21 3 S EXP(—ATW)dW, (A.10)
X W
where the limits of integration are from <Ix>_]to <Iy>-—1
Upon integration, (A.1l0) simplifies to give
28, —A; —A;
p(AT) — e YT exp <1 5" exp T 517 {(Add)
X y X Yy
P(AT)
Finally, since p(IT)z T (from equation 2.64), we have
the result o
-1 =T
- 1 T ik
p(IT)— <Ix>"—<1> exp T o exp T > (Ax1.2)
Y X

This function is plotted in figure 2.10 as a function of
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the rafio T 3T .
X Y

Note that this solution does not produce intelligible

vasylts foy €T = = &I » &= &I .
3 y i i

In this case (A.5) becomes

4A;cosBsinB —A;

P(AT:B) = exp ; {&.13)
R e £T 5
T T

equation A.6 therefore has the solution

2A; -A;
p(AT) = exp i (A.14)
<IT>2 <IT>

so that p(IT) is just

IT -I

p(IT) = exp
2T 3 <« >

T T

i 5

(A.15)

Both (A.12) and (A.15) are identical to the results obtained
by Goodman {ref 2.2 p 24} who used a somewhat different

method in his derivation.

Now <1;> will from (A.12) be

[e o}

n_ _ n
<IT> = {p(IT)ITdI
o -1 3] -1
o ik o TY.n
ok = - {exp = ITdI {exp Y (A.16)
where a = <I > and b = <I >.
x Y

These are standard integrals which give the solution

& an+1_bn+l
= | I i = SIS e
<IT> n! =% " (A.37)

Now since contrast is just

o S (<12>—<I>2)% JPEEEs 1%

I &I TleI>?

' (A.18)
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if we set <IT>=<IX>+<Iy> = a+b = 1 we obtain the following
result for n = 2
3 3 2 3
B o g8 =B o 1-35335° -3H
<IT> = 2 o 2 195 (A.19)

So that, after some long division, we obtain the expression

<I;>
2= <IZ> = 2(b%-b+1), (A.20)
P
which gives
2 % 2 5
C = (Z2b*=2b+1) ™" = (2<Iy> —2<Iy>+l) y (A.21)

An identical result may be obtained in terms of el 5

This particular funetion is plotted in figure 2.11l.
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Computer Memory Map

Address Function
0000
Hex Monitor
0100
Cassette read/write
0200
Unused
0300
Unused
0400
1K byte
Maths Package /, Register stack
¥ 4x4 bytes
#
/
/
/
0800
Variables General Registers
0900 50x4 bytes
| ___Memory M1 Y
\
0A00 i W \\ Subroutine stack
Memory M3 \\ 20x2 bytes
0BOO
Memory M4
0Cco0
Program
Space
1000

Memory Key

Ml = 128 bytes to accommodate the zero correction
data produced by the dark scan.

M2 = 128 bytes to accommodate pixel intensity data,
before and after correction.

M3 = 256 bytes of non-uniformity correction data
(loaded from cassette).

M4 = 256 bytes to accommodate intensity distribution, and
cross-correlation data.
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APPENDIX C

Computer Simulations

Many of the experiments considered in this thesis involved
factors which often obscured the ideal results. Computer
simulation gives an experimenter the opportunity to test

various theories without introducing these problems.

During the course of this project the author obtained a
Commodore Pet microcomputer, based on the 6502 microprocessor.
This computer was used to perform all complex calculations

in this thesis which the 1802 microcomputer could not handle.
A number of simulation programsfwere also written for the Pet
computer to investigate the various problems which arose

in the theoretical and experimental parts of this thesis.
These programs and their results will now be considered in

more detail.

C.l Simulation of a Fully Developed Speckle Pattern

Intensity Distribution

Using the random walk model described in section 2.1 a
program was written which produced a number of randomly
oriented amplitude vectors which were added together, and
then squared to produce a resultant intensity. This
intensity level was noted and then the above process was
repeated. After a predefined number of intensities had
been produced and recorded the program calculated the mean,
standard deviation, and contrast for the (pseudo) speckle
pattern which could have produced this data. The intensity
distribution was then displayed as a bar graph on the video
monitor. Figure C.1 is an example of such a run which was
made from 40000 intensity points each of which was derived
from 50 randomly oriented vectors. (This particular program
took 14 hours to run!) The statistics calculated from this
data, using the techniques discussed in section 6.5, are

listed on page 158.

t A complete listing of these programs is given in Appendix H.
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Mean = 9.46
Standard Deviation = 9.89
Contrast = 1.05

As expected the contrast is close to unity. (A number of
such simulations produced contrasts which ranged from 0.93
to 1.08]) .

Using the formula given in equation 6.7 the expected prob-
ability distribution was calculated. {Note that the limits

a and b in this equation now become I-1 and I+1 respectively).

The reasonably close match between this result (represented
by the smooth curve in figure C.l) and the simulated data
indicates that equation 6.7 correctly describes the random

walk intensity distribution.

C.2 Simulation of a Partially Developed Speckle Pattern

Intensity Distribution

In situations where the speckle pattern is not fully devel-
oped (i.e. where o¢<ﬂ) the equation which describes the
probability density of speckle amplitude (equation 2.57) is
very complex,and difficult to solve. However as pointed
out by Beckmann {ref2.1 p.12} such a speckle pattern may be
formed by the vector sum of a random phasor and a constant
amplitude vector r (see figure C.2). This has the effect
of increasing the speckle's mean intensity but leaving the
standard deviation unchanged. In other words the contrast
is reduced, an effect which is observed experimentally.

To obtain some idea of the resultant intensity distribution
a number of computer simulations were performed using just
such a technique. Figures C.3 to C.9 show the results of
these simulations for various values of r_- These distri-
butions, which have their statistics listed on page 167,
show a close resemblance to those obtained experimentally

in section 6.7,
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Figure C.2 Random walk with constant amplitude
phasor added
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Table C.1 Probability distribution statistics

Figure 5 X <I> o Contrast
> m i1
.3 40 10 6.74 5.43 0.80
Cc.4 42 9 1103 6.43 0.58
5 40 8 13.12 6.45 0.49
C.6 36 5 g9.78 3. 51 0.36
&7 40 4 11287 3.18 0.27
C: 8 40 2 11.58 158 0.14
|G 40 1 1. 53 0.83 0.07
Notes
i X is the maximum value of the real or imaginary compon-

ents of each phasor Ai.

2. The above results were obtained from 10000 intensity

samples each made up of 20 elementary phasors.
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APPENDIX D

An Experiment to Test the Effectiveness of the Probability

Distribution Program

To test the effectiveness of the probability distribution
program, a test waveform was fed into the computer so that
the resultant output could be compared with the expected

distribution.

The test waveform used was a 50 Hz sine wave with a 4V peak-
to-peak amplitude and a + 1.7V offset. This gave an output
from the A/D converter which ranged from 10 to 255. The
probability distribution program was altered so that the
sine wave was sampled automatically at % second intervals.
Because the computer and generator output were not in step,
each sample (which contained ~n 3% cycles) was different.
When a sufficiently accurate amplitude distribution had
been built up, the program was stopped and the relevant
probabilities were calculated. Figure D.l1 is a typical
example, produced by summimg over every five consecutive
amplitude levels to reduce statistical fluctuations, and
simplify plotting. The smooth curve represents the

expected result which was calculated in the following fashion.

The probability density for a sine wave is just

p(x) = N - ' jin M

/X 2w ?

where X is the peak amplitude and x < |X].

The probability that x will be between two predefined levels

a and b is Jjust

el
xlo

b
P(a,b) = /p(x)dx = (arcsin(3) - arcsin(%)). (D. 2}
a
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Consideration of the amplitude distribution indicates that

the peak value ¥ is approximately 122.5 units. When this
value is substituted into equation D.2 the results pictured
in figure D.l1 are obtained. Although these results are
strictly descrete probabilities they have, for ease of

comparison, been represented here by a smooth curve.

The small differences between these two results can be
traced back to a distortion in the sine wave which was
found to be slightly peaked at its maximum and minimum
values. This effect is quite commonly observed in the
output of waveform generators which create a sine wave from

a triangular waveform.
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APPENDIX E

Discussion on the Possible Causes of the Probability Decrease

Observed in Probability Distributions as Measured by the Array

As mentioned in section 6.5 the decrease in probability
which occurs for the fully developed speckle pattern (and
presumably partially developed ones as well) at low inten-
sities is most likely to have been caused by one or more of

the following effects.

i) Electronic noise
i1} Light scatter
144 Depolarization of the scattered light
iv) Charge transfer inefficiency

Electronic noise has been discussed in sections 6.3 and 6.8
where it was found that it adds an intensity of one unit to
approximately 5% of all sample points. If we take figure
6.13 as being a representative curve for a fully developed
speckle pattern we have from table 6.3 (run 6) and equation
6.7 that 2.4% of all samples should have zero intensities.
This means that electronic noise will promote 5% of 2.4%, or
0.12% of these samples to an intensity level of one. Since
this reduction in the zero level is not significant it would

appear that electronic noise is not the chief culprit.

Since inserting a sheet of polaroid into the scattered beam
was not found to have any significant effect on the probab-
ility distribution, depolarization of the light by the

surface also seems an unlikely cause.

Charge transfer inefficiency was initially thought to be
the most likely contender as its effect is to even out all

intensities by a small factor. As discussed in detail by
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Tanaka {ref E.l} this phenomenon is caused by an inherent
inefficiency in the charge-coupled shift register which

tends to leave behind a small percentage of its charge on
each shift. An example of this is pictured in figure E.1l
for a singly illuminated pixel. To see if this effect was

significant the following experiments were performed.

Half the array was covered by a piece of black insulation
tape so that a step output voltage would result when the
array was illuminated. Since data is shifted out of the
registers in one direction only, transfer inefficiency

effects should be more noticeable with tape on one end of

the array than on the other.

The results were not convincing as light scatter and diff-
raction swamped any noticeable differences. To reduce
scatter to a minimum a converging beam of light was shone
onto the array and its position was adjusted so that it
covered as small an area as possible. Unfortunately it
was not possible to determine the exact size of the spot
other than by using the diffraction limiting formula
(equation 2.72) which gave a value of 54um when the 72mm
lens was used. 5 or 6 pixels were observed to respond
although this value increased dramatically for large
intensities. As before there was no obvious difference
between opposite sides of the intensity maximum indicating
that scatter and diffraction effects were still more sig-

nificant.

It would therefore appear as if light scatter is the most
probable cause as it tends to uniformly increase the inten-
sity across the array, which leads to a decrease in the
probability of low intensities. Since scatter from surround-
ing objects was kept to a minimum it seems likely that most
of the scatter occurred within the array cavity itself
between the aperture window and the gold plated substrate.

Apart from removing this window the only solution to this
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Figure E.l1 Charge transfer inefficiency within the array
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problem would seem to be a compensation program which cal-
culates the likely scatter from the mean intensity and sub-

tracts this from all pixel outputs.
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APPENDIX F

Phase Shift Calculation for Light Scattered

from a Rough Surface

To calculate phase difference for the generalised situation
depicted in figure 2.2 would be difficult. However, in most
practical situations the distance to the light source and
observation (i.e. speckle) plane is such, that rays A and B
are almost parallel. (Typical areas of illumination have
diameters of 2mm or less). This being the case, we can
calculate the resultant phase difference ¢ quite simply with
the aid of figure F.l. From simple trigonometric considera-
tions we see that the path difference between rays A and B is

Jjust

p.d. = rcosé+rcosw, (.4}

so the phase difference is

§ = 2;r (cosf+cosuw) . ¢F2)

In chapter 6, where measurements of surface roughness are
made, the apparatus is arranged so that w=6. In this situ-
ation equation F.2 simplifies to give

d = 4? cos. (F.3)

The introduction of a lens to image the speckle does not

change the validity of these formulae as the speckle inten-
sity in the image plane is still determined by a random sum
of scattered phasors, although the area on the surface from

which these are derived is now much smaller.
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Figure: F.l Geometry of light scatter from a rough surface
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APPENDIX G

An Alternative Derivation of Equation 2.24

During the final preparation of this thesis an alternative
derivation of equation 2.24 was suggested which made the
calculation of <x?y?> unnecessary. Rather than rewrite

the relevant section, it was decided to present this altern-

ative procedure as an appendix in the following manner:
From equation 2.11 we saw that
<I?%s = <(x2+y2)2> = <xh>+2<xzy2>+<yh>. (3. 1)

Using a similar approach

<I>? = <(x2+y2)>? = (<x1>+<y2>y
= ’x?>?+2<x2><y2>+<y?32, (G . 2
Now <x’y?>= <x?><y?> as x and y are independent. Therefore,
1
Gy = e T i ke
; L
= fex ey iosenisl—ayp®>%) 7, (6.3)

From equations 2.17 and 2.18 we obtained

A
x
Vv
I

30;+6<x>20i+<x>“, (G.4)

and
e w T (G.5)
¥
Equation 2.8 may be manipulated to give

en?s? = (gZezxs2)?
X

1]

gl ePeung® geus, (G.6)
X X
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and
<y2>2 = (02)2 — 0.'+! (G.?)
¥ ¥
where <y> = 0 as previously assumed.

Substituting these results into equation G.3 gives

i, = (20;+20;+4<x>20i)%. (G.8)

With equations 2.5 and 2.9 we can then obtain the result
g (2(G“+0“)+4<x>202)%
1y X ¥ X
C & e = ¥ (G.9)
02402+<x>?
X Y

which is just equation 2.24.
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Computer Listing of Speckle Simulation Program

10 Rem Speckle simulation program, written in BASIC for
Commodore Pet.
20 Rem Read graphics data.
30 For I=0 to 7:Read AS (I) :Next
40 Rem Dimension frequency array.
50 Dim £{255)
60 Input"{Clear} Number of samples per speckle =";G
70 Input"{l down}! Number of speckles =";U
80 V=1/G:¥M=20
90 Print*{Clearl}®
100 Rem Generate U random intensities.
110 Foy K=1 to U
120 Rem Generate random seed.
130 Z=Rnd(-Ti)
140 X=0:Y=0
150 Rem Generate random intensity components.
160 Fer Izl to 4
170 X=X+(Rnd(l)-0.5)*XM
180 Y=Y+(Rnd(1l)-0.5) *XM
190 Next I
200 Rem Determine intensity.
210 M=Int ((X*X+Y*Y)*y*0.15)
220 If M»255 then 140
230 Rem Increment relevant element in frequency array.
240 £(M)=£f(M)+1
250 Next K
260 Rem Display frequencies on screen.
270 For P=0 &G 255
280 Pranmk P;E(P),;:P=Pfl:Prrne BiL(P)
290 Next P
300 Sum=0:N=0:5D=0
310 Rem Calculate IIf(I) & Xf(I)
320 For I=0 to 255
330 Sum=Sum+I*f(I)
340 N=N+f(I)
350 Next I



360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
5310
540
550
560
570
580
580
600
610
620
630
640
650
660
670
680
690
700
218
720
730

180
Rem Calculate mean intensity.
Mean=Sum/N
Rem Calculate I (I-<I>)?f(I)
Fer I=0 o 255
Q=Q+f (I)* (I-Mean) +2
Next I
Rem Calculate standard deviation of intensity.
SD=Sgr (Q/ (N-1))
Print"{1 down}{Reverse}! Press key for statistics"
Get AS:If AS$="" then 450
Print"{Clear}{8 down}"
Print"Mean =";Mean
Print"{1 down}! Standard deviation =";SD
Print"{1l down} Contrast=";SD/Mean
Print"{1 down}{Reverse}! Press key for intensity distribution"
Get AS$:If AS="" then 510
Print™{Cclear}"”
Rem Draw graph axes.
For I=1 to 24
Prime®l ™
Next I
Brint MLY;
For I=0 to 37
2 L 7 g L
Next I
Rem Determine maximum frequency.
For I=0 to 39
If £(1)>S then S=f(I)
Next I
Rem Reposition cursor
For I=0 to 38
Print"{2 left}";
Next I
Print"{1 left}{l down}";
Rem Draw bar graph.
For I=0 to 38
Rem Scale frequency distribution to monitor.
T=Int(£(I)*24/S)
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740 If T=0 then 780
750 For J=0 to T-1
760 Print"{Reverse} {Reverse off}{1l left}{1l up}";
770 Next J
180 J=f(I)*24/8-Int(£f(1)*24/5)
790 J=Int(J*8)
800 Print AS(J);:If T=0 then 840
810 For J=0 to T-1
820 Print"{1l down}";
830 Next J
840 Next I
850 Go to 850
860 Data"™ ", " ", """ ;"=";"{Reverse]l™{Reverse off}”,"{Reversel™
{Reverse off}","{Reversel™{Reverse off}"
870 End

Note. Statements within curly brackets are special cursor control

characters.

For large values of U, this program will produce an intensity
distribution like that in figure C.1 With the addition of the

following statement:

195 X=X+RC

and the appropriate values of RC and XM, (see page 167) the

distributions in figures C.3 to C.9 may be reproduced.



182

REFERENCES
Chapter 2
Lal BECKMANN, P.and A. Spizzichino
The scattering of electromagnetic waves from rough
surfaces. (International series of monographs on
electromagnetic waves, Vol.4). Oxford, London,

New York, Paris, Pergamon Press, 1963. 505p.

2.2 GOODMAN, J.W.
Statistical properties of laser speckle patterns.

p 9-74 in Laser speckle and related phenomenon.

(Topics in applied physics, Vol.9).Ed. J.C.Dainty,
Berlin, Heidelberg, New York, Springer - Verlag, 1975.

2.3 GRADSHTEYN, IL.5. and I.M.Ryzhik

Table of integrals, series, and products. 4th ed.

New York and London, Academic Press, 1965.

2.4 ASAKURA, T.
Surface roughness measurement pll-49. 1In Speckle
metrology. Ed. R.K.Erf, New York, San Francisco,

London, Academic Press, 1978.
Chapter 3

Bl HASS ;E.S.

Polarization and lasers. Laser technical bulletin

number 7. Spectra physics, 1975. 9p.

Chapter 4

) § STEPHENS, O.B. et.al.
An implementation of a charge-coupled photodiode
linear image dissector in tissue microscopy appli-

cation. p46-61. 1In Nelcon 80 Electronics for the

eighties; proceedings of the 17th N.Z. national



183

electronics conference. Massey University, August
1980.

4.2 BARBE,D.F.
Imaging devices using the charge-coupled concept.
Proceedings of the IEEE, Vol.63. No.l, January 1975,
p 38-74.

4.3 RETICON
Charge-coupled photodiode arrays CCPD-256, CCPD-1024,
CCPD-1728
Publication number 77098, Reticon Corporation,

Sunnyvale, California. 1977. 6p.

4.4 RETICON
RC700A/RC702A CCPD Interface system operating

instructions
Drawing number, 045-0042, 010-0275, 010-0274,

Reticon Corporation, Sunnyvale, California. 1979. 20p.

Chapter 6
6:1 REASON, R.E.
The measurement of surface texture, p585-634. 1In

Modern workshop technology Vol.2. Ed. H.W.Wright
Baker. 3rd ed. London and Basingstoke, Macmillan &
Co Ltd; 1970.

6.2 NAKAGAWA, K.and T.Asakura
Average contrast of white-light image speckle
patterns. Optica Acta, Vol.26, No.8,1979,p 951-960.

Chapter 7

i | BRIERS, J.D. and I.G.Angus
Speckle photography applied to the measurement of

displacements and rotations. Report No. 634, PEL,
DSIR, N.Z., March 1979. 25p.




184

o s FRANCON, M.
Laser speckle and applications 1n optics. New York,
San Francisco, London, Academic Press, 1979.

143 COSTA, G.A. et al:
Thermal expansion measurements by speckle interfer-
ometry. Applied Optics, Vol.l9; No.!, April 1980.
p 10321033,

7.4 YAMAGUCHI, I.
A laser-speckle strain gauge. J.Physic. E:Scientific
Instruments Vol.1l4, 1981. p 1270-1273.

Appendix E

B 1 TANAKA, S.C.

Coping with charge transfer inefficiency affecting
modulation transfer function (MTF) of charge-coupled
devices (CCD). Optical Engineering, Vol.1l8, No.5,
September-0ctobéry 1979. p504-5132.






