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Abstract

Low Coherence Interferometry (LCI), in particular Optical Coherence Tomog-
raphy (OCT), are well established techniques for structural imaging based on
depth-resolved interferometrical measurements. OCT is mainly used in medical
applications, like structural imaging of the human eye. Electronic Speckle Pat-
tern Interferometry (ESPI) is used for optical non-destructive testing based on
interferometrical deformation measurement.

Low Coherence Speckle Interferometry (LCSI) combines the depth-resolved
measurement from LCI and the high-accuracy out-of-plane deformation mea-
surement from ESPI. Depth-resolved deformation measurement enables, for ex-
ample, the characterisation of the behaviour of interfaces in transparent and
semi-transparent multi-layered materials or structures while changing the am-
bient conditions.

In this work the theoretical background and basic principles of LCSI are
described. An open-path LCSI setup is developed and the measurement al-
gorithms are further improved. A new method for the detection of zero path
length di�erence when applying temporal phase shifting is introduced. The op-
tical parameters of LCSI are analysed in order to optimise the technique and
increase the probing depth. The contrast of the interference signal depends on
the con�guration of the optical setup and the optical properties of the material.
Theoretical investigations and measurements for optimising the beam ratio, the
coherence function and imaging parameters are presented.

To understand and quantify the measurement results of adhesive bonded
joints the modelling of the interference signal is required. Therefore a one-
dimensional transmission line model is developed. The model includes scatter-
ing and changes in the refractive index in a stressed semitransparent adhesive
layer. Delamination at the glued interface is investigated. A Finite Element
Model (FEM) of an adhesive bonded aluminium joint is developed to analyse
the behaviour of the aluminium/adhesive interface during mechanical testing.

LCSI is introduced as a tool for characterisation of adhesion. In this work
fundamental studies on interfacial instabilities in adhesive bonded aluminium
joints are carried out. The basic hypothesis is that low adhesion is due to the ex-
istence of microscopic delaminations at the interface between the substrate and
the adhesive. These delaminations can be caused by imperfect pre-treatment,
surface topography or other surface phenomena (e.g. corrosion, inter-metallic
particles, etc.).
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Zusammenfassung

Low Coherence Interferometry (LCI), insbesondere Optical Coherence Tomog-
raphy (OCT), sind etablierte Messverfahren zur Abbildung der inneren Struk-
turen von Objekten. Beide Techniken basieren auf tiefenau�ösenden inter-
ferometrischen Verfahren. Während OCT hauptsächlich in der medizinischen
Messtechnik genutzt wird, hat LCI auch breite Anwendungsfelder innerhalb
der materialtechnischen Messtechnik. Electronic Speckle Pattern Interferometry
(ESPI) ist ein zerstörungsfreies Messverfahren basierend auf interferometrischen
Verformungsmessungen.

Low Coherence Speckle Interferometry (LCSI) kombiniert die tiefenau�ösende
Messung von LCI mit der hochgenauen interferometrisch Verformungsmessung
von ESPI. Tiefenau�ösende Deformationsmessungen können z.B. für die Charak-
terisierung von Grenzschichten in transparenten und streuenden Materialien
genutzt werden.

In der vorliegenden Dissertation sind die theoretischen Grundlagen und Grund-
prinzipien von LCSI beschrieben. Basierend auf der Entwicklung eines 'open
path' LCSI-instruments wurden die Messalgorithmen weiter entwickelt. Die
Arbeit stellt eine neue Methode für die Detektion der 0-OPD bei der Anwen-
dung von zeitlichem Phasenschieben vor. Die optischen Parameter von LCSI
werden analysiert und optimalisiert um die maximale Messtiefe zu erhöhen.

Der Kontrast des Interferenzsignals hängt vom optischen Aufbau des Instru-
mentes und den optischen Parametern des untersuchten Materials ab. Theo-
retische Untersuchungen und experimentelle Resultate für die Optimalisierung
des Strahlverhältnisses, der Kohärenzfunktion und der Abbildungsparameter
werde vorgestellt.

Um die Resultate der Messungen an den Leimverbindungen zu quanti�zieren
und zu verstehen, ist es notwendig, das LCSI-Interferenzsignal für die jew-
eilige Objektstruktur zu modellieren. Hierfür wird ein eindimensionales Mod-
ell vorgestellt. Eine Fehlstelle an der Aluminium/Kleber Grenzschicht verur-
sacht eine Fasenänderung des re�ektierten Lichtes. Das Modell simuliert diese
Fasenänderung und ermöglicht so die Untersuchung des Ein�usses von Brechzahlän-
derungen und Streuparametern. Für die Simulierung der Klebeverbindung
während der mechanischen Zugbelastung wurde ein Finite Elemente Modell en-
twickelt.

LCSI wird in dieser Dissertation zur zerstörungsfreien Detektion von Fehlstellen
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an den Grenzschichten benutzt. Die Grundidee dabei ist, dass schlechte Klebe-
verbindungen auf der Existenz von mikroskopischen Fehlstellen beruhen. Diese
Fehlstellen können durch unzureichende Vorbehandlung, die Ober�ächenstruk-
tur oder andere Ober�ächenphänomenen (z.B. Korrosion, inter-metallische Par-
tikel) hervorgerufen werden. Durch die Quanti�zierung des fehlerhaften Areals
können Rückschlüsse auf die Qualität der Verbindung gezogen werden.
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Chapter 1

Introduction

Interferometry is a powerful tool for the measurement of displacements of ob-
jects. Displacement in this sense might be the change of the position of the
object but also a deformation or vibration.

With the growing importance of nano- and micro-technology the requirements
on the accuracy of characterisation techniques increases. Interferometry mea-
sures displacements with an accuracy of a fraction of the wavelength, in special
cases down to and even below 1nm. In particular the characterisation of MEMS
and MOEMS is a growing market for interferometrical systems. Also the mi-
croscopic characterisation of materials is highly demanded.

The rapid development of the performance of components such as cameras and
light sources increases the spatial and longitudinal resolution of the techniques.
Furthermore new techniques with improved features can be developed. The
availability of low-coherence sources (i.e. super luminescence diodes - SLD) in
a wide wavelength range enables depth resolved and absolute measurements.

1.1 Background of the present work

The background of this work is the Strategic Institute Program 'Surface Engi-
neering' carried out in SINTEF from 2000-2004. The aim of the project was the
fundamental understanding of coating and adhesive bonding of aluminium.

In many industrial applications adhesive bonding substitutes traditional assem-
bly techniques (e.g. bolting or welding). Proper adhesive bonding of aluminium
requires the chemical activation of the surface. Chromate conversion coatings
have been used extensively for this purpose. However, due to the hazardous
nature of hexavalent chromium international legislation sets strong limitations
in the future use of chromates. More environmental friendly pre-treatments
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are anodising, the application of silanes or chromate-free chemical conversion
coatings. The most relevant conversion coating is Titanium/Zirconium (TiZr).

The fundamental investigation of Ti/Zr pre-treatment for adhesive bonding is
presented by Lunder [1]. Lunder concluded that the processing parameters (e.g.
pH, temperature) during Ti/Zr pre-treatment in�uence the adhesion properties.
The reason for this is the deposition of thick layers of conversion coating at
enclosed particles, so called inter-metallic particles, on the surface of the sample.
This phenomenon introduces defects, so called interfacial instabilities, at the
adhesive/aluminium interface.

1.2 Optical non-destructive testing of adhesion

The characterisation of adhesion in adhesive bonded joints is today mainly lim-
ited to destructive mechanical testing. However, the properties of an adhesive
bonded joint is changing both during curing and aging of the adhesive. Fur-
thermore the adhesion properties are in�uenced by the environmental conditions
such as humidity, temperature changes and ultra-violet light exposure. There-
fore non-destructive testing methods are necessary to investigate the adhesion
over a longer time period.

The present work introduces Low Coherence Speckle Interferometry as a non-
destructive technique for the investigation of interfacial instabilities in adhesive
bonded aluminium joints. Ti/Zr pre-treated aluminium samples and the adhe-
sion properties especially around the inter-metallic particles are investigated.

Low Coherence Speckle Interferometry (LCSI) combines two established inter-
ferometrical techniques, Optical Coherence Topography (OCT) and Electronic
Speckle Pattern Interferometry (ESPI), to a powerful new technique.

ESPI is a well-established technique for optical Non-Destructive Testing and
Evaluation (NDT/E) of materials. Traditionally ESPI [2, 3, 4] detects defects
on the surface or inside a material by measuring deformation maps of the surface.

'White light interferometry'1 is mainly used for the measurements of topography
and shape of the surface of an object. The instruments are often camera-based
and utilise sources with a broad wavelength spectrum [5, 6]. Another approach
for surface measurements is the Coherence Radar, introduced by Häusler and
his group [7, 8].

However, techniques based on Low Coherence Interferometry (LCI), and in par-
ticular Optical Coherence Tomography (OCT) are also well established for struc-
tural imaging based on depth-resolved interferometrical measurements [9, 10, 11]

Standard-OCT is based on point measurements. However there are also full-
�eld approaches to OCT. Full-�eld OCT was developed mainly in the last 5

1traditional term for low coherence interferometry applied for surface measurements. The
term is chosen due to the broad wavelength spectrum of the sources
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years and generates images of the internal structure of an object with a single
scan [12, 13].

The measurement of the displacement of internal structures inside a material
are know from literature as elastography. A review of di�erent techniques is
given by Parker [14]. Mainly ultrasound [15] and magnetic resonance [16] are
applied. Optical elastography measurements presented in OCT are based on
intensity investigations and the image correlation of speckle pattern [17].

LCSI combines the depth-resolved measurement from OCT and the high-accuracy
deformation measurement from ESPI. Depth-resolved deformation measurement
enables, for example, the characterisation of the behaviour of interfaces in trans-
parent and semi-transparent multi-layered materials or structures while chang-
ing the ambient conditions (i.e. mechanical stress, temperature, aggressive en-
vironments).

Neiswander and Slettemoen [18] suggested already in 1981 to use a low-coherent
light source for depth-resolved evaluation of semi-transparent materials. With
the development of super luminescence diodes (SLD) in the middle of the 90's
sources well suited for this application have become commercially available.

In 1999 the �rst LCSI measurements were presented by Gülker et al. [19] and
Kraft [20] from our group in Oldenburg. LCSI was applied for the charac-
terisation of paint layers on terra cotta warriors. The papers investigate the
deformation of subsurface paint layers while changing the air humidity.

In the present work LCSI is applied as a tool for characterisation of adhesion.
Some fundamental theoretical and systematical experimental investigations of
the technique are presented.

1.3 Objective of the present work

The aims of the present work are:

• development of a dual-wavelength, open-path LCSI-instrument

• fundamental understanding of the measurement e�ect

• systematic investigation and optimisation of the setup parameters

• detection of interfacial instabilities.

Development of a dual-wavelength, open-path LCSI-instrument

The large attenuation of the light intensity in the object arm requires the opti-
misation of the setup due to loss. An open-path setup avoids �bre coupling, and
minimises both the loss caused by the �bre coupling of the light and dispersion
problems. For the investigation of wavelength dependent parameters two light
sources, covering the relevant wavelength spectra, are applied in the same setup.
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Fundamental understanding of the measurement e�ect

When measuring deformation inside a material new challenges occur, e.g. refrac-
tive index changes in the material and restrictions regarding the probing depth.
To facilitate the understanding and quanti�cation of the measurement results,
modelling of the interference signal is required. The present work describes a
one-dimensional model for the interference signal based on a transmission line
model approach as known from the simulation of multi-layered structures [21].
The model has been applied to OCT by Støren [22] for the modelling of speckle
e�ects. The extension of this model for phase measurements is presented in this
thesis.

Systematic investigation and optimisation of the setup parameters

The optimisation of the interference signal in LCSI is based on optimisation
criteria known from both ESPI and LCI. For ESPI these criteria depend on
the signal-to-noise ratio (SNR) [3], the beam ratio [23, 24, 25] the degree of
correlation of the speckle pattern before and after excitation [26], the imaging
aperture [2, 27], the dynamic range of the video camera and the output power of
the laser source. In LCI the interference contrast depends furthermore strongly
on the positioning of the coherence layer, i.e. the 3D-layer from which scattered
object light is coherent with the reference light.

Detection of interfacial instabilities

In the present work LCSI is presented as a tool for the fundamental understand-
ing of adhesion. A new test concept for the non-destructive characterisation of
adhesive bonded joints is needed. The basic hypothesis of this measurement
concept is that low adhesion is due to the existence of interfacial instabilities at
the interface between the substrate and the adhesive. If the relation between the
deformation pattern on this interface and mechanical forces can be quanti�ed,
it is possible to model the adhesion characteristics.

1.4 Outline

The present work is divided into 9 chapters. After this introduction chapter
2 describes the theoretical background of interferometry in general and OCT
and ESPI in speci�c. Furthermore �rst and second order speckle statistics for
coherent and low coherent speckle pattern are presented.

Chapter 3 describes the theoretical background of LCSI and concentrates in
particular on the theoretical optimisation of the setup parameters.
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In chapter 4 the material background of the work is presented. Adhesion and
in particular the adhesion properties of aluminium are introduced. A Finite
Element Method (FEM) model of the sample con�guration gives introduction
to the behaviour of the sample during stress testing.

A theoretical model of the interference signal is applied in chapter 5. The
one-dimensional model describes the in�uence of the size and properties of the
delamination on the phase measurements. Furthermore the e�ect of changes of
the optical properties of the materials along the optical path are investigated.
Both transparent and semi-transparent adhesives are modelled.

Chapter 6 introduces the experimental setups used in this work and describes
the components applied.

The experimental results in this work are divided into two chapters. Chapter 7
deals with LCSI as a new technique and the setup parameters are systematically
investigated. Chapter 8 investigates the application of LCSI for the detection
of interfacial instabilities.

Finally, the conclusions of this thesis are presented in chapter 9.
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Chapter 2

Background

2.1 Interference

Interference is one of the fundamental phenomena of the wave theory of light.
Interference only occurs if the two interfering light waves are coherent or partly
coherent. This chapter gives a short introduction to interference and coherence.

Interferometry is a widely used technique for the high-accuracy measurement of
distance, deformations, displacements or vibrations. The principles of interfer-
ometry, applications and interferometer con�gurations are in detail described in
common textbooks, e.g. by Hecht [28] or Saleh and Teich [29]. More theoretical
and detailed descriptions can be found in Born and Wolf [21] and Mandel and
Wolf [30]. To agree on common notations, some basic equations are introduced
here.

2.1.1 Intensity

To illustrate the principles we use a Michelson interferometer as shown in �gure
2.1

First we de�ne the optical �eld V (t, k, z) coming from the light source and
travelling in positive z-direction by

V (t, z) = V0(t, z)exp− (i(ωt− kz) (2.1)

Where V0(t) is the complex amplitude of the �eld. ω is the angular frequency
of the �eld given by the frequency ω = 2πν = and k the wave number of the
�eld given by the wavelength or frequency k = 2π/λ = ω/c.
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Figure 2.1: Con�guration of a Michelson interferometer

In an interferometer the light beam is divided into the object and the reference
beam by the beam splitter. The beams are re�ected back and interfere. A
detector records the interference signal.

We assume stationary signals for the reference and object �eld. The interference
signal is given by the mean intensity I:

I = 〈|Vr + Vo|2〉 = 〈|Vr|2〉+ 〈|Vo|2〉+ 2Re〈V ∗
r Vo〉 (2.2)

with 〈·〉 denoting the time average. Vr is the complex reference �eld and Vo the
complex object �eld. The �elds are �uctuating in space and time Vn = f(x, y, t).
Subsequently for simplicity and readability reasons this notation is omitted.

Introducing the intensity In = 〈|Vn|2〉 in 2.2 we get

I = Ir + Io + 2Re〈V ∗
r Vo〉 (2.3)

The �rst two terms Ir and Io denote the medium intensity of the reference
and object light, also called the self-interference terms. The third term is the
cross-interference term given by 2Re〈V ∗

r Vo〉.

The visibility or contrast of the interference fringes Cint is given by its extreme
values

Cint =
Imax − Imin

Imax + Imin
(2.4)

The following sections will describe the cross-interference term in equation (2.3)
in more detail.
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2.1.2 Coherence

The cross-interference term in equation 2.3 is the real part of the complex co-
herence function1 Γro given by

Γro = 〈V ∗
r Vo〉 (2.5)

It is often useful to introduce the normalised degree of coherence γro given by

γro = |γro|exp(iϕro) =
Γro√
IrIo

(2.6)

ϕro is the phase di�erence between the reference and object �eld. Utilising this
term the interference signal from 2.3 is given by

I = Ir + Io + 2
√

IrIo|γro|cosϕro (2.7)

Using this equation the maximum and minimum intensity of the interference
function needed for the calculation of the fringe visibility is given by

Imax = Ir + Io + 2
√

IrIo|γro| (2.8)

Imin = Ir + Io − 2
√

IrIo|γro| (2.9)

and the fringe contrast Cint is calculated by

Cint =
2
√

IrIo

Ir + Io
|γro| (2.10)

It is easily seen that this function has its maximum at Ir = Io and is then given
by Cint = |γro|.

There is a distinction between fully coherent, partially coherent and incoherent
waves. If the two interfering waves are fully coherent (|γro| = 1) the interference
intensity is given by

I = Ir + Io + 2
√

IrIocosϕro (2.11)

This equation applies for all kind of laser interferometry, where the coherence
length of the laser is assumed to be much longer than all path length di�erences
involved. The interference signal is given by the cosine function as illustrated
in the left part of �gure 2.2

1also referred to as the mutual coherence function
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Figure 2.2: Interference signal of a laser interferometer(left) and a low-coherence
interferometer (right)

If the two waves are incoherent (|γro| = 0) they are not interfering. The cross-
interference term vanishes and the resulting intensity is the sum of the object
and reference intensities.

All other degrees of coherence called partial coherence or low coherence are
given by 0 < |γro| < 1 and the interference intensity is given by equation 2.7.
This equation applies for low coherence interferometers. The interference signal
is shown on the right graph in �gure 2.2.

Finally, it is often convenient to divide coherence into temporal and spatial.
Because of its importance for this work temporal and spatial coherence will be
introduced in the following sections.

Temporal coherence

Temporal coherence2 relates directly to the �nite bandwidth of the source. This
can be demonstrated in a Michelson interferometer (�g. 2.1). We assume plane
waves in this section and set Ir = Io = I.

The time dependency of the complex �eld V (t) can be written as an inverse
Fourier transform (FT−1)

V (t) =
1
2π

∫ ∞

0

A(ω)exp(−iωt)dω = FT−1[A(ω)] (2.12)

where

A(ω) =
∫ ∞

−∞
V (t)exp(iωt)dt = FT [V (t)] (2.13)

with ω denoting the frequency and A(ω) as the Fourier spectrum of V (t).

2also called longitudinal coherence
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The Intensity I of the complex �eld V (t) is given by

I = 〈|V (t)|2〉 =
(

1
2π

)2 ∫ ∞

0

∫ ∞

0

〈A∗(ω1)A(ω2)〉exp(i(ω1 − ω2)t)dω1dω2 (2.14)

for a stationary signal the following relation applies

〈A∗(ω1)A(ω2)〉 = 2πW (ω1)δ(ω1 − ω2) (2.15)

with W (ω) denoting the spectral density function, also called the power spec-
trum, of V (t). Combining equation (2.14) and (2.15) gives

I =
1
2π

∫ ∞

0

W (ω)dω. (2.16)

The total intensity is given by integrating the spectral density over all frequen-
cies.

The optical path length di�erence (OPD) between the reference and the object
path in the Michelson interferometer can be expressed as a time shift τ of the
optical �elds. The interfering signals are coming from the same wave �eld but
travel di�erent optical path length.

Therefore the wave is combined with itself, but at di�erent times. The interfer-
ence signal in equation (2.2) can now be written as

I(t) = 〈|V (t)|2〉+ 〈|V (t + τ)|2〉+ 2Re〈V ∗(t)V (t + τ)〉 (2.17)

The �rst two terms in this equation are given by the intensity I. As shown in
equation (2.5) the last term is given by the real part of the coherence function,
now being the auto correlation function of the signal

Γ(τ) = 〈V ∗(t)V (t + τ)〉 (2.18)

The time shift τ is given by τ = ∆z
c with ∆z denoting the OPD between

the reference and object wave and c is the speed of light (in vacuum c0 =
2.997x108m/s). ∆z is given by ∆z = 2(zo − zr) in �gure 2.1.

We insert equation (2.13) into (2.18). This leads us to the temporal coherence
function given by

Γ(τ) =
1
2π

∫ ∞

0

W (ω)exp(−iωτ)dω (2.19)
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This result is an example for the Wiener-Khinchin theorem3. The temporal
coherence function is directly given by the inverse Fourier transform of the
spectral density function of the source.

We will now have a look at the physical interpretation of this equation. For
zero-OPD all frequencies (or wavelengths) are interfering constructively and the
interference function has a maximum. When the OPD increases the phase of
the interference signal changes corresponding to frequency di�erence. Since the
amplitudes of all frequencies are superimposed the contrast in the interference
signal is reduced and �nally vanishes.

The envelope of the interference signal is given by the time coherence function
in equation 2.19. τc is inversely proportional to the bandwidth of the spectrum
of the source ∆ν.

τc ∼
1

∆ν
(2.20)

The Full Width at Half Maximum (FWHM) of the interference envelope ver-
sus the delay ∆τ can be de�ned as twice the coherence time τc. Using this
description we can calculate the coherence length lFWHM by

lFWHM = 2τcc (2.21)

If we are using an array detector it is necessary to consider the coherence range
not only as a length but as a three-dimensional volume. Furthermore zero-
OPD for three-dimensional samples does in reality not occur at a single depth.
Because of shaped surfaces and interfaces or scattering samples the zero-OPD
is found on a contour surface in three-dimensions. In this work the term 'zero-
OPD' is used for the zero-OPD layer that is de�ned by this description and is
henceforth called the 'coherence layer'.

Spatial coherence

Spatial coherence4 relates to the spatial extension of the source. In the previous
section we have investigated plane waves. Let us now consider two optical �elds
which are not only shifted in time but also in space.

The Fourier presentation of the optical �eld from equation 2.13 is then given by

V (rn, t) =
1
2π

∫ ∞

0

A(rn, ω)exp(−iωt)dω (2.22)

3the spectral density function and the time auto correlation function of a stationary signal
are a Fourier pair

4also called transversal coherence
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with A(rn, ω) as the Fourier spectrum of V (rn, t) at the point rn and the time
t. Analogous to (2.17), (2.16) and (2.18) the interference signal is given by

I(r1, r2, t) = 〈|V (r1, t)|2〉+ 〈|V (r2, t + τ)|2〉+ 2Re〈V ∗(r1, t)V (r2, t + τ)〉 (2.23)

the intensity

I = 〈|V (rn, tn)|2〉 =
1
2π

∫ ∞

0

W (rn, ω)dω (2.24)

and the coherence function

Γ(r1, r2, τ) = 〈V ∗(r1, t)V (r2, t + τ)〉 (2.25)

being the cross correlation function of the signal. These equations are now
depending on both the coordinates in space r1 and r2 and the time shift τ .

Again inserting equation (2.22) into (2.25) leads us to the spatial coherence
function by

Γ(r1, r2, τ) =
1
2π

∫ ∞

0

W (r1, r2, ω)exp(−iωτ)dω (2.26)

with W (r1, r2, ω) being the cross spectral density of the �eld.

Knowledge about spatial coherence is important in two ways for the follow-
ing chapters. Spatial coherence is the basis for speckle theory and the spatial
coherence of a source is an important parameter for the fringe contrast in inter-
ferometry.

2.1.3 Phase

Most interferometrical techniques, including the one described in this work,
measure displacements based on the detection of phase changes in the interfering
light.

Detectors record only the intensity of the interference signal. This intensity
signal has to be evaluated in terms of measuring the displacement of one of the
mirrors in �gure 2.1.

The counting of fringes would be the easiest way to quantify the displacement.
In the case of a Michelson interferometer the accuracy would be limited to half
a wavelength λ/2. By interpolation of the interference signal this accuracy can
be increased.
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Another possibility to quantify the displacement is the detection of the phase
of the interferogram. Since only the intensity of the signal can be detected
intensity measurements have to be transferred into phase values. This is done
by introducing a-priori information to the interference signal.

The most used method for retrieving the phase is phase-shifting or phase sam-
pling. Phase-shifting was known in classical interferometry from the late 60's
[31]. It can be used to increase the accuracy of the measurement. Furthermore
the direction of the displacement can be determined.

Phase-shifting is based on the measurement for several intensity samples In

while shifting the interference phase in between them by a known amount αn.
n is here denoting the number of phase samples given by the phase-shifting
technique. To describe phase-shifting more in detail equation (2.7) is rewritten
using the fringe modulation m given by m = 2

√
IoIr|γro| and the bias intensity

Ib, given by Ib = Io + Ir, leading to

In(x, y) = Ib(x, y) + m(x, y)cos(ϕ0(x, y) + αn) (2.27)

ϕ0(x, y) denotes the object phase we want to �nd. A general equation for the
extraction of this phase is given by

ϕ0(x, y)mod2π = arctan

−
N−1∑
n=0

Insinαn

N−1∑
n=0

Incosαn

, with αn = n
2π

N
(2.28)

Classical interferometry is closely connected to temporal phase-shifting, where
the intensity samples are taken with a time delay, enabling the introduction
of the phase-shift αn. However in interferometrical techniques using an array
detector also spatial phase-shifting can be applied. This is described in more
detail in the section 2.3.

2.2 Speckle statistics

Many objects in industrial application have non-specular surfaces (with a rough-
ness > wavelength λ). When illuminating an optically rough surface coherently
(e.g. with a laser) the light distribution back-scattered from the surface is non-
uniform. A granular pattern occurs with a few bright and mainly dark spots -
known as speckle pattern.

Speckle patterns observed in free space propagation are called objective speck-
les. Speckle patterns observed through an imaging system are called subjective
speckles. The description of subjective speckle patterns must incorporate dif-
fraction as well as interference because of the imaging aperture of the system.
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2.2.1 Speckle in monochromatic light

Let us in the following chapter assume monochromatic and perfectly linearly po-
larised light. Speckle occur because of the coherent superposition of elementary
waves. These elementary waves are generated from a statistically distributed
array of microscopic scatterers at the surface of the sample. The statistical
properties of laser speckle patterns are more in detail described by Goodman
[32].

For both subjective and objective speckles the amplitude and phase of the oc-
curring interference pattern in space are randomly distributed. The speckle
pattern at the observation point (x, y, z) consists of contributions from di�erent
scattering regions of the surface of the sample. The phasor amplitude A(x, y, z)
in the observation point is therefore given by the sum of a large number k of
elementary phasor contributions ak:

A(x, y, z) =
N∑

k=1

1√
N

ak(x, y, z), k = 1, 2, . . . , N (2.29)

If we can assume that

• the amplitude and phase of each elementary phasor are statistically inde-
pendent,

• the amplitude and phase of each elementary phasor are statistically inde-
pendent from all other elementary phasors,

• the phase is randomly distributed in the interval (−π, π)

• the number N of scatterers is large and

• the speckle pattern is fully resolved

this complex addition of the elementary phasor contributions is identical with
the classical statistical problem of the random walk in the complex plane. The
statistical properties of the speckle pattern can now be calculated. The prob-
ability density functions of the intensity p(I) and phase p(ϕ) are then given
by

p(I) =
1
〈I〉

exp

(
− I

〈I〉

)
, (I ≥ 0) (2.30)

p(ϕ) =
1
2π

, (−π ≤ ϕ ≤ π) (2.31)
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Figure 2.3: Example of a coherent speckle pattern; left: image of the speckle
pattern, right: histogram of a coherent speckle pattern showing the negative
exponential intensity distribution

〈I〉 denotes the mean intensity in the speckle pattern. Its intensity distribution
is given by a negative exponential distribution, while the speckle phases are uni-
formly distributed. Figure 2.3 shows an example of a coherent speckle pattern
and the histogram of the intensity distribution.

The speckle contrast Csp is given by

Csp =
σI

〈I〉
= 1 (2.32)

with σI as the rms intensity �uctuations which are equal to the medium inten-
sity.

The spatial structure of a speckle pattern is described using an analogy to
the van-Cittert-Zernike theorem, in detail explained for example in [21] p.510.
It says that the spatial coherence can be calculated by solving an equivalent
di�raction problem for focusing through the corresponding angular aperture.

Solving this well-known di�raction problem the average speckle size can be
calculated. For subjective speckles observed via a circular aperture it can be
given by

lct = 1.22λ(1 + M)#F (2.33)

lcl = 8λ(1 + M)2#F 2 (2.34)

where
lct is the transversal speckle size5,

5also referred to as transversal spatial coherence length or speckle diameter
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lcl is the longitudinal speckle size6

M is the magni�cation of the lens, given by M = (s−f)/f with s as the distance
from the imaging aperture to the imaging plane and f as the focal length of the
lens and
#F is the F-number of the imaging system given by #F = f/D with f as the
focal length and D the aperture diameter of the imaging system.

For a circular aperture the transverse speckle size is the diameter of the �rst
zero in an Airy function of the equivalent di�raction problem. The longitudinal
speckle size is calculated from the �rst zero of a sinc function.

2.2.2 Speckle in low coherent light

For the theoretical investigations of LCSI some basic properties of speckle in
low coherent light are introduced here. In particular the intensity distribution
in a low coherent speckle pattern has to be considered for the optimisation of
the beam ratio in chapter 3.

Low coherent speckle pattern occur if a rough surface is illuminated of a light
source with a short coherence length. Low coherent illumination changes the
statistical properties of the speckle pattern described above. Only the re�ected
elementary waves with an optical path length di�erence within the coherence
length of the source are interfering. This reduces the contrast in the speckle
pattern, similar to not fully resolved or not fully developed speckle patterns.

Low coherent speckle pattern can be described as an incoherent sum of several
speckle patterns, as shown by Goodman [32]. Parry [33] and Pedersen [34, 35,
36] developed two di�erent models for the description of low coherent speckle
pattern. Parry followed the description of Goodman and treated the surface as
a large number of scatterers, while Pedersen suggested to use an object model
based on Bragg gratings.

However, all these papers considered only the case of surface scattering objects.
The left image in �gure 2.4 shows a recording of a low coherent speckle pattern
coming from a volume scattering object. A scattering layer of about 300µm
thickness is applied on an aluminium substrate. The coherence length of the
source is about 30µm. The right graph illustrates the histogram of the intensity
distribution for a medium intensity of 50 greyscale values.

The well known negative exponential distribution for coherent speckle patterns
as shown in �gure 2.3 is changed. It can be seen that the speckle contrast is
reduced as known from an unresolved speckle pattern.

6also referred to as longitudinal spatial coherence length or speckle length
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Figure 2.4: Example of a low coherent speckle pattern; left: Image of the speckle
pattern, right: Histogram of the intensity distribution

Modelling of the intensity distribution of a low coherent speckle pat-
tern

In the following investigations we model the measured intensity distribution
shown in the right graph in �gure 2.4 .

A speckle pattern coming from a volume scattering object is a depth integral of
the interference of coherent light coming from randomly distributed scatterers.
For increasing depth the scatterers contribute with decreasing intensity due to
reduction of the amount of re�ected light.

As far as we are aware of this phenomena is not modelled or described in litera-
ture. We apply a simpli�ed model where the total layer thickness is divided into
a number of sub-layers. Each of these individual speckle patterns (in our case
10) has a depth equal to the coherence length of the light source. From each
sub-layer a speckle pattern is generated. The intensity of all these independent
layers is incoherently added as described by Goodman [32].

The result of such a modelling is signi�cantly di�erent from the negative ex-
ponential distribution known from surface scattering objects illuminated with
coherent light. The intensity distributions for a sum of several uncorrelated
speckle patterns is given by [32]:

p(I) =
N∑

k=1

κN−2
k

N∏
p=1
p6=k

(κk − κp)

exp

(
− I

κk

)
, (I ≥ 0) (2.35)

For uncorrelated speckle patterns κk
7 denotes the medium intensity 〈Ik〉 of the

7Goodman [32] denotes λk
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individual speckle pattern ([32], p.26). N denotes the number of independent
speckle patterns to be added.

Let us as a �rst approximation neglect the attenuation of the signal coming from
speckle patterns below the surface. We can then assume the medium intensities
of all independent speckle pattern as equal (κ1 = κ2 = ... = κN = κ0). The
intensity distribution of the resulting speckle pattern becomes

p(I) =
IN−1

(N − 1)!κN
0

exp

(
− I

κ0

)
, (I ≥ 0) (2.36)

The red line in the left graph in �gure 2.5 shows the result of the modelling. The
modelling is carried out with the parameters N = 10 indicating the sampling
over 10 speckle patterns and κ0 = 5 indicating a medium intensity of 5 grey
scale values in each of them. I is modelled for a 8-bit camera. The measured
distribution function increases faster and decreases slower than the model. As a
�rst approximation the model gives a reasonable good quantitative description.

Figure 2.5: Model of the intensity distribution in a low coherent speckle pattern;
left: Model using the same medium intensity in all speckle pattern, right: Com-
parison of the sum of 3 speckle patterns with the same intensity (blue dashed)
and di�erent intensities (green)

If we now consider that the speckle patterns coming from a larger depth have a
lower medium intensity the equation gets more complicated. The blue dashed
line in �gure 2.5 shows the simulation of a sum of 3 speckle patterns with
the same medium intensity (κ0 = 16). The green line shows the modelling
of 3 speckle pattern with decreasing medium intensity values (κ1 = 35, κ2 =
10, κ3 = 5). The intensity distribution shows a larger gradient at the increasing
side and a lower at the decreasing side of the function. This indicates that we
can improve the model further taking attenuation into account.

Now we can extend our model for 10 speckle patterns. Additionally we introduce
a realistic distribution of the medium intensity of the individual speckle patterns
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Figure 2.6: Extended model of the intensity distribution in a low coherent
speckle pattern; left: medium intensity of the speckle patterns, right: adapted
intensity distribution

in depth (left graph in �gure 2.6). We expect an strong re�ex from the top (�rst
layer). Inside the scattering medium we expect a exponential reduction in the
intensity due to attenuation. The substrate gives a stronger re�ex indicated
by a stronger mean intensity than of the last speckle pattern. The numerical
values of the distribution are not measured but estimated using the OCT-scans
presented in chapter 7.

The right hand graph in the same picture shows the calculated intensity dis-
tribution. The red line shows the model and indicates only minor variances.
Note that this model does not considering that the measured speckle pattern
might be not fully resolved. That might be a reason for the remaining variance
from the measured values. By including more layers the model can be re�ned.
To obtain a exact model the sum in equation (2.35) should be replaced by an
integral.

The speckle phases of the individual speckle patterns are uniformly distributed.
The speckle patterns are added incoherently, making phase investigations re-
dundant.

The theoretical development of a re�ned model is however beyond the scope of
the present work.

For the low coherent sources applied in this work the medium transverse speckle
diameter is only slightly in�uenced. Assuming a plane coherence area a trans-
verse displacement of the object within the spatial coherence region does not
change the average distance to the source. A longitudinal displacement on the
other hand changes this distance. In a speckle pattern generated by a coherent
source the imaging system limits the longitudinal speckle size. If the temporal
coherence of the source is shorter than this longitudinal speckle size, the tem-
poral coherence limits the speckle length. This limits the size of the maximum
object deformation to be measured.
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2.3 Electronic Speckle Pattern Interferometry

Interferometry is applied to many objects. Laser Interferometry measures dis-
placements on mirror-like objects with sub-nanometer accuracy. With the in-
troduction of holography by Gabor [37] interferometry could also be applied to
non-specular objects.

Electronic Speckle Pattern Interferometry (ESPI)8 is a laser based technique.
It utilises a video camera for the full-�eld measurement of small deformations
of object surfaces with sub-wavelength accuracy. The lateral resolution depends
on the size of the imaged area and the resolution of the camera detector array.
ESPI was developed for the measurement on optically rough surfaces, where the
interferometrical measurement is based on speckled wave �elds vs. plane waves
described in the previous chapter.

ESPI was developed from holographic interferometry in the early 70's. The
�rst ESPI papers were almost simultaneously published by research groups in
England by Butters and Leendertz in 1971 [38], the US by Macovski et al. in
1971 [39] and in Austria by Schwomma in 1972 [40]. Since then ESPI has expe-
rienced an extensive development through the last three decades. ESPI is today
used in many industrial application, from quality control in the tire production
to characterisation of MicroElectroMechanicalSystems (MEMS). However there
is still quite some research work in the �eld done by some dozens of groups
around the world. In the last decade a new approach to ESPI came with the
introduction of Digital Holography [41]. Furthermore mainly the improvement
of fringe processing and other data-algorithm, for example the temporal phase
unwrapping [42], was in focus.

The theoretical background and applications of the technique are intensively
documented in literature. The interested reader should consult Jones and Wykes
[2], Løkberg and Slettemoen [3] or Doval [4]. Furthermore a collection of relevant
papers is given in the SPIE Milestone series [43].

The following chapter only describes the fundamentals of ESPI, important for
the understanding of the further reading. A short chapter introducing the prin-
ciple of operation and describing the theoretical and practical measurement al-
gorithms. Finally, phase-shifting is introduced and the theoretical background
for the fringe contrast in ESPI is given.

2.3.1 General principle

Traditionally, ESPI is used for non-destructive testing and vibration analysis.
The comparison of the object surface before and after its excitation often reveals
defects on or even below the surface. Traditionally the following excitation
methods are used:

8also known as Speckle Pattern Correlation Interferometry, Digital Speckle Pattern Inter-
ferometry, TV-Holography, Video Holography, and others
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• vacuum (vacuum chamber) or pressure

• thermal energy (i.e. heater, microwave, �ash)

• mechanical stress (i.e. tension, compression, torsion)

• vibration

The principle setup of the most ESPI instruments is a Mach-Zehnder type in-
terferometer, shown in �gure 2.7. The basic of ESPI is the spatial recording
of the interference between the reference and the object �eld - hereafter called
primary interference pattern.

Figure 2.7: Principle setup of an ESPI system

The laser beam is split by a beam-splitter into reference and object beam. The
beam expander spreads the object beam to illuminate the surface of the object.
A speckle �eld is scattered back and imaged through the objective onto the
camera.

As shown above, this object �eld has a random distribution of amplitude and
phase. This results in a strong spatial variation of these variables, I = f(x, y)
and ϕ = f(x, y).

The reference beam is travelling via a piezo actuator and coupled into an optical
�bre. The divergent beam from the exit of the �bre is combined with the
object beam. The resulting interference pattern becomes phase sensitive and is
recorded by the camera. The reference beam can be either a speckle �eld or a
uniform wave, however subsequently we assume a uniform reference wave.

To obtain maximum fringe contrast the reference beam must appear to diverge
from the centre of the viewing lens aperture [2], more accurately the output
pupil of the optical system. This is valid for all ESPI setups, except when
spatial phase-shifting is applied. For spatial phase-shifting the reference beam
is displaced in the aperture plane to introduce a spatial carrier frequency.
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Utilising the piezo-electric crystal (PZT) in the reference arm in �gure 2.7 the
phase of the primary interferograms can be modulated. This is useful in time-
average ESPI and for temporal phase-shifting.

The video signal can be �ltered in an analogue �lter. A PC digitises and
processes the video images.

2.3.2 Interference equation

The interference in each speckle can now be considered as the interference in
a Michelson interferometer. The interference intensity I(x, y) in the primary
interferograms is given by

I(x, y) = Ir(x, y) + Io(x, y) + 2
√

Ir(x, y)Io(x, y)cos(ϕr(x, y)−ϕo(x, y)) (2.37)

where ϕr and ϕo denote the phase of the reference and the object wave respec-
tively. The resulting interference phase in each speckle ϕro = ϕr − ϕo is now
changed by movements of the object or other changes causing an optical path
length di�erence (OPD).

Di�erent operation modes of ESPI are introduced, e.g. subtraction-mode, time
average ESPI [3], double pulsed ESPI [44]. In this work we focus on subtraction-
mode ESPI, or more speci�c on phase-shifting ESPI, mainly used for static
deformation measurements.

2.3.3 Subtraction-mode

By combining primary interference pattern phase changes between the record-
ings give new, secondary interference fringes9.

Considering two states of the object (state 1 - initial / state 2 - excited) the two
primary interference pattern I1 and I2 are given by

I1 = Ir + Io,1 + 2
√

IrIo,1cos(ϕs) (2.38)

I2 = Ir + Io,2 + 2
√

IrIo,2cos(ϕs −∆ϕ) (2.39)

The spatial dependency of the variables I = I(x, y) and ϕ = ϕ(x, y) is omitted
for readability reasons. ϕs denotes the start phase10 at the initial state of the
object given by ϕs = ϕro,1. ∆ϕ gives the phase change between state 1 and 2.

9also called correlation fringes
10also called speckle phase
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These speckle interferograms can be subtracted giving the following equation for
the secondary interference fringe pattern, assuming perfect spatial correlation
between the two primary speckle patterns, i.e. Io,1 = Io,2.

I1 − I2 = 2
√

IrIo(cos(ϕs + ∆ϕ)− cos(ϕs)) (2.40)

It is seen that the selv-interference terms vanish and only the modulation of the
interference term is left. However because of the large variation in the object
intensity Io this interferogram contains a lot of speckle noise decreasing the
accuracy of the measurements.

Numerous of studies in the literature [27, 45] try to optimise the fringe contrast
and to reduce the speckled appearance of the secondary fringes. However speckle
noise limits the accuracy of intensity subtraction ESPI to about 1/10 fringe.

Finally it should be stated that standard ESPI measures out-of-plane deforma-
tion along a sensitivity vector given by half the angle between object illumination
and observation.

2.3.4 Phase-shifting

As shown in chapter 2.1.3 phase-shifting can help to retrieve quantitative dis-
placement data from the detected, intensity-based, interference signal. However,
in ESPI the interference informations are modulated on a speckled object wave.

After the introduction of phase shifting algorithms to holographic interferometry
in the beginning of the 80's Nakadate and Creath [46, 47] introduced temporal
phase-shifting (TPS) algorithms for ESPI. They realised that a speckle interfer-
ogram can be understood as an array of independent "micro-interferometers".
A good review is given by Creath [48].

In the 90's Schwieder and Takeda [49, 50] introduce a new type of phase shift-
ing; the spatial phase-shifting (SPS). A comprehensive study of properties and
performance of di�erent phase-shifting algorithms, especially for SPS, is given
by Burke [51]

The measuring principle in phase-shifting ESPI is the same as in subtraction
ESPI. We compare two states of the object. But instead of subtracting the in-
tensity values directly, we extract the phases of the primary interference pattern
('primary phase maps') and subtract them. Using equation 2.41 the resulting
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phase di�erence ∆ϕ(x, y) ('secondary phase maps') can be calculated from

∆ϕ(x, y)mod2π = arctan

−
N−1∑
n=0

I ′nsinαn

N−1∑
n=0

I ′ncosαn

+arctan

N−1∑
n=0

Insinαn

N−1∑
n=0

Incosαn

, with αn = n
2π

N

(2.41)

where the primed values refer to the intensity levels after excitation and the
unprimed refer to the levels before excitation.

Phase-shifting can increase the accuracy of the measurement by a factor of
10 compared to intensity subtraction ESPI [52]. Furthermore the direction of
the deformation can be determined. The next two sections introduce how the
primary phase maps are obtained in ESPI.

Temporal phase-shifting

TPS is based on the recording of several primary interference patterns with a
controlled shift in phase in between. We assume that the object speckle �eld is
fully resolved by the detector elements. To introduce temporal phase-shifting
the following equation is derived from equation (2.27) giving the intensity of a
primary interference pattern:

In(x, y, tn) = Ib(x, y) + m(x, y)cos(ϕ0(x, y) + αn(tn)) (2.42)

To clarify the notation all variables are repeated here:
n is the number of phase sample,
In is the intensity in the nth frame,
Ib is bias intensity, given by Io + Ir,
m is fringe modulation, corresponding to 2

√
IoIr,

ϕ0 is the speckle phase
αn(tn) is the controlled phase shift introduced at time tn and given by the
phase-shifting technique.

By introducing a controlled phase-shift αn(tn) we want to measure the object
phase in the object �eld ϕ0.

Because of the three unknowns in equation (2.42) we need at least 3 independent
measurements to solve this equation. This leads to the simplest phase-shifting
formula. For phase-shifts of α = 2π/3 the object phase can be calculated from

ϕ0(x, y)mod2π = arctan

(√
3

I3(x, y)− I2(x, y)
2I1(x, y)− I2(x, y)− I3(x, y)

)
(2.43)
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It can easily be seen that the subtraction of the intensity values I1, I2, I3 in
each pixel removes the speckle noise to a large extent because the recorded
object speckle pattern is subtracted from itself with a high degree of spatial
correlation.

In the literature there are numerous temporal phase-shifting algorithms sug-
gested. They partly increase the accuracy of the measurement by increasing
the number of frames, partly introduce algorithms that compensate for sys-
tematic errors. However, due to the remaining speckle noise and decorrelation,
phase-shifting algorithms with more than 5 frames are seldom used in praxis.

The main disadvantage of TSP is the sensitivity to unwanted changes in the
phase while or between the recording of the single frames. This leads to phase
errors that can make it impossible to measure fast changing processes like for
example in climate chambers.

Spatial phase-shifting

SPS for ESPI was developed from side-band holography. As TPS also SPS
utilises the measurement of several intensity values to distinguish the phase of
the speckle. However, the phase information is extracted from one single video
image. To obtain this, the interference signal is modulated on a spatial carrier
frequency. An example is shown in �gure 2.8a). This separates, in the spatial
Fourier spectrum the interference term from the speckle pattern and enables
the extraction of the interference term by high-pass (HP) �ltering.

The interference equation for the primary interferograms in SPS corresponding
to equation 2.27 is given by

In(xn, y) = Ib(xn, y) + m(xn, y)cos(ϕ0(xn, y) + αn(xn)) (2.44)

We assume that the modulation frequency is introduced horizontally in x-
direction resulting in a de�ned phase variation α = α(x) from pixel to pixel
in the camera.

SPS can now be carried by reading out neighbouring pixel intensities. Again at
least three intensity values are needed. We can insert them into equation (2.41)
leading to

ϕ0(xn, y)mod2π = arctan

(√
3

I(xn−1, y)− I(xn+1, y)
2I(xn, y)− I(xn−1, y)− I(xn+1, y)

)
(2.45)

n is now corresponding to the column of the pixel, while n− 1 and n+1 denote
the pixels in the neighbour columns.
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However, more e�cient is the Fourier evaluation of the interference pattern
[53]. By this method the spatially modulated interference pattern is Fourier
transformed (�gure 2.8b). Then the interference term occurring in the sideband
of the spectrum is �ltered out and shifted to zero frequency. After an inverse
Fourier transform we can extract the phase and the intensity of the interference
term.

Figure 2.8: Spatial phase shifting for extracting the phase a) Speckle interfer-
ogram with spatial modulation. The smaller image shows a magni�ed section
illustrating the spatial carrier. b) 2-dimensional FFT function with side bands

The main advantage of SPS is the obtaining of all phase information within one
single video frame. That makes the technique considerably more insensitive to
changes in the ambient conditions, at the sacri�ce of spatial resolution.

The application discussed in this work is static. SPS is used in the early mea-
surements of this work. The interested reader should consult Kujawinska [54]
for further reading or the references given above.

2.3.5 Optimisation of the interference signal

The fringe contrast in ESPI is more complex than described in chapter 2.1 for
classical interferometry. It depends on

• the electronic and optical noise in the system,

• the imaging aperture,

• the beam ratio,

• the degree of correlation of the speckle pattern between initial and excited
state

• the dynamic range of the video camera

• the power of the light source

• the intensity distribution of the object and reference wave and

• the change of the state of polarisation and birefringence.
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Basic theoretical work on this topic was done by Slettemoen et al. [3, 55, 27, 25].
Lehmann [23] investigated the in�uence of a speckled reference wave, Maack et
al. [24] derived an expression for the spatial frequency spectrum of a speckle
interferogram and its in�uence on the reference intensity. Burke [51] investigated
the in�uence of the beam ratio for both temporal and spatial phase-shifting
experimentally. The work of Owner-Petersen [26] discusses decorrelation e�ects
and its in�uence on the fringe visibility.

In the following section we assume a smooth reference beam setup. The coher-
ence length of the laser is su�cient and the subtracted speckle pattern (or phase
maps) are perfectly correlated.

Signal-to-Noise Ratio

The results presented in this work are based on phase measurements. The
theoretical investigation of the signal-to-noise ratio (SNR) for phase measure-
ments is to our knowledge not documented in literature. However the SNR for
subtraction-ESPI is investigated by Løkberg et al. [3]. The authors derive an
equation for the SNR of the secondary interference fringes.

The SNR of the secondary fringes can be assumed to be dominating for the SNR
in phase-shifting-ESPI, because it includes the dominating noise contribution in
the system, e.g. camera and electronic noise. Furthermore the reduction of
the speckle noise is comparable for subtraction and phase-shifting ESPI, due to
the subtraction of the phase maps. Phase-shifting introduces additional noise
connected with the phase-shifting routine, for example miscalibration of the
piezo actuator. These contributions can be reduced by proper adjustment of
the setup and are not dominating noise contributions.

Thus, increasing the SNR in subtraction-ESPI will reduce the phase error in
phase-shifting ESPI and the equation can be used for optimising the ESPI-
setup. The SNR is de�ned by the ratio between the expectation value of the
squared cross interference term and of the squared noise terms. We assume sta-
ble environmental conditions giving an ideal subtraction of the speckle pattern,
removing all optical noise. The SNR is then given by the equation [3]

SNR =
(

4
(1 + r)(1 + 1

r )

)(
δ2
s

δ2
e

)(
Itotg

′

σe

)2

(2.46)

δs is the degree of resolution of the speckle pattern, being δs = 1 for fully
resolved speckle pattern. σ2

e denotes the variance of the electronic noise in the
system, while δe is the transmission of the noise through the system, for example
electronic �lters. g′ is the gradient of the transfer characteristics of the camera
in the working point. The beam ratio r is given by

r ≡ Ir

Io

(2.47)
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and the total mean intensity Itot detected by the camera is given by

Itot ≡ Ir + Io (2.48)

Itot is de�ned by the incoherent sum of the reference and mean object intensity
Io.

The �rst term in (2.46) belongs to the dependency of the SNR to the beam
ratio. The second term describes how e�cient the transmission of the carrier
is relative to the transmission of the electronic noise. The last term describes
camera speci�c parameters.

The SNR has a maximum for δro = 1 and δe minimised, if we consider the other
parameters as constant.

Total intensity

In classical interferometry, using a Michelson and two mirrors in the interferom-
eter arms, the maximum fringe contrast is obtained for Ir = Io = Ic/4, where
Ic is the saturation intensity of the camera.

Figure 2.9: Optimised utilisation of the dynamic range of the video camera for
classical interferometry and for the brightest speckles in ESPI

Figure 2.9 shows the optimum intensity distribution for this case. The total
intensity Itot covers half the dynamic range of the detector, enabling the inter-
ference signal to modulate over the whole dynamic range of the camera.

The same optimum conditions can be described if we compare the intensity
relations for the brightest speckles in the object light. However, the speckle
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pattern has a negative exponential intensity distribution. Therefore all speckle
intensities below this level will have less interference modulation.

The following section considers this e�ect closer and introduces the optimum
adjustment of the beam ratio considering the utilisation of the full dynamic
range of the camera.

Beam ratio

Neglecting the electronic noise in the system, assuming Itot = const. and δro = 1
we can calculate from equation 2.46 that the SNR has a maximum for r = 1.
This is well known for interferometry in general and can be seen in �gure 2.10.

Figure 2.10: Normalised signal-to-noise Ratio (SNR) vs. beam ratio. The
optimum beam ratio is found at r = 1

However, for ESPI r > 1 is reported to give better measurement results [25].
There are two main reasons why r = 1 is not the optimum beam ratio for
speckled based techniques:

• Itot can not be assumed constant for di�erent r-values if the constrains on
the light intensity are due to the limited laser power. This e�ect is caused
by the di�erent loss in the object and reference arm of the interferometer.

• Equation (2.46) does not consider the intensity distribution in a coherent
speckle pattern. The negative exponential function characterising this
intensity distribution (see chapter 2.2.1) causes constrains on the adjusted
light intensity due to the limited dynamic range of the camera.

Let us consider these two cases:

29



Case 1:

The constrains on the light intensity are due to limitations of the
laser power.

In the given situation the intensities of even the brightest speckles in the inter-
ference pattern do not saturate the camera. We can not increase the intensity
from the light source to approach the saturation level using a beam ratio of
r = 1.

Due to the speckled object wave in an ESPI setup usually the loss in the object
arm is much larger than in the reference arm (smooth intensity distribution).
That makes it possible to guide much more of the available light into the refer-
ence arm at the expense of a small amount of object light. This will increase the
beam ratio (r > 1) and the total intensity Itot detected by the camera. We will
thus increase the cross interference term and utilize better the dynamic range of
the camera. This implies an improved SNR and is known as 'interference gain'.

Case 2:

The constrains on the light intensity are due to the limited dynamic
range of the video camera.

Depending on the adjustment of the average intensity in the object arm, some
of the speckles are saturated and some will appear black. All speckles will
have strongly varying interference modulation; as seen from equation 2.7 the
modulation varies with the object intensity Io(x, y). Figure 2.11 shows the
intensity distribution of the reference and object wave in ESPI.

Figure 2.11: Intensity distribution of the object (left) and reference light (right)
in ESPI

In the current case we have enough laser power available. Selecting the optimum
beam ratio is then a trade-o� between high spatial resolution and high accuracy
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of the phase measurements. When adjusting the object intensity rather low, all
speckles give fairly accurate measurements with the maximum spatial resolution
given by the camera. If we increase the medium intensities to the optimum
values given from classical interferometry (Io = Ir = Ic/4) we obtain a minimum
phase error but decrease the spatial resolution.

To illustrate this let us increase both reference and object light (r = 1) until
the brightest speckle approach the saturation level of the camera. Due to the
negative exponential intensity distribution this level will be rather low and we
would not use the full dynamic range of the camera for all speckles.

If we increase the intensities further we improve the SNR in all pixels below the
saturation level. Increasing the SNR will decrease the phase error in the mea-
surements. However, more and more speckles will saturate the corresponding
camera pixels. In this pixels we enlarge the phase error dramatically because
some or all of the intensity values used in phase shifting (e.g. equation(2.43))
will have incorrect values.

Phase-shifting ESPI

Slettemoen and Wyant [25] introduced equations for the calculation of the opti-
mum setup parameters for phase-shifting ESPI. The investigations in this paper
calculate the fraction of phase measurements considered to be acceptable, mean-
ing the number of pixels that have a phase error below a certain de�ned level.
Phase errors are introduced by pixels having no or to low modulation or exceed
the saturation level of the camera.

Following this assumptions the following criteria for acceptable measurements
are de�ned:

• The intensity of the interference signal is always less than the detector
saturation level Ic

• The modulation depth of the interference signal is always larger than a
certain level Imin

For ESPI Ic is given by the saturation level of the camera. Imin depends on the
maximum phase error ϕerr accepted for the measurement. Imin is given by

Imin =
σrms√
2ϕerr

(2.49)

with σrms denoting the rms noise ratio of the detector. The last parameter we
need is the useful dynamic range D of the cross interference signal given by

D =
Ic

2Imin
=

1√
2

(
Ic

σrms

)
ϕerr (2.50)
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Figure 2.12: Fraction of acceptable measurements and beam ratio as a function
of the dynamic range D from [25]

In the referred paper the fraction of accepted measurements is derived through
several mathematical calculations. First the setup parameters are optimised
and then the maximum fraction of measurements, regarded to be acceptable, is
calculated. Here only the results are presented.

1. The reference intensity Ir should, as in classical interferometry, always be
equal to the saturation level divided by four

Ir =
Ic

4
(2.51)

2. The optimum beam ratio for the object-to-reference intensity is given by

ropt(D) =
D2

(D2 − 1)
ln(D2) (2.52)

In �gure 2.12 this is shown graphically. The optimal beam ratio r increases
from 1 to 6 as the dynamic range D increases from 1 to 20.

3. The maximum fraction of acceptable measurements depending on the dy-
namic range D is given by

F (D) =
(

1− 1
D2

)
exp

[
ln(D2)

(1−D2)

]
(2.53)

This is shown in �gure 2.12 as a function of D.
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From �gure 2.12 the dependence of the optimum beam ratio vs. the available
dynamic range D for the cross interference term can be seen. For an increasing
dynamic range D the optimum beam ratio increases up to r = 6. However the
optimum beam ratio will always be larger than 1, because a dynamic range of
D = 1 gives no reliable measurements.

This equations assume the speckle pattern to be fully resolved by the camera.

To conclude this section it can be stated that the SNR can be optimised by
modifying the beam ratio r. An improved SNR is a trade o� between utilizing
the full dynamic range of the camera and avoid the loss of information from the
brightest speckles.

The optimisation of the beam ratio is a sophisticated topic and several parame-
ters have to be considered:

• the intensity distribution of the object light (resolution and degree of po-
larisation of the speckle pattern)

• the maximum accepted phase error
• the required spatial resolution
• the available laser power
• the dynamic range of the video camera

The reference intensity is generally higher than the medium object intensity
resulting in a beam ratio r > 1. Burke et al. [51, 56] investigated the beam
ratio experimentally. Applying phase-shifting, the beam ratio in ESPI can be
varied over a large range. Assuming a large dynamic range of the video camera
and su�cient laser power we can vary the beam ratio from r = 1 to r = 100
without in�uencing the quality of the resulting phase maps signi�cantly. Spatial
phase-shifting is a little more sensitive to these variations.

However, if we want to optimise a setup for a for a certain, application especially
when working with a strong incoherent background (day light) the investigations
above become important.

Imaging aperture

The size of the imaging aperture in an ESPI-setup is investigated in a number
of papers in the literature [27, 2, 51, 57].

The aperture size determines the speckle size at the image sensor of the camera.
Usually the size of the aperture is adjusted so that the speckle size matches the
pixel size.

However, the size of the imaging aperture gets important if the laser light inten-
sity is not su�cient. Investigations of the optimum speckle size for ESPI have
been shown that a decreasing of the speckle size can improve the SNR. A large
imaging aperture improves the light e�ciency in the object arm. It has been
shown that speckle sizes down to 1/8 of the pixel size give reasonable results.
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2.4 Optical Coherence Tomography

Optical Coherence Tomography11 (OCT) is a technique based on low-coherence
interferometry12 (LCI). The basics of low-coherence interferometry is as old as
the wave theory. It was �rst described by Sir Isaac Newton. In contrast to Laser
Interferometry, Low Coherence Interferometry enables absolute measurements
of the distance to the object. That moves interferometry from the measurement
of deformations and displacements to absolute positions.

As ESPI, also OCT can be applied to non-specular objects. OCT measures
on the surface of the sample but is primarily designed to image the internal
micro-structure. In OCT several laterally displaced LCI scans are combined
to form a tomographic cross-sectional image. The main application of OCT is
2-dimensional imaging in semi-transparent or multi-layered materials. OCT is
mainly used in medical applications, such as structural measurements on the
human eye. However in recent years applications in material characterisation
are developed.

OCT is the optical counterpart to ultrasound re�ection and has similarities to
confocal microscopy. The main advantage of OCT is the high lateral and depth
resolution of down to 1µm. The probing depth on the other hand decreases from
ultrasound (with up to 10 cm) towards OCT (2-3 mm) and Confocal Microscopy
(500 µm), making the techniques complementary [58]

Low Coherence Interferometry was used from the early 1970's for the measure-
ment on thin �lms [59] and in the 1980's for the characterisation of optical �bres
and wave guide devises [60, 61]. Optical Coherence Tomography as a term ap-
pears for the �rst time in literature in 1991 by Huang et al [62] presenting
2-dimensional OCT images of the human retina, an optical disc and the human
artery.

In the 1990's mainly three groups where developing OCT further, namely the
groups of Fujimoto and Schmitt at respectively the MIT and the National In-
stitute of Health in the US and Fercher's group at the University in Vienna in
Austria. A good overview of early OCT- papers is given by Masters in SPIE
Milestone series [11]

The development of new broadband light sources (e.g. photonic crystal �bres)
and ultra-short pulsed laser sources (e.g. femtosecond laser [63]) has contributed
to increase the depth resolution in the last decade. Recently OCT is moving
from structural imaging towards functional imaging by utilising wavelength- and
polarisation-dependent properties of light. Furthermore the theoretical under-
standing of the technique is developed e.g. the light propagation and scattering
properties in turbid materials.

11also referred to as Low Coherence Re�ectometry (LCR) and Optical Coherence Domain
Re�ectometry (OCDR)

12also refereed to as White Light Interferometry (WLI)
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In the last few years a full-�eld approach to OCT 13 was introduced [64] and
will get a special attention in this section.

The theory of OCT is well established and documented in literature. For fur-
ther reading the review articles of Fujimoto et al [9], Fercher et al [10] and
the comprehensive collection on di�erent papers in 'Handbook of optical coher-
ence tomography' edited by Bouma and Tearney [65] are recommended. The
following chapters utilises also the works of Støren [66] and Fonnum [67].

The following sections shortly introduce the basics of OCT. After a short in-
troduction of the setup the basic principle of standard-OCT, Fourier-domain
OCT and Full-�eld OCT is described. Then the interference equation for OCT
is presented. Furthermore the principle of coherence gating and the in�uence
of scattering and attenuation on OCT measurements are investigated. The last
section introduces some examinations of the fringe contrast and the in�uence of
speckle in OCT.

2.4.1 General principle

In this section three techniques based on OCT are introduced. The �rst part is
referred to as 'standard OCT' and covers time-domain OCT used for structural
imaging. In the second and third section 'Fourier-domain OCT' and 'full-�eld
OCT' are introduced because of its relevance for the next chapters.

Standard-OCT is utilising a point detector, while Fourier-domain OCT and
full-�eld OCT utilises respectively an one- and two-dimensional array detector.
That leads to slightly di�erent setups and measurement principles.

The basic scheme of an OCT instrument is a Michelson interferometer with a
low coherent source and a point detector shown in �gure 2.13. Furthermore,
OCT is applied to volume scattering objects.

There are di�erent approaches for obtaining depth-resolved information about
the inner structure of an object. Most common is time gating as applied in
ultrasound re�ection imaging14 . The second approach is di�raction gating as
used in confocal microscopy . In this work we concentrate on the third method;
coherence gating.

As already introduced in chapter 2.1 the use of low coherent sources implies
that an interference signal only occurs if the optical path length of the reference
and the object beam coincide within a few coherence lengths, also called the
'coherence gate'. The corresponding volume is introduced as coherence layer.

Standard-OCT utilises both di�raction and coherence gating. Di�raction gating
is obtained due to the focusing of the object wave inside the object. This limits
the volume from where the interference signal originates.

13in literature are also the terms 'full-�eld optical coherence microscopy (OCM)' or 'Parallel
OCT' used

14ultrasound B mode imaging
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Figure 2.13: Principle setup of a OCT-Interferometer

However the dominating depth-gating in OCT is coherence gating. It describes
the selection of the depth, where the information is coming from by applying
interference and coherence. OCT is today exclusively based on temporal coher-
ence15.

Standard OCT

Time-domain OCT, in particular Re�ectometry-OCT, are the traditional OCT
techniques. They are referred to as 'standard-OCT' in this thesis.

In standard OCT mostly Super Luminescence Diodes (SLD) are applied as low
(temporal) coherent light sources. SLDs have high spatial coherence allowing
�bre coupling and good interference contrast. They are available with di�erent
centre wavelength and FWHM of the spectrum. Photo diodes are used as point
detectors because of their large dynamic range and a near-shot-noise limited
operation.

The object beam is focused into the investigated area of the object to obtain
higher lateral and depth resolution. Furthermore due to the higher intensity of
the back-scattered wave the SNR is increased.

OCT is used for two- or three-dimensional imaging. Using a point-detector for
this purpose presupposes scanning. There are basically two di�erent modes of
scanning in OCT.

The depth scan is used to measure the interference signal longitudinally through
the sample. The depth scan is also called 'a-scan'. A single a-scan is an LCI-

15However, there is a �rst approach to the utilisation of spatial coherence introduced by
Rosen and Takeda [68]
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measurement. Only the generation of an image by assembling several laterally
displaced a-scans in two or three dimensions is called OCT.

Figure 2.14: Principle setup of a �bre based standard-OCT instrument,
U=interference signal, A=envelope of the interference signal, reprint from
Fercher et al. [10]

The depth scan is performed by the reference mirror. If the reference mirror in
�gure 2.14 is scanned in z-direction at the velocity v the coherence layer in the
object arm is scanned at the velocity v/n. A one-dimensional amplitude signal
is recorded. To obtain two- or three-dimensional information, lateral scanning
is also necessary. This can be carried out by either scanning the sample or the
measurement beam in one or two directions.

All scans can be combined in arbitrary order, however most common is the
lateral shift of depth scans. While scanning, the interference signal is band-
pass �ltered, ampli�ed and digitised by an A/D-converter and stored in a com-
puter. Here the one-dimensional data are processed (e.g. �ltered) and assem-
bled. Standard OCT-systems are using AC-detection. This means that the
DC-components of the detector signal are removed either by HP-�ltering or by
lock-in detection. Thus a high SNR of about 100dB can be obtained.

Fourier-domain OCT

Fourier domain OCT16 is here introduced because of the principle of the spectral
detection of an internal structure of an object. It was introduced by Fercher et
al [69]. This section will contribute to the understanding of the modelling in
chapter 5.

16also called 'spectral radar'
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In Fourier domain OCT only the lateral OCT scan has to be performed. The
depth information are given by the Inverse Fourier Transform of the spectral
response of the interferometer.

The basic scheme of a Fourier-domain OCT instrument using spectral interfer-
ometrical detection is shown in �gure 2.15.

Figure 2.15: Principle setup of a Fourier-domain OCT instrument using spectral
interferometrical detection, reprint from Fercher et al. [10]

In the setup the spectrum of the interferometer signal is spatially separated
using a di�raction grating. A one-dimensional photo detector array records the
spectral intensity I(K). A signal processor performs the FT and calculates the
back scattering pro�le of the object containing the structural information.

Further recommended reading includes the review articles by Leitgeb et al [70]
and Yun et al [71].

Full-�eld OCT

Full-�eld OCT17 eliminates the time-consuming lateral scanning in OCT through
the application of CCD cameras or CMOS array detectors. The principal setup
is presented in �gure 2.16. It shows a Michelson interferometer with a Linnik
geometry. The camera images the object through the microscope objective. The
second (identical) objective in the reference beam is due to dispersion compen-
sation.

The depth scan is carried out by moving the reference mirror longitudinally in
the reference beam. The interference signal is registered at the camera during
scanning.

17also referred to as 'parallel OCT'
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Figure 2.16: Principle setup of a full-�eld OCT-instrument, reprint from Fercher
et al. [10]

A comprehensive overview on full-�eld OCT is given in [12]. Recent develop-
ments presenting increased resolution are published in [72, 13] and the use of
thermal sources in [73].

2.4.2 Interference equation

In the following section we go through the derivation of the interference equation
for OCT. The mathematical treatment is based on Mandel and Wolf [30] and
the review article by Fercher et al [10]. We assume stationary, ergodic signals
and perpendicular illumination. The equations introduced in this section are
important for the understanding of LCSI in the next chapter and the modelling
in chapter 5.

Standard OCT

Combining equations (2.3) and (2.5) the interference equation is given by

I = Ir + Io + 2ReΓro (2.54)

where Γro is the complex coherence function between the reference �eld Vr(t)
and the object �eld Vo(t) at the exit of the interferometer. In OCT generally
temporal coherence is used to separate signals coming from di�erent depths of
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the object. Including equation (2.18) the interference equation of OCT can be
written as

I = Ir + Io + 2Re〈V ∗
r (t)Vo(t + τ)〉 (2.55)

We now introduce Gro(τ) = 2Re〈V ∗
r (t)Vo(t+ τ)〉 as the cross interference term.

Using mirrors in both interferometer arms the complex coherence function of the
interferometer equals beside a constant depending on beam splitter and mirror
re�ectivity the complex coherence function of the source

Gro,mirror(τ) = 2ReΓro(τ) = 2ReΓsource(τ) (2.56)

When one of the mirrors is replaced by a depth scattering object the object
in�uences the coherence function of the interferometer. We chose to represent
the local amplitude re�ectivity of the object by a normalised response function
denoted h(t) [74]. The object �eld Vo(t) is then given by

Vo(t) = V0o(t)⊗ h(t) (2.57)

where V0o(t) denotes the �eld incident on the object and ⊗ is the convolution
operator. h(t) is related to h'(z) by the velocity of the light in the current
sample.

The cross interference term Gro(τ) is then given by [74]

Gro(τ) = 2ReΓro(τ) = 2ReΓsource(τ)⊗ h(τ) (2.58)

Using the convolution theorem the spectral interferogram in the frequency do-
main can be expressed as

Wro(ν) = S(ν)H(ν) (2.59)

Wro(ν) is the cross-spectral density function of the two interfering waves. The
spectral functions of this equation are analogue to the Wiener-Khintchine theo-
rem given by the Fourier Transform of the corresponding functions in the time
domain.

Wro(ν) = FT [Γro(τ)] (2.60)

S(ν) = FT [Γsource(τ)] (2.61)

H(ν) = FT [h(τ)] (2.62)

40



S(ν) denotes the power spectrum of the source and H(ν) is the sample transfer
function or the spectral response of the object at frequency ν.

The cross interference term is then given by the real part of the Inverse Fourier
Transform of W (ν)

Gro(τ) = 2ReFT−1[W (ν)]
= 2ReFT−1[S(ν)H(ν)] (2.63)

This equation is the basis for the modelling carried out in chapter 5.

The interference equation 2.54 is here given by

I(τ) = Ir + Io + 2Re{FT−1[S(ν)H(ν)]} (2.64)

Full-�eld OCT is based on the same interference equation, but it has to be
extended for three dimensions I(x,y,z).

2.4.3 Re�ection coe�cient

The attenuation of the incident intensity I0 inside the sample is given by

I = I0exp(−αz) (2.65)

where α is the attenuation coe�cient. This equation describes an exponential
reduction of the light intensity re�ected from di�erent depths of the object.

If we neglect absorption and scattering e�ects h′(z) is given by the re�ection
coe�cient ρ(z). ρ(z) describes the re�ection coe�cient along the depth pro�le
of the object. In OCT we assume perpendicular incident light and polarisation
e�ects are neglected in the next sections.

For OCT-measurements we give the re�ection coe�cient as a complex func-
tion in the k-space where k denotes the wave number. Due to the wavelength
spectrum of the source the re�ection coe�cient has to be analysed for each
wavelength separately.

In the following sections we analyse the three simple sample con�gurations
shown in �gure 2.17.

A reference to the following sections is given e.g. by Born and Wolf [21]
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Figure 2.17: Sample con�gurations for the calculation of the object function in
OCT. V0o - incident light �eld, Vo - re�ected light �eld, nm - refractive index,
dm - thickness of the layer, rij - Fresnel re�ection coe�cient at interface ij, ρm

- complex re�ection coe�cient for layer m, N - number of layers

Re�ection coe�cient of a single interface

The upper left diagram in �gure 2.17 shows the sample con�guration. The
amplitude re�ection coe�cient r01 of an interface is given by one of Fresnel's
equations.

r01 =
n0 − n1

n0 + n1
(2.66)

with n0 and n1 denoting the refractive index of the media on the two sides of the
interface respectively. For materials with complex refractive index the re�ection
coe�cient r01,c is given by

r01,complex =
(n0 − n1)− χ

(n0 + n1) + χ
(2.67)

where χ denotes the imaginary part of the refractive index.

The only wavelength dependency is due to dispersion. However since we are
using sources with a narrow spectrum the in�uence of dispersion is neglected in
the next sections.

Re�ection coe�cient of a single-layer object

The lower left diagram in �gure 2.17 shows the sample con�guration.
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The easiest way to describe the approximate re�ection coe�cient of a single-
layer object is given by the sum of the re�ections from the two interfaces. Beside
the Fresnel re�ection coe�cient we have also to consider the phase change in-
troduced by the layer between the interfaces. The two re�ected �elds are added
and the complex re�ection coe�cient ρm for layer m is then given by

ρ1(k) =
n0 − n1

n0 + n1
+

n1 − n2

n1 + n2
exp(2ikn1d1)

= r01 + r12exp(2ikn1d1) (2.68)

In this equation ρ1(k) denotes the re�ection coe�cient on top of a single layer
object. In this equation multiple re�exes are neglected.

Considering multiple re�ection, the re�ection coe�cient can be calculated from
a series expansion given by

ρ1(k) = r01 + t01r12t10exp(2ikn1d1) + t01r12r10r12t10exp(4ikn1d1) + · · ·

=
r01 + r12exp(2ikn1d1)
1 + r01r12exp(2ikn1d1)

(2.69)

where rij is the Fresnel coe�cient at the interface i, j, tij denotes the transmis-
sion through the interface ij.

We can see that the complex re�ection coe�cient ρ1(k) is dependent on the wave
number and therefore also on the wavelength. For a low coherent source as used
in OCT the equation has to be calculated for each wavelength separately.

Re�ection coe�cient of a multi-layer object

The right diagram in �gure 2.17 shows the sample con�guration.

If the number of interfaces increases equations are complicated. A simpli�cation
is obtained by applying an iterative formulae given for multi-layered structures
e.g. by Born and Wolf [21] p.51� or Berkhovskikh [75]. The re�ection coe�cient
ρm of the layer m is then given by

ρm(k) =
rm−1,m + ρm+1exp(2iknmdm)

1 + rm−1,m ρm+1exp(2iknmdm)
; m = 1, 2, 3, . . . N, (2.70)

where nm is the refractive index and dm is the thickness of the mth layer. N
is the total number of layers. The re�ection coe�cient of the interface N + 1
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is assumed to be ρN+1 = 0, which means that no light is re�ected outside the
sample.

Equation (2.70) provides a simple iteration scheme for computing the plane-wave
re�ection coe�cient for a layered object in the k-domain. Multiple scattering
between the layers is taken into consideration. The re�ection coe�cient of a
multi-layered object on top of the sample is given by ρ1(k)

Re�ection coe�cient of a depth-scattering object

Typical OCT objects (e.g. the human skin) often have no regular structure or
clear interfaces, or can even be considered as semi-transparent volume scatterers.

The process of scattering in a volume scatterer is a statistical and complicated
process. A semi-transparent object consists of a large number of scatterers.
Therefore the scattering process can not be treated analytically.

The modelling of the scattering processes is beyond the scope of this work.

An approach to this problem is to assume the adhesive layer as an object with
continuously varying refractive index pro�le. A model for this approach is intro-
duced by Kildemo et al [76]. It shows the transition of the re�ection coe�cient
from discrete interfaces to a continuously varying medium.

If we neglect multiple re�ection the complex re�ection coe�cient for a multi-
layered object is given by

ρ1(k) = r01 + r12exp(2iϕ1) + r23exp[2i(ϕ1 + ϕ2)] + · · ·

=
N−1∑
m=1

rm,m+1 exp(i
m∑

i=1

2ϕi) (2.71)

where ϕi = knidi is the phase change in layer i. For an in�nite number of
layers and small changes in the refractive index the Fresnel re�ection coe�cient
is given by

rm,m+1 =
∆n(zi)
2n(zi)

(2.72)

and the sum in equation (2.71) is transformed into an integral given by

ρ1(k) =
∫ d

0

1
2n(z)

dn(z)
dz

exp[2iϕ(z)]dz (2.73)
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where ϕ(z) = k
∫ z

0
n(ξ)dξ. This integral corresponds to summing over all pos-

sible positions of interfaces until depth d. The apparent value of the average
refractive index n̄ is in reality determined by the back scattering light from the
particles.

For small variations in n(z) the phase change in the object is given by ϕ(z) =
kn̄z. Including the variable shift K = 2k equation 2.73 is then given by a Fourier
transform relation between the local re�ection coe�cient r(z) and the spectral
re�ection coe�cient ρ(k).

The strong re�ections from the interfaces have to be considered in addition to
equation 2.73 for a complete analysis.

This Fourier transform relation is the basic description for the modelling in
chapter 5. A simple approach for a one dimensional scattering process in a
depth scattering object is given. It models the scatterers in the object as a
large number of layers with varying refractive index. Equation (2.70) can thus
be utilised to model the scattering of a semi-transparent medium.

For further reading a good introduction is given in the review article of Fercher
et al [10]. More sophisticated models can be found in literature, e.g. a Monte
Carlo approach given by Smithies et al. [77].

2.4.4 Power spectrum of the light source

The power spectrum of the light source is assumed to be Gaussian. A non-
Gaussian spectrum would lead to side lobes in the coherence function and thus
degrade the depth resolution. S̃(k) of the light source in the k-space can be
calculated from [10]

S̃(k) =
1√

2π∆k
exp

(
−(k − k0)2

2∆k2

)
(2.74)

where ∆k denotes the FWHM of the spectrum and k0 the centre wave number
of the spectrum in k-space.

The coherence length depends on the spectrum of the source. γSource(z) is
the normalized, complex coherence function of the source, found by the Fourier
transform of the source spectrum S̃(k), see equation 2.21. In a Michelson in-
terferometer using mirrors in both arms the coherence length is given by the
FWHM of the interference envelope.

γ(z) =
1
2

∫ ∞

0

S̃(K/2)exp(−iKz)dK (2.75)

with K denoting the double wave number K = 2k. We have to take into account
that the light travels twice through the sample. Therefore the so called round
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trip coherence length lc is used. For a narrow Gaussian spectrum and vacuum
lc is given by the FWHM of the coherence envelope given in equation (2.75) and
can be calculated by [10]

lc =
lFWHM

2
=

2ln2
π

λ2
0

∆λ
(2.76)

lc is often used for the depth resolution of the OCT instrument and is directly
coupled to the spectrum of the source.

2.4.5 Fringe contrast

The fringe contrast in OCT is extensively described in literature, see as an
example the review [10]. The SNR investigations in OCT are based on the
analysis of noise for photo-diodes detection of the interference signal and have
only limited relevance for the work presented here.

In full-�eld OCT systems cameras are used as detectors. Saint-Jalmes et al.
compares the SNR of CCD-cameras, CMOS cameras, and photo-diode arrays
with a single photo-diode detection in [78]. Both detectors have similar light-
to-electron conversion properties. Assuming su�cient power available from the
light source, stabile conditions and uniform illumination of sample the SNR is
comparable. However, in full-�eld OCT lock-in detection is applied by mul-
tiplexing the light source in the system. That makes the results for SNR for
the interferometers not transferable. The possibility of lock-in detection was
not evaluated in the current work, but might be an interesting approach for a
future work.

Light budget

A Gaussian pro�le of the spectrum of the source gives a Gaussian pro�le of
the coherence function. This means that the interference contrast is highest
for re�ections coming from zero-OPD. If the OPD increases, the interference
amplitude is decreased correspondingly to the coherence function.

In other words, if the coherence layer is not moving, it scatterers at zero-OPD
position contribute stronger to the interference amplitude than the ones po-
sitioned away from zero-OPD. If the object has clearly de�ned interface the
maximum interference signal would be obtained if the maximum of the coher-
ence layer is adjusted at zero-OPD.

The beam ratio in OCT is only discussed in a few articles. The most relevant
is from Podoleanu [79] investigating the in�uence of the reference intensity on
the interference signal. In standard-OCT con�gurations the reference intensity
is much stronger than the object intensity. Podoleanu decreased the reference
intensity and found out that a balanced con�guration results in a larger SNR
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because it removes the intensity noise of the source. He also states that increased
light power generally increases the SNR until the signal saturates.

Another e�ort to increase the interference signal in a standard OCT instrument
is the adjustment of the focus of the lens in the object arm corresponding to the
current probing depth. This requires that the lens is translated while scanning
the reference mirror, the so called 'focus tracing'. The refractive index of the
object has to be considered.

Speckle

Because of the speckled object wave speckle noise occurs both in the longitudinal
and lateral directions.

Speckle in the longitudinal direction disturb the measurement strongly. Because
of the low coherent sources the longitudinal size of the speckles is much smaller
than in ESPI. In OCT a lot of e�ort is paid to reduce this kind of speckle noise
(e.g. review of Schmitt et al [80]).

Also the speckle noise in transversal direction is reduced. A small numerical
aperture in the focusing lens generates large speckles, ideally of the size of the
photo detector or lager. If this can not be obtained, the photo detector is
averaging out speckle e�ects, at the cost of interference contrast.
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Chapter 3

Low Coherence Speckle

Interferometry

Low-Coherence Speckle Interferometry (LCSI) combines two established tech-
niques, OCT and ESPI. OCT enables depth-resolved measurements by the use
of low coherent sources. In ESPI high-accuracy deformation measurements are
carried out. Table 3.1 shows the features of standard-OCT and phase-shifting
ESPI.

In LCSI we combine these two techniques in one instrument. Thus LCSI pro-
vides depth-resolved, high-accuracy deformation measurements. The basic idea
is to measure the deformation of interfaces or other structures inside an object
with an accuracy below the wavelength of the light. These measurements are
necessary to follow displacements inside an object, while changing the ambient
conditions (e.g. temperature, humidity, pressure) or introducing strain. An-
other topic can be the investigation of functional interfaces like membranes in
turbid media etc.

Table 3.1: Features of standard-OCT and phase-shifting ESPI

Phase-shifting ESPI Standard OCT

full-�eld technique scanning technique
surface measurement depth-resolved measurement
secondary interferograms (phase) primary interferograms (amplitude)
dynamic measurement of deforma-
tion and vibration

static measurement, structural
imaging

camera photo diode
laser low-coherent light source
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What are the challenges if we move the deformation measurements from the
surface of the sample to an interface inside the sample?

The �rst important task is the consideration of optical vs. geometrical dimen-
sions of the sample, as we know already from OCT. Second, as in OCT, only
a part of the re�ected light comes from the depth of interest. This reduces the
interference signal. Therefore the optimisation of the interference signal is an
important task. A higher interference contrast increases the probing depth and
the maximum size of the deformation due to the minimising of de-correlation
e�ects. The last and maybe largest challenge is the interpretation of the mea-
surement results. All phase changes experienced by the coherent part of the
object wave along the optical path will in�uence the measurement. This can
lead to misinterpretations.

As described in the previous chapter both ESPI and OCT were a topic of ex-
tensive research during the last decades. As already introduced even a full-�eld
approach to OCT was developed almost parallel with the development of LCSI.
In recent years also other, traditionally laser-based techniques, introduced low
coherent sources to obtain depth resolution, e.g. holographic microscopy [81],
digital holography [82, 83] and light-in-�ight holography [84].

However, the idea to combine ESPI with low coherent sources was already sug-
gested in 1981 by Neiswander and Slettemoen [18]. The authors suggest the
use of a "quasi-monochromatic light source" in an ESPI setup, to separate the
signals from various structures in the cochlea in the inner ear.

In 1999/2000 the �rst LCSI setup was developed in our group at the University
of Oldenburg. Gülker et al. presented the �rst results at the international
conference 'Interferometry in Speckle Light' [19]1. The �rst journal paper was
published in 2001 [85] and some improvements in the work in 2003 [86] by
the same authors. The papers present measurements on warriors of the Chinese
terra cotta army. Deformations of sub-surface paint layers are investigated while
changing the humidity. This work was also published in the PhD-thesis of Kraft
[20]. The present work started on the basis of his investigations.

In the following chapter the setup and measurement principle of LCSI are intro-
duced. LCSI will be classi�ed and the di�erences to OCT, full �eld OCT, and
ESPI are described. We establish some theoretical approaches like the interfer-
ence equation. Furthermore theoretical investigations regarding the optimisa-
tion of the interference signal are given. All results presented in this chapter
are solely based on theoretical calculations and modelling.

3.1 General Principle

LSCI adopts coherence gating from OCT and the measurement algorithms from
phase-shifting ESPI. LCSI is applied for the depth-resolved measurement of

1introduced under the term 'Low Coherence TV-Holography' or 'Low Coherence ESPI'
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deformation inside a material. Besides this an LCSI instrument can be used as
a full-�eld OCT-instrument as well as a standard ESPI instrument.

LCSI and full-�eld OCT are comparable in the idea to combine coherence gating
and full-�eld measurements on object-internal structures. The setups of the
two techniques are comparable. However, there are some di�erent approaches.
LCSI aims to the measurement of dynamic phenomena, while full-�eld OCT
measures the static structure. As we will see the measurement principles and
algorithms are di�erent. Also in the setups of the both techniques the traditional
relationship to their ancestors is present. Thus is LCSI based on the Mach-
Zehnder con�guration of ESPI, while in full-�eld OCT the Michelson type is
preferred.

Phase measurements are applied in OCT as well, e.g. in Fourier-Domain OCT
[87] for the determination of path-di�erence gradients. However the most OCT
techniques are not utilising the phase.

LCSI measures in contrast to ESPI deformations inside a material. Coherence
gating ensures the separation of the interference signal from the measurement
signal coming from areas outside the coherence layer.

3.1.1 Interferometer setup

The combination of ESPI and an OCT is noticeable in the LCSI setup. It is
adopted from the Mach-Zehnder interferometer con�guration used in ESPI. But
in contrast to ESPI, LCSI uses coherence gating, requiring a low coherent light
source and scanning of the reference mirror. The basic con�guration of LCSI
instrument is shown in �gure 3.1.

The utilised low coherent source is a Super Luminescence Diode SLD as widely
used in OCT. However, the spectrum of the light source in LCSI is not supposed
to be as broad as possible, because the requirements on the depth resolution are
rather low. On the contrary, it can be a disadvantage to have a to small coher-
ence layer, because this limits the size of the deformation that can be measured.
The typical coherence length is in the range of 30-50µm, and the bandwidth
of the source is therefore rather small; between 10 and 30nm depending on the
wavelength of the source. These speci�cations have to be optimised for each ap-
plication. As a consequence of the intentionally low coherent source particular
care must be taken regarding dispersion, coherence and resolution.

The object arm is identical in LCSI and ESPI. In the reference arm a retro
re�ector mounted on a translation stage enables the scanning. Also in LCSI we
assume a uniform reference wave.

This setup can be used in two di�erent ways by slightly varying the position
of the source point of the reference beam. If the expanded reference wave is
"virtually" coming from the centre of the imaging aperture plane, the setup can
be applied to temporal phase-shifting. The PZT in the reference arm is included
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Figure 3.1: Principle setup of a LCS-Interferometer.

for this purpose. By simply displacing the source point laterally in the aperture
plane the setup can be utilised for spatial phase shifting.

3.1.2 Measurement principle

LCSI is used for out-of-plane deformation measurements inside semi-transparent
homogenous or multi-layered objects. As in ESPI and full-�eld OCT the ran-
dom nature of the light re�ected from rough surfaces, interfaces, and volume
scatterers, introduces speckled interference signals. The algorithms from ESPI
and full-�eld OCT are therefore combined.

The measurement algorithm can be divided in three di�erent parts:

1. Structural imaging

2. Sample alignment

3. Depth-resolved deformation measurement

The �rst two steps are preliminary steps to obtain the necessary a-priori infor-
mation about the sample and position of the sample. In the last step the actual
LCSI measurements are carried out.

The following sections will shortly describe the parts of the measurement al-
gorithm. The instrument can be used in two modes. The full-�eld OCT-mode
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used in the �rst two steps of the measurement algorithm and the LCSI-mode
used for the deformation measurement. The instrument modes are described in
more detail in section 3.2.

Structural imaging

In a semi-transparent material the scatterers are positioned in all depths and
contribute depending on the coherence function to the interference term.

An important requirement for the deformation measurement on interfaces is
that the largest part of the back scattered coherent light is coming from the
interface itself.

The measurement of deformations of an interface inside an object presumes
a-priory information about the sample itself.

• optical position of the interface

• orientation and shape of the interface

• re�ection coe�cient of the interface

• obstacles along the optical path (e.g. air bubbles)

• attenuation of the signal / probing depth

All this information can be given qualitatively by operating the LCSI-instrument
as a full-�eld OCT interferometer. We can detect the position and orientation of
the interfaces by scanning the coherence layer through the sample and detecting
the interference amplitude.

To illustrate the measurement algorithm, we will introduce a test sample. Figure
3.2 shows its con�guration, consisting of a high-re�ective substrate (e.g. a metal)
and a step-formed transparent layer (e.g. a polymer). The thickness of the
polymer layer is in the range of some 100µm and the di�erence between thickness
d1 and d2 is larger than the coherence length, typically larger than 30µm.

Figure 3.2: Con�guration of the test sample

The coherence layer is 'translated' through the object starting at the top of the
sample. The interfaces are probed by the coherence layer in the following order:
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1. top of layer 1 (thick section d1)
2. top of layer 1 (thin section d2)
3. interface between layer 1 and 2 below thin polymer layer
4. interface between layer 1 and 2 below thick polymer layer.

The interface between layer 1 and 2 is detected at di�erent depths for the left or
right side. This is due to the longer optical path length in the thicker polymer
layer.

Sample alignment

If the interface of interest is identi�ed, the sample (or the coherence layer) has
to be adjusted. Also the sample alignment is carried out by operating the
LCSI-instrument as a full-�eld OCT-interferometer. To enable measurements
on interfaces in a scattering sample, the interface under investigation has to
be positioned inside and parallel to the coherence layer. Furthermore, to utilize
maximum contrast in the interference signals, the interface should be positioned
close to the maximum of the coherence function.

Figure 3.3: Ideal positioning of the coherence layer on the interface under in-
vestigation

The coherence layer has to cover the interface over the whole measured area.
This is done by moving the coherence layer to the interface under investigation.
Often this interface is not parallel to the coherence layer, so that only a part of
the interface is covered.

Here the scanning is stopped. Now the sample is iteratively tilted until the
whole area is positioned parallel within the coherence layer. Figure 3.3 shows
the ideal positioning of the coherence layer. A second scan in structural imaging
mode allows now the positioning of the maximum of the coherence layer at the
interface.

Figure 3.4 shows the position of the coherence layer in our test sample introduced
in �gure 3.2 after sample alignment. It can be seen that the interface between
layer 1 and 2 below the thinner polymer layer is perfectly aligned, while the
same interface below the thicker polymer layer can not be aligned at the same
time.
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Figure 3.4: Position of the coherence layer after sample alignment

Depth-resolved deformation measurement

Finally after adjusting the sample the deformation measurements at the inter-
face under investigation can be carried out. These are the actual LCSI measure-
ments. Standard measurement algorithms of ESPI are applied while holding the
coherence layer adjusted to a constant depth.

To illustrate this part of the measurement algorithm the sample con�guration
shown in �gure 3.4 is used. The interface between layer 1 and 2 below the thinner
polymer layer is adjusted within and parallel to the coherence layer. Now the
ESPI algorithms for deformation measurement are applied. The reference phase
map is recorded. Then the sample is slightly rotated and the phase map after
deformation is recorded. Figure 3.5 presents the expected measurement result
of this tilt.

Figure 3.5: Demonstration of the measurement principle on a transparent step-
sample; expected mod2π-phase map for a horizontal tilt of the sample with the
coherence layer adjusted at the interface between layer 1 and 2 under the thinner
polymer layer. Areas outside the coherence layer produce only noise (left side
of the object).

Now the phase maps are subtracted. Only the part of the sample with an
interface positioned inside the coherence layer (right part of the image) shows
the mod2-phase map for a horizontal tilt. Areas outside the coherence layer can
not interfere and contain only noise as seen on left part of the image.
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The measured deformations in LCSI are in the range from sub-wavelength up to
several wavelengths. With OCT these deformations are barely detectable. OCT
detects the position of the maximum of the coherence envelope. Displacements
in the order of the wavelength are hardly detectable. However applying phase
measurement algorithms from ESPI enables the LCSI-instrument to detect these
small deformations.

3.2 Mode of operation

Depending on whether the spatial or the temporal phase-shifting approach of
the setup is selected, the measurement algorithms vary slightly.

Kraft [20] utilised spatial phase-shifting and introduced the algorithms. His
setup was used for the early measurements presented in this work. Therefore
and reason of completeness his algorithms are brie�y introduced. For detailed
information and further reading it is referred to the PhD work of Kraft [20] and
the articles of Gülker et al. [19, 85, 86].

In the present work temporal phase-shifting is introduced to LCSI. The in-
strument modes for this technique are developed and the adaptation of the
algorithms is presented.

3.2.1 Full-�eld OCT-mode

The �rst two steps in the measurement algorithm are to identify the depth
and orientation of the interface and adjust the coherence layer in its maximum
position right above the interface. This is done by using the instrument in
full-�eld OCT-mode for structural imaging of the sample. In this mode the
instrument is identical with a full-�eld OCT instrument.

Interference will occur for light having an optical path length di�erence (OPD)
within the coherence length of the source. Therefore only the part of the object
light which ful�ls this requirement contributes to the cross interference term.
The position of the reference mirror determines the position of zero-OPD.

Manual adjustment of the reference mirror by visual detection of the zero-OPD
position can be di�cult and time consuming. In standard-OCT photo detectors
and translation stages enable an automatic search algorithm. However, in LCSI
two-dimensional structures have to be adjusted. An important requirement is
therefore to utilise the camera also for zero-OPD detection.

FFT-algorithm

For the SPS con�guration of the setup Kraft [20] introduced an FFT-algorithm.
Using the same algorithms as introduced for spatial phase shifting in chapter
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2.3.4 the two-dimensional (spatial) Fourier Transformation of the modulated
speckle pattern can be utilised.

This logarithmical frequency spectrum of the speckle pattern is shown in �gure
2.8 a). In the centre of this Fourier Transformation the speckle halo is seen. It
is generated by the spatial frequencies of the speckle pattern.

If the object is placed inside the coherence layer, a sideband occurs in the FFT
image. The sideband is produced by the interference carrier fringes. The spatial
carrier frequency displaces the interference term in the FFT image away from
origin and thus enables the separation of the cross interference term from the
disturbing speckle pattern. This sideband occurs, for obvious reasons, only if
the object light interferes with the reference light.

By checking the FFT-images for the sideband, the position of zero-OPD can
be detected. In a �rst step the translation stage is stepwise moved until some
sideband is detected.

Now the live LCSI image displays a certain region of a spatially modulated
speckle pattern.

Since the spatial modulation is sometimes di�cult to observe the visual impres-
sion can be improved by reconstructing the interference amplitude [86]. The
instrument can now be used as a full-�eld OCT instrument and for measuring
the position and orientation of the interfaces. It has to be speci�ed that the DC
components are already removed by the �ltering of the sideband of the spectrum
and its shift to zero frequency.

High-pass �ltering algorithm

The FFT algorithm can not be used for temporal phase-shifted recordings, be-
cause the interference term is 'hidden' in the speckle halo. This is due to the
absence of the carrier frequency.

For temporal phase-shifting established high-pass (HP) �ltering algorithm is
introduced. The algorithm is well known from time-average ESPI as described
e.g. by Løkberg et al. [3]. In time average ESPI this procedure increases the
contrast in the speckle interferogram. In LCSI it enables structural imaging of
the sample and turns the interferometer in a full-�eld OCT instrument. The
algorithm is based on high-pass �ltering, ampli�cation and recti�cation of the
video signal. Furthermore it is important that the initial object speckle pattern,
without the reference �eld, is subtracted from the interferogram, removing the
incoherent background.

Figure 3.6 shows a line of an analogue video signal with an object positioned a)
outside or b) inside the coherence layer.

If the object is positioned outside the coherence layer, the light re�ected from
the reference mirror and the object are incoherent, i.e. the degree of coherence

56



Figure 3.6: Video signal obtained with an object positioned a) outside b) inside
the coherence layer

between the object and reference wave is given by |γro| ≈ 0. Following equation
(2.7) the recorded intensity is given by:

I(x, y, t) = Ir(x, y, t) + Io(x, y, t) (3.1)

The interference term vanishes. In diagram b) the object is positioned inside the
coherence layer. Depending on the re�ection coe�cient of the probing depth the
coherent part of the re�ected light increases (i.e. |γro| > 0) and the interference
term in equation (2.7) increases. This contributes to the intensity distribution
shown in �gure 3.6b).

Figure 3.7: High-pass �ltering applied to a video signal obtained with an object
positioned a) outside b) inside the coherence layer

In an optimised ESPI setup the interference signal would modulate the brightest
speckles from 0 to the saturation intensity Ic because all object light is coherent
(i.e. |γro| ≈ 1). In LCSI the modulation depends strongly on the fraction of
object light being coherent. For volume scattering objects the speckle pattern
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is far less modulated than in ESPI, because only a fraction of the object light
'seen' by the camera is coherent.

Figure 3.7 shows the High-Pass �ltered video signal. The reference light con-
tributes mainly to the DC-term in the video signal. It is removed by high-pass
�ltering at a cut-o� frequency of about one �fth of the speckle frequency. The
cut-o� frequency is chosen to remove also low frequency disturbances in the ref-
erence. In addition often a Low-Pass �lter is applied to remove higher frequency
noise.

Figure 3.8: Video signals after rectifying and amplifying. The object is posi-
tioned a) outside b) inside the coherence layer

To utilise the full dynamic range of the frame grabber or the video monitor the
resulting video signals are recti�ed and ampli�ed. Figure 3.8 shows the �nal
signals. Both signals are ampli�ed by the same ampli�cation factor. Areas
on the object positioned outside the coherence layer appear dark, while areas
inside the coherence layer appear bright. This is seen by comparing the average
intensity in �gure 3.8a) and b).

The contrast of the interference intensity image obtained can be increased by
subtracting the �ltered initial speckle pattern (without interference) from each
new interferogram. Thus only the cross interference term is detected. The sub-
traction is e�ective even if the speckles in low coherent light are in longitudinal
direction limited by the temporal coherence of the source and thus rather short.
This algorithm makes the LCSI instrument into an adequate full-�eld OCT
interferometer.

As mentioned above the �rst task in the measurement algorithm is to �nd out
where the objects surface is positioned. We are looking for a 30µm range within
several centimetres where the object can be localised. After a rough visual
adjustment the structural imaging mode is used to detect the zero-OPD, by
automatically, stepwise moving of the reference mirror and simply registering the
average intensity of all pixels in a the �ltered video image. When the zero-OPD
reaches the object, the mean intensity increases. Now the three dimensional
structure of the object is recorded and the structures of interest can be localised.
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3.2.2 LCSI-mode

The second instrument mode is used for the actual LCSI-measurements to mea-
sure deformation of an interface or structure inside an object. We know that
this can be done using the ESPI algorithm introducing phase-shifting (see chap-
ter 2.3.4). Because of the narrow bandwidth of the sources used in LCSI both
spatial and temporal phase shifting (SPS and TPS) are working exactly as in
ESPI.

Since SPS and TPS are already introduced in chapter 2.3, here only some details
on TPS.

Applying TPS in the deformation measurement mode of the instrument causes a
slight change in the �lter algorithm introduced in the last section. HP-�ltering
and ampli�cation are applied in the same way. But the recti�cation of the
interference signal, as in the last step of the �lter algorithms, is not applicable
for phase-shifting. Therefore in the last step an o�set voltage is added to the HP-
�ltered video signal. Thus negative intensity values, that could not be processed
in the frame grabber are removed. This is shown in �gure 3.9.

Figure 3.9: Filter algorithm in deformation measurement mode. Video signal
a) after HP-�ltering and ampli�cation b) after introducing the o�set

When amplifying the interference term of cause all other noises, of particular
concern shot noise as main contribution, are ampli�ed as well. However, HP-
�ltering and ampli�cation decrease the quanti�cation noise during digitalisation.
We have to consider that the interference term is much smaller than in ESPI.
Sometimes only 1/1000 and less of the re�ected object light is coherent. There-
fore the dynamic range of the interference term is very small. The analogue
ampli�cation of this term contributes to the improvement of the measurement
results.

Except for the �rst measurements (remarked in chapter 7) this work is based on
TPS. The so called 3-frame technique given by equation (2.43) is very sensitive
to systematic errors due to non-sinusoidal fringes, miscalibration of αn(tn) and
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noise. These errors are often introduced by changes in the ambient conditions
(e.g. vibrations, air turbulences) or by non-linearities of the phase-shifter.

Therefore in this work solely a compensating �ve-frame technique introduced
by Schwieder et al. [52] and further developed by Hariharan [88] was used. The
introduced phase shifts for the recorded frames are α =-π, -π/2, 0, π/2, and π.
The object phase is calculated by the equation

ϕ0(x, y)mod2π = arctan
2(I2(x, y)− I4(x, y))

2I3(x, y)− I1(x, y)− I5(x, y)
(3.2)

El Jarad et al [89] introduced the possibility of compensating in-plane displace-
ments with SPS. Here the interference amplitude is reconstructed and the in-
terferograms are spatially correlated. By back-shifting the interferograms an
improvement of the resulting phase measurement is obtained.

3.3 Interference equation

In full-�eld OCT mode of the LCSI instrument the interference equation for
OCT given in equation (2.64) applies, extended to three dimensions. As shown
in that chapter the cross-interference term depends on the re�ectivity given in
the object function and the position of the coherence layer. The maximum
position of the coherence function is denoted as the probing depth zd. The
probing depth is given by the depth of zero-OPD corresponding to the position
of the reference mirror.

In LCSI-mode measurement algorithms from ESPI are utilised. As in ESPI, in
LCSI the object wave is speckled. However, the interference equation for ESPI,
given in (2.37), has to be extended due to the use of low coherent light.

We have to consider two signi�cant di�erences between LCSI and ESPI. First,
due to the use of low coherent light the statistics of the speckle pattern are
changed. The intensity distribution of these speckle patterns can be modelled
as the incoherent sum of several speckle pattern as described in chapter 2.2.2.

The second di�erence is more crucial. The coherent part of the object light is
signi�cantly smaller than in ESPI. Only a fraction of the object light contributes
to the interference signal, while the camera detects all light coming through the
imaging system. The dynamic range of the interference signal is dramatically
decreased. This e�ect is e.g. comparable to a situation where the polarisation
of the re�ected light from the object is changed.

In LCSI the deformation measurement is carried out in a certain depth, without
moving the reference mirror. Therefore, for small deformations2 the probing

2in the range of a wavelength
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depth can be assumed to be constant zd = const. and the coherence layer is not
displaced inside the object.

From chapter 2.4 we know, that the displacement of interfaces inside the coher-
ence layer introduces a phase shift. This displacement leads to a phase change
in the object function as seen in equation 2.69. The displacement of the inter-
face between n1 and n2 causes a change in the thickness of the layer and thus
in the phase of the re�ected �eld. The occurrence of a delamination introduces
a new layer in our model and changes beside the phase also the Fresnel re�ec-
tion coe�cient at the interface. We assume vacuum in this layer in the object
structure.

The normalised degree of coherence |γro| between the reference and the object
�eld has to be included in equation (2.37). Assuming a uniform reference wave
we get

I(x, y, zd) = Ir + Io(x, y) + 2
√

IrIo(x, y)|γro(x, y, zd)|cos(∆ϕ(x, y, zd)) (3.3)

As in OCT, in LCSI the object light Io consists of a coherent Ioc and an inco-
herent part Ioi.

Io(x, y) = Ioc(x, y) + Ioi(x, y) (3.4)

where Ioc denotes the intensity of the object light being coherent with the ref-
erence light. The incoherent part Ioi is often called the incoherent background.
This light is re�ected from other interfaces or scatterers both above and below
the coherence layer or is generated by multiple scattering.

We will now derive the interference equation for the sample introduced in the
last section. Figure 3.10 shows the sample con�guration. The �rst layer is
transparent (e.g. polymer), a part of the incoming �eld is re�ected at interface
1 the transmitted �eld travels towards interface 2. The second layer is opaque
(e.g. metal) and all light is re�ected at interface 2. Thus no light reaches
interface 3.

As shown in the previous section the coherence layer is divided in two. We will
analyse the interference equation in the two di�erent cases shown in �gure 3.10.
The coherence functions for the corresponding sample con�gurations are shown
on the left and right part of the object.

Case 1:

On the left side of the sample the coherence layer is adjusted in the middle of
the transparent layer. All light is re�ected from interfaces 1 and 2. These con-
tributions are denoted I11 and I12 and contribute to Ioi. Furthermore some light
is multiple re�ected between the interfaces of layer 1 Imultible and contributes
also to Ioi.
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Figure 3.10: Interference equation for the sample object consisting of a trans-
parent layer on top and a non transparent layer below, left: coherence func-
tion |γro|(z) for case 1 (thicker transparent layer), centre: sample con�guration
with position of the coherence layer (blue shadowed), right: coherence function
|γro|(z) for case 2 (thinner transparent layer)

However, no light is re�ected within the coherence layer and the coherent object
intensity is Ioc = 0. Thus |γro|(z) = 0 and the cross interference term vanishes.
The interference equation is reduced to the sum of the self interference terms:

I(x, y) = Ir + Ioi(x, y) = Ir + I11(x, y) + I12(x, y) + Imultiple(x, y) (3.5)

Case 2:

On the right side of image the coherence layer is adjusted at the second interface.
The maximum of the coherence function is adjusted at the probing depth zd.
The light re�ected at interface 1 is not coherent. It contributes to the incoherent
background intensity Ioi.

Interfaces 2 and 3 are within the coherence layer. However, no light is re�ected
from interface 3 and it does not contribute neither to Ioi nor to Ioc.

A part of the light re�ected from interface 2 travels directly through interface 1
towards the beam splitter and is coherent with the reference light. This part of
the light contributes to Ioc and the cross-interference term. Furthermore some
light is multiple re�ected between the interfaces. This light is not coherent with
the reference light and contributes to the incoherent background.

The interference equation is then given by

I(x, y, zd) = Ir + Io(x, y) + 2
√

IrI22(x, y)cos(∆ϕ(x, y, zd)) (3.6)
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where the object light is given by Io(x, y) = I21(x, y)+I22(x, y)+Imultible(x, y).

If we introduce a scattering object the equations are more complicated and the
interference intensity is given by equation 2.64. The phase information is given
by the object function. In particular multiple re�exes have to be considered.
This case is more in detail investigated in chapter 5.

3.4 Optimisation of the interference signal

In the following chapter we will investigate di�erent possibilities to optimise an
LCSI signal. This chapter will examine di�erences compared to ESPI and its
in�uence on the system parameters. The fringe contrast in LCSI depends on
the same parameters as introduced for ESPI in chapter 2.3.5

However, the optimisation of some of the there introduced parameters has to
be modi�ed for LCSI. As introduced in chapter 3.3 in LCSI we have to consider
two di�erences compared to ESPI.

1. the intensity distribution in the object light

The intensity distribution of a low coherent speckle pattern is introduced
in chapter 2.2.2. Figure 3.11 shows the intensity distribution of the object
and reference wave for LCSI.

Figure 3.11: Intensity distribution in LCSI, left: object light, right: reference
light

The change in the intensity distribution in�uences in particular the beam
ratio and the utilisation of the whole dynamic range of the camera.

2. the lower degree of coherence between object and reference light

As it is well known from classical interferometry the lower degree of co-
herence in Low Coherence Interferometry (LCI) causes a decreased inter-
ference modulation. Only a part of the object light is coherent. The rest
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of the object`s light appears as an incoherent background intensity which
is not useful for interference but occupies a part of the dynamic range of
the camera. This is shown in �gure 3.12.

Figure 3.12: Fringe modulation for di�erent fraction of coherent object light,
left: mono-chromatic light (γro = 1), right: low coherent light, 1/100 of the
object light coherent (γro = 0.1)

The lower degree of coherence has in�uence also on the optimisation of
the beam ratio and the utilisation of the dynamic range of the camera.
Furthermore the formation of a coherence layer requires the optimisation
of some additional setup parameters.

Therefore the following parameters have to be considered additionally when
optimising LCSI measurements:

• the degree of coherence between the object and reference light (determines
the amount of incoherent background intensity)

• the shape and positioning of the coherence layer

• the attenuation in the sample

• dispersion e�ects

The thickness of the coherence layer in LCSI is below 50µm. To optimise the
measurements the interface has to be positioned at zero-OPD. However, what
does one do if the interface under investigation is not perfectly plane? Some
possibilities to adapt the shape of the coherence layer are suggested. Further-
more the diameter of the imaging aperture, dispersion and attenuation of the
interference signal are investigated.

As in the corresponding ESPI chapter we neglect in this section decorrelation
e�ects and consider the electronic noise as constant.
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3.4.1 Signal-to-noise ratio

The maximum fringe contrast for ESPI is described in chapter 2.3.5. In the
following chapter equation (2.46) for the signal-to-noise ratio (SNR) will be
applied for LCSI. As described in the preceding sections we apply phase-shifting
and subtraction of the resulting phase maps in the same way as in ESPI also in
LSCI.

Thus equation 2.46 as introduced in chapter 2.3 can also give an indication for
LCSI [3]. We assume fully resolved and perfectly polarised speckle patterns
giving δs = 1. However in LCSI a new reduction factor is introduced; the lower
degree of coherence γro < 1. The equivalent of equation 2.46 for LCSI is then
given by

SNR =
(
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(1 + r)(1 + 1

r )
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e
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′
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(3.7)

In ESPI is γro = 1. Due to the lower degree of coherence of the source γro

is often much smaller for LCSI. Especially the temporal coherence contributes
to the strong reduction of the interference modulation (often in the range of
γro = 0.1).

3.4.2 Total intensity

In di�erence to ESPI maximum fringe contrast is not obtained for Ir = Io =
Ic/4. In LCSI only a part of the object light is coherent and contributes to the
cross-interference term. Therefore the intensity in both interferometer arms can
be increased, without saturating the camera.

Figure 3.13: Optimal adjustment of the reference and object intensity for the
brightest speckle, left: in ESPI, right: in LCSI assuming 1/100 of the object
light being coherent
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This changes the optimum intensity relations discussed for ESPI. As a quantita-
tive example �gure 3.13 shows the optimum intensity distribution in a Michelson
interferometer with two mirrors in the interferometer arms for di�erent degrees
of coherence. In the left graph the optimum intensity distribution for γro = 1 is
shown. This intensity relations can be obtained for the brightest speckle in an
optimised ESPI-setup. In the right graph it is assumed that 1/100 of the object
light is coherent (γro = 0.1) and shows the optimum intensity distribution for
the brightest speckle.

For plane-wave, low-coherence interferometry the optimum intensity distribu-
tion is thus obtained for an intensity of 116 grayscale values in both arms. The
amplitude of the cross-interference term is calculated using equation 2.7 to about
46 grayscale values.

In LCSI the object �eld is speckled. The average intensity in the object �eld is
smaller than shown in �gure 3.13 and given by the intensity distribution of the
speckle �eld.

Figure 3.14: Modelled intensity distribution of the incoherent sum of the ref-
erence and object intensity, left: LSCI right: ESPI, (in both cases beam ratio
r = 1 and the total medium intensity adjusted at Itot = 160)

Using the equations 2.33 and 2.36 the intensity distribution of the object light
in ESPI and LCSI can be modelled. The distribution of the reference intensity
in LCSI is similar to one introduced for ESPI in �gure 2.11.

The incoherent sum of the reference and mean object intensity distributions
are shown in �gure 3.14 for LCSI (left graph) and ESPI (right graph). This
theoretical investigation shows how the dynamic range of the camera is occupied
by the mean object and reference intensity and how much of the dynamic range
is available for the cross-interference term. Thus we can calculate the fraction
of saturated camera pixels when adding the cross-interference term.

Note, to obtain the total light budget of the camera the cross-interference term
has to be added. This term increases for higher speckle intensities. As an
example we assume a medium intensity in both arms of Io = Ir = 80.
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Let us now investigate the intensity relations for single speckles. The intensity
of the speckle is given by Io in the interference equation 3.3. A speckle inten-
sity Io = 152 and a reference intensity of Ir = 80 greyscale values result in a
modulation of the cross-interference term of 46 greyscale values. It can thus
easily be seen that all speckles with a intensity larger then Io = 152 greyscale
values can saturate the camera at the maximum of the interference signal. This
corresponds to 10% of the camera pixels.

Now we are applying the same intensity relations for ESPI (right graph in �gure
3.14). The interference modulation in ESPI is much larger (γro = 1). Thus all
speckles with an intensity larger than Io = 129 greyscale values can saturate
the camera at the maximum interference signal. This corresponds to 54% of all
camera pixels.

To summarise this section: In LCSI the cross-interference signal is smaller than
in ESPI. The medium total intensity can therefore be adjusted to a higher
value. However, in LCSI it is of crucial importance to avoid saturation since
all information of the cross interference term can easily be lost. Therefore a
large dynamic range of the camera (more accurately a large SNR) is even more
crucial than in ESPI.

3.4.3 Beam ratio

Figure 3.15 shows the SNR vs. the beam ratio depending on the degree of
coherence, if we again neglect the electronic noise in the system and assume
〈Itot〉 = const.

Figure 3.15: SNR vs. beam ratio for di�erent fraction of coherent object light

Note that Itot now includes both the incoherent 〈Ioi〉 and the coherent part Ioc
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of the object light in the probing depth

Itot = Ir + Ioi + Ioc (3.8)

The optimum beam ratio appear to be r = 1. For di�erent degrees of coherence
the SNR is decreased but it does not change the optimum beam ratio. It can be
seen that the SNR decreases dramatically with a lower degree of coherence. This
is due to the strong in�uence of the coherence on the interference modulation.
Thus all e�ort should be paid to reduce the incoherent part of the object light

Let us again consider the two cases discussed for ESPI:

Case 1:

The constraints on the light intensity are due to limitations of the
SLD power.

For this case the consideration given for ESPI are fully valid for LCSI. The
increasing of the beam ratio (r > 1) increases the cross-interference term and
utilizes the dynamic range of the camera better. This implies an improved SNR.

Case 2:

The constrains on the light intensity are due to the limited dynamic
range of the video camera.

The intensity distribution in a low coherent speckle pattern contains no black
pixels. However, for higher intensities it follows a negative exponential distrib-
ution. This implies that some speckle reach the saturation level of the camera.
We have to consider that the coherent part of the speckle pattern is also in
LCSI characterised by a negative exponential distribution [20] . Therefore some
speckles would have a lack of interference modulation. The fraction of these
speckles depends on the adjustment of the average intensity in the object arm.

In contrast to ESPI the dynamic range, available for the interference term is
much smaller because a large part of the dynamic range of the camera is �lled up
with the incoherent background intensity. This limits the maximum modulation
of the cross-interference term.

Also for LCSI the selection of the optimum beam ratio is then a trade-o� be-
tween high spatial resolution and high accuracy of the phase measurements.
When adjusting the object intensity rather low all speckles give fairly accurate
measurements with the maximum spatial resolution given by the camera.

However if we increase the medium intensities to the optimum values given
from classical interferometry (Io = Ir = Ic/4) the situation in LCSI is slightly
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di�erent. Since the interference term is much smaller the medium total intensity
Itot can be adjusted much higher than in ESPI without increasing the fraction of
saturated pixel. The actual optimum level depends on the degree of coherence
and has to be investigated for each material.

Increasing the intensities further we obtain a smaller phase error due to the
larger interference modulation for the speckles with lower intensity. However an
increased fraction of speckles reaches saturation level and decrease the spatial
resolution.

Considering the di�erences between ESPI and LCSI discussed above some gen-
eral advises can be given:

1. The increase of the fraction of coherent object light is the most important
optimisation parameter.

2. If the constrains on the light intensity are due to the limited power from the
SLD an increase of the beam ratio, by guiding a larger part of the available
light into the reference arm, will improve the measurement results.

3. If the constrains on the light intensity are due to the limited dynamic
range of the camera the beam ratio should be r ≥ 1. That is analogue
with our results for ESPI in chapter 2.3. However depending of the degree
of coherence in the probing depth the object light should be adjusted as
high as possible, without reaching the saturation level of the camera and
taking care of r ≥ 1 .

4. The total intensity can be adjusted higher than in ESPI, depending of the
degree of coherence in the probing depth.

A quantitative theoretical modelling to �nd the optimum r is beyond the scope
of this work. However, the derivation given by Slettemoen and Wyant [25] is
a basis for these investigations. By including the intensity distribution for low
coherent speckle patterns as given in chapter 2.2.2 and including the degree of
coherence in the derivation quantitative results can be obtained.

3.4.4 Dispersion

Due to the low coherent light source dispersion properties have to be consid-
ered. Dispersion is extensive investigated in OCT, e.g. in [90]. In OCT depth
resolution is the most critical parameter. Dispersion causes a broadening of the
coherence envelope and reduces thus the depth resolution. Therefore the com-
pensation of dispersion by introducing dispersive elements in one interferometer
arm is an important task.

However, as we learned in the last sections, in LCSI depth resolution is less
critical. Kraft [20] preformed some investigations on dispersion compensation
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in LCSI. That was necessary because of the use of a commercial microscope and
optical �bres. The amount of glass in the microscope was not known. Kraft
measured the coherence envelope starting with the source itself in a Michelson
interferometer and then in the LCSI setup. The broadening can be calculated
and compensated by shortening one �bre.

However, even if the broadening of the envelope is not so critical in LCSI, dis-
persion in�uences should be compensated. Dispersion decreases the modulation
of the interference and reduces thus the interference contrast. As shown, the
modulation of the interference signal in LCSI is much less than in ESPI and all
e�orts should be paid to increase the interference signal.

Hitzenberger et al. [90] have studied dispersion and broadening of the coherence
envelope. By doubly passing a medium of length lg the width of the coherence
envelope has increased to lc,m, where index m denotes medium:

lc,m =

√
l2c + (−λ

d2n

dλ2
lg∆λ)2 (3.9)

where d2n
dλ2 is the group dispersion GD.

Furthermore dispersion caused by the applied materials in the object and pos-
sible changes of its dimensions or properties during measurement should be
considered. This will be discussed further in chapters 5 and 6 .

3.4.5 Design of the coherence layer

Particular care must be taken when the optical con�guration is designed in an
LSCI set-up. As already discussed maximum fringe contrast is only obtained if
the whole area of interest is positioned in the maximum position of the coherence
layer, at zero-OPD.

The investigations in this chapter are theoretically. However, experiences while
adjusting the coherence layer have shown good agreement with the experiment.
Since these experimental investigations are di�cult to document, they are not
included in the experimental results presented in this thesis.

For plane interfaces the coherence layer has to be plane. Also when measuring
in a volume scattering object we wish often a plane coherence layer. Let us �rst
investigate how this can be guaranteed.

In standard ESPI setups the object is often illuminated from one side (o�-axis
illumination). This is acceptable in ESPI because of the long coherence length
of the laser. However in LCSI a coherence layer occurs perpendicular to the
sensitivity vector. Thus the coherence layer is tilted as shown in �gure 3.16.

In chapter 3.1 we have chosen inline illumination of the object using a beam
splitter. The obvious drawback, compared to o�-axis illumination, is that we
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Figure 3.16: Con�guration of the object arm of an LCSI instrument obtaining
a plane coherence layer using illumination from one side

lose 3/4 of the object light. However in LCSI the in-line illumination setup has
two advantages.

First, it optimises the sensitivity vector of the measurement, given by half the
angle between the illumination and observation of the object. The presented
LCSI setup measures small out-of-plane deformations. Thus the optimised sen-
sitivity vector has the same direction as the deformation we want to measure.

Second, inline illumination gives symmetrical conditions and makes it easier to
control the shape of the coherence layer.

Plane objects

If we are using in-line and plane wave illumination, it can be ensured that the
coherence layer is a well-de�ned parallel layer.

The con�guration is shown in �gure 3.17. By illuminating perpendicularly onto
the surface we obtain a scattered wave front which is a plane wave perturbed
with a speckle �eld.

The resulting wave front behind the imaging system is a perturbed spherical
wave that can easily be matched with a reference wave of the same curvature.
This is obtained by using a spherical reference wave originating from the focal
point of the imaging system. This can be done by putting the end of the optical
�bre in the reference arm at this point.

Another possibility is to introduce a beam splitter in front of the camera and
adjust the source point of the spherical reference wave virtually in the same
position as the focal point of the lens. This is known from ESPI and shown in
�gure 3.18
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Figure 3.17: Con�guration of the object arm of an LCSI instrument obtaining
a plane coherence layer using in-line illumination

Figure 3.18: Introduction of the reference wave, left: using a �bre, right: using
a beam splitter

However, we can not always expect perfectly plane interfaces. Thus the shape
of the coherence layer should be adapted to the shape of the interface under
investigation. This can to some degree be done by varying the optical con�gu-
ration.

Curved objects

Another example is an object with a curved surface. The coherence layer can be
adapted by illuminating the object with a spherical wave front. This is done by
adjusting the beam expander in the object arm or introducing a lens to achieve
a spherical wave in the object illumination.

Asymmetrical objects

Real object are not always symmetrical objects. By introducing phase objects
in the optical path the coherence layer can be shaped. However attention has
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to be paid to dispersion. Furthermore the amount of compensations is limited
but su�cient for the most of the applications. Figure 3.19 shows a simple step-
formed adapted coherence layer.

Figure 3.19: Introducing a phase object in the object arm of an LCSI instrument
obtaining a coherence layer with a step using a phase object in the illumination
of the object

Thin glass plates can be used as phase objects. They can be adapted using the
a-priory information of the structure inside the object obtained by the full-�eld
OCT measurements.

Tilting of the coherence layer

Sometimes it is important to tilt the coherence layer in a certain direction. This
can be done using the beam splitter in front of the object.

Figure 3.20: Tilting of a plane coherence layer using beam splitter in front of
the object.

By tilting this beam splitter in three dimensions the coherence layer can be
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adapted to the interface as illustrated in �gure 3.20. This could be used in cases
where the sample can not be aligned.

3.4.6 Imaging Aperture

The position and size of the imaging aperture in LCSI depends on the contrast
criteria of both OCT and ESPI, as introduced in chapter 2.3 and 2.4.

Positioning of the imaging aperture

To ensure a uniform distribution of spatial interference frequencies across the
CCD the spherical reference wave has to originate from the centre of the imaging
aperture, or more accurate from the exit pupil of the system. Therefore in the
setup shown in �gure 3.17 an aperture stop is introduced so that the exit pupil
(here in the same position as the aperture stop) and the focal plane of the
imaging system coincide. The �nal con�guration is shown in �gure 3.21

Figure 3.21: Positioning of the aperture in the interferometer set-up

A simpli�ed model to explain this is based on the fact that the exit pupil limits
the angular spectrum of the object wave and thus the speckle size. Each point
in the exit pupil can thus be regarded as a point source of a wave with random
phase. The interference of all these waves results in a speckle pattern at the
CCD. When each of these waves also interfere with a spherical reference wave
originating from the centre of the exit pupil, the resulting distribution of spatial
frequencies across the CCD will be symmetric and uniform.

If the exit pupil is either in front of or behind the origin of the reference wave a set
of high spatial frequencies will occur close to the rim of the CCD. The frequencies
increase by the distance on the optical axis and by the lateral distance between
the exit pupil and the reference origin, soon resulting in a pattern not resolvable
by the CCD.
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However, when introducing an aperture in the focal plane both the spatial fre-
quency recording and the imaging has to be considered. If the aperture stop
introduces vignetting the imaging quality is decreased. Thus the chosen con�g-
uration is a compromise that is justi�ed by the easier control of the shape of
the coherence layer and has not been of disadvantage in reality.

Diameter of the imaging aperture

The optimum diameter of the imaging aperture for ESPI is investigated in chap-
ter 2.3. The same estimations as shown for ESPI are valid for LCSI. Since the
loss in the object arm is very large in the LCSI instrument, the aperture di-
ameter should be adjusted as large as possible. The speckle size can be clearly
smaller than the pixel size.

3.4.7 Decorrelation during the excitation process

The following contributions to an increased decorrelation in LCSI can be pointed
out as signi�cant:

• An object tilt displaces the speckle pattern in the imaging aperture leading
to the same decorrelation e�ect as described in ESPI.

• The speckle pattern is changed because of the displacement of all scatters,
which is more critical in LCSI due to volume scattering. The degree of
decorrelation depends on the probing depth.

• The excitation process can lead to a contrast reduction because the co-
herence layer is displaced from the optimum position inside the object
.

Therefore both lateral and longitudinal displacements will reduce the interfer-
ence contrast.

The strong in�uence of the lateral decorrelation during the excitation process
is discussed by Kraft [20]. He presents also some theoretical and experimental
work on this purpose. Kraft used a model with 2 layers and investigated the
tilting e�ects of one of the layers at the time. Strong decorrelation e�ects occur
already for 1-2 fringes.

In ESPI small lateral displacements reduce the interference contrast. Displace-
ments larger than the speckle size cause total decorrelation. In LCSI the decor-
relation e�ects are larger, if the object light travels through a scattering medium.
However smaller lateral displacements can be compensated for by speckle cor-
relation algorithms [89] using the reconstructed coherent speckle pattern as de-
scribed by Kraft [20].
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For longitudinal displacements of the object the coherence function describes the
degree of contrast reduction for measurements of the object surface. However,
for measurements inside the object additional decorrelation e�ects need to be
considered. The optical paths of the light beams generating the speckle pattern
are changed due to the displacement of the scatterers.

The displacement of the sample or refractive index changes along the optical
path can cause displacements of the coherence layer away from the interface
under investigation. The in�uence of this parameter is strong and has to be
compensated for.

A possible method is to move the reference mirror between the phase recordings.
The measured interference contrast increases in one direction. The translation
stage can be moved slightly, to compensate the loss of contrast. This procedure
is in this thesis introduced as 'coherence layer tracking'.

For absolute deformation measurements this procedure requires a sub-micrometer
accuracy for the displacement of the reference mirror. A piezo actuator can be
utilised. However for relative deformation measurements a low-accuracy trans-
lation stage is su�cient.

3.4.8 Reduction of the incoherent background

As already mentioned the coherent part of the object light in LCSI is very small.
In addition the camera has a limited dynamic range. This causes limitation of
the intensity of the object light because the camera would reach its saturation
level and we will lose the interference term. Therefore as much as possible of
the incoherent object light should be removed.

Polarisers

A well known method from ESPI can be applied in LCSI. A polariser is intro-
duced in front of the camera and removes all non-polarized light in the object
and reference arm. Thus the multiple scattered light is removed to a larger ex-
tent, which increases the fraction of the coherent light coming from the interface
under investigation.

Birefringence occurs when introducing mechanical stress in polymer materials.
The polarisation in the object arm is changed. This has to be considered by
checking the polarisation state while exciting the sample.

Spatial frequency �lter

Another important task is the removal of the surface re�ection from the sample.
This is of particular importance to high re�ective surfaces like glass.

There are di�erent traditional methods to remove the surface re�ex.
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1. tilting of the object

2. anti-re�ex coating of the glass

3. the use of an immersion objective, matching the refractive index of the
optical path between object and imaging objective

For a specular surface the introduced con�guration of the LCSI instrument
enables an elegant solution to this problem.

From Fourier optics it is known that an optical �eld transmitted through a lens
shows the Fourier components in the focal plane of the lens. Figure 3.22 shows
the con�guration.

Figure 3.22: Optical Fourier �ltering of the top re�ex from the glass plate

If the re�ected light from the specular surface is a plane wave it would be
focused to a single point in the focal plane of the imaging lens. By simply
introducing a 'single' frequency spatial �lter this re�ex could be removed and
the underlying coherent measurement light becomes visible. Since the interfering
light is modulated on the speckle �eld it is transmitted even if the spatial �lter
is applied. Again su�cient intensity from the SLD is an assumption.

3.4.9 Attenuation

The deeper we probe the sample the more the interference signal is attenuated.
We can assume a high re�ection coe�cient on the interface top layer/air. The
strongest re�ex is then coming from this interface. Even if interfaces further
down in the object have the same re�ection coe�cient, the intensity of the re-
�ected light is smaller due to attenuation of the illuminating light. Therefore the
speckle pattern coming from the surface is dominating the intensity distribution
detected by the CCD.
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We can summarize that the top re�ex for LCSI measurement should be as low
and as uniform as possible. This ensures enough light re�ected back at the
depth under investigation. In the lab this could be done by anti-re�ex layers for
uniform interfaces or immersion objectives.

The attenuation of the interference signal is wavelength dependent. Thus also
the selection of the wavelength can contribute to increase the interference mod-
ulation. The amount of light coming back from the interface or layer under
investigation is crucial for the interference contrast. By selecting a wavelength
with little attenuation, the measurement results can be improved and the prob-
ing depth increased.

The wavelength-dependent attenuation is a material characteristic and has to
be investigated for each material. For many materials it is an advantage to
increase the wavelength.

3.5 Quanti�cation of the measurement results

LCSI measures phase changes in the light that has travelled to and returned
from a certain depth of the object. To understand what is actually measured, it
is important to investigate how phase changes during the measurement in�uence
the results. Two di�erent phase e�ects can be distinguished.

• Re�ection phase changes

• Transmission phase changes

In this section we will shortly introduce these terms. This task is essential for
the understanding and quanti�cation of the measurement results.

3.5.1 Re�ection phase changes

In ESPI, deformations of the probed surface result in phase changes of the
object light. The same e�ect occurs in LCSI, with the di�erence that because
of coherence gating only deformations of the scatterers or interfaces within the
coherence layer are detected. Scatterers or interfaces moving outside (e.g. above
or below) the coherence layer are not in�uencing the measurement as long as
they are not introducing transmission phase changes to the coherent light.

We use the term 're�ection phase changes' as phase changes caused by the
movement of interfaces or scatterers within the coherence layer.
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3.5.2 Transmission phase changes

All transmission phase changes along the optical path in�uences the phase mea-
surements.

From ESPI such changes are known as well, often called phase �uctuations. This
is caused by changes of the ambient conditions, e.g. temperature and pressure
changes, introducing changes in the refractive index of air.

In LCSI we are measuring phase changes inside a material while changing the
ambient conditions or even introducing strain in the material. Obviously this
can change the refractive index in the object.

We use the term 'transmission phase changes' as phase changes caused by
changes in the refractive index along the optical path.

Transmission phase changes can often be neglected if only relative deformations
are measured and the phase changes are uniform over the whole measurement
area. However, for quantitative measurements transmission phase changes can
introduce errors during the measurement.

The investigations in this section will be used in the next chapter, when the
phase change inside the object is modelled
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Chapter 4

Non-destructive evaluation of

adhesion properties

4.1 Adhesion

Many theories and categorisations of adhesion forces are presented in literature.
Adhesion is a complex quantity and in�uenced by mechanical, chemical and
thermo-dynamical factors. But no single theory can today describe the complex
adhesive behaviour. "Basic adhesion" is described as the sum of all bonds
between the adhesive and the substrate [91]. Another de�nition is given by Wu
[92]. He describes adhesion as "intimate interfacial contact". The interfacial
forces holding the two phases together may arise from van-der-Waals forces,
chemical bonding, electrostatic attraction or mechanical links.

Adhesion depends therefore not only on the adhesive chemistry, but also on
the properties of the substrate (i.e. surface topography), pre-treatment and
the ambient conditions it is exposed to. For further reading the reviews of
Brockmann et al. [93] and Lee [94] are recommended.

4.2 Adhesion properties of aluminium

Adhesive bonding of aluminium is mostly carried out by the following procedure:

1. cleaning of the surface (degreasing, removing the corrosion layer)

2. chemical activation of the surface (pre-treatment)

3. adhesive bonding (Epoxy resin adhesives are widely used, e.g. Araldite
2014)
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4. curing of the adhesive

This work focuses on the characterisation of interfacial instabilities, caused by
defects at the adhesive/aluminium interface. These defects are mostly intro-
duced during cleaning and pre-treatment. But also the surface topography and
inter-metallic particles at the aluminium surface can generate weak points at
the interface.

Especially the characterisation and comparison of pre-treatment methods is an
important application for the presented technique. Figure 4.1 shows FEG-SEM
images of an AA6060 aluminium surface after pre-treatment with Chromium
Cr+ and Titan/Zirconate TiZr. Di�erent surface phenomena can be seen;
grain boundaries, rolling topography, pits and higher concentration of conversion
coating.

Figure 4.1: FEG-SEM images of an AA6060 aluminium surface showing di�erent
surface phenomena (above) and a magni�ed image of inter-metallic particles
(below); left: chromium and right: Ti-Zr based pre-treatment (reprint from [1])

Inter-metallic particles (e.g. α-Al(Mn,Fe)Si - particles) are small particles en-
closed in the aluminium matrix. The importance of inter-metallic particles
when applying TiZr pre-treatment has been investigated by Lunder [1, 95].
The FEG-SEM images of these particles illustrate the di�erent results of these
two pretreatment methods. The left images illustrate Cr+ pretreatment. The
chromium pre-treated aluminium surface shows a thin and uniform chromium
layer.

In the right images the Al surface is pre-treated with TiZr. A thick layer of
TiZr oxide is deposited at the inter-metallic particle seen as darker areas in the
images. In the magni�ed image below even a crack in the conversion coating is
observable.
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When the adhesive joint is stressed, these areas can introduce delaminations.
A high rate of particles in the aluminium matrix implies an easier merging of
the microscopic defects. The delamination areas increase and deteriorate the
adhesion properties.

4.3 Test procedure

The characterisation of adhesion in adhesive bonded joints is today mainly lim-
ited to destructive mechanical testing. Widely used techniques are wedge, lab-
shear and pull-o� testing. The sample con�guration for these tests is shown
in �gure 4.2. These techniques provide information about adhesion properties
by measuring other variables. Lab-shear testing is based on mechanical test-
ing of an adhesive aluminium joint with the geometry shown in the upper left
image []. The sample con�guration for wedge testing is shown in the lower left
image. After adhesive bonding a wedge is introduced between the aluminium
plates. Adhesion is characterised by the crack propagation between two adhe-
sive bonded substrates [96]. Pull-o� testing is based on the measurement of the
mechanical force needed for pulling o� a dolly that is glued to the substrate
(sample con�guration in the right image) [97]. These techniques give quanti-
tative information about the adhesion properties. However, these destructive
techniques do not measure basic adhesion alone. Often cohesion is measured
instead, since the adhesive breaks cohesively rather than adhesively.

Figure 4.2: Traditional destructive adhesive testing, test con�guration for lap-
shear testing (above), wedge testing (below) and pull-o� testing (right)

Only a few non-destructive techniques are known. Scanning acoustic microscopy
(SAM) is a promising technique for adhesive bonded joints. It measures changes
in the acoustic impedance inside a sample [98]. Those changes can occur at areas
with low adhesion. SAM gives local information of the adhesion properties.
However, the spatial and depth resolution of SAM measurements is limited and
the delamination areas must be rather large.
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The focus of the present work is the study of adhesion in adhesive bonded
aluminium joints. The basic hypothesis of this new measurement concept is
that low adhesion is due to the existence of microscopic defects at the interface
between the substrate and the adhesive, so called interfacial instabilities.

These defects can be caused by imperfect pre-treatment, surface topography
or other surface phenomena (e.g. corrosion or inter-metallic particles). To
investigate adhesion, a glass plate is bonded to the substrate. By measuring
through the glass plate, the optical signal re�ected from the adhesive and from
the substrate/adhesive interface is investigated experimentally using LCSI. In
the left image in �gure 4.3 the sample con�guration is shown.

Figure 4.3: Non destructive adhesion testing using LCSI; left: Sample con�gu-
ration; right: illustration of the measurement principle

A test procedure is developed in order to detect the surface-related deformation
pattern. A controlled mechanical force is introduced on the glass plate and
applies stress to the adhesive layer and the aluminium/adhesive interface. The
right image in �gure 4.3 shows how the glass plate is pulled with a de�ned
mechanical force perpendicular to the aluminium surface under investigation.
The microscopic delamination areas open up and the interferometer can detect
the resulting cavities. By relating the measured deformation pattern to the
corresponding surface phenomena, mapped before the bonding, the adhesion
properties can be evaluated.

The depth-resolved deformation measurement enabled by LCSI makes it possi-
ble to distinguish between adhesive and cohesive delaminations, which means
that we can distinguish between delaminations at the interface and inside the
adhesive layer. That can be done by measuring introducing stress in the ad-
hesive layer while measuring both at the interface and, about one coherence
length above the interface, inside the adhesive layer. If the measurement signals
are identical the delamination is presumably inside the coherence layer. This
problem is in more detail investigated in the next section.

Furthermore LCSI measures the size and opening of the delamination areas,
even on a microscopic scale. This makes it possible to investigate the quality of
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an adhesive joint without destroying the sample. Thus the same sample can be
exposed to di�erent ambient conditions (e.g. salt spray test) and the adhesion
properties can be investigated over a time period.

4.4 Finite Element Method modelling

The size of inter-metallic particles for a standard aluminium alloy (e.g. Al6060)
is in the range of 1-100µm. To verify the possibility of detecting such small
defects in the given con�guration a Finite Element Method (FEM) model was
developed. Figure 4.4 shows the sample con�guration. The investigations are
carried out using a 2D-axial-symmetric model with 13600 elements. Two dif-
ferent transparent materials are simulated for the upper plate; plexiglass (e-
modulus E= 2500MPa, v=0.4) and standard glass (E=73000MPa, v=0.23).
The adhesive is modelled with E=4850MPa and v=0.4, while the aluminium
parameters are E=68000MPa and v=0.3.

Figure 4.4: Sample con�guration used in the model, left: FEM model; right:
sample con�guration

In the right image in �gure 4.4 A denotes the radius of the circular area on top
of the aluminium body covered by the adhesive layer and a the diameter of a cir-
cular defect. The introduction of mechanical stress in the adhesive layer causes
an opening of the delaminations above the defects. Small cavities containing
vacuum occur.

The e�ect of these delaminations on the optical path length of the light is
measured by LCSI. ESPI detects deformation down to λ/100. For LCSI we
expect a slightly lower accuracy. Therefore it is important to estimate the size
of the cavities and especially its maximum opening. For this purpose a model
using a glass plate and A = 10mm is used. The defect diameter a is increased
and the maximum opening investigated. Figure 4.5 shows the results.

We assume a constant displacement (d=10µm ) of the glass plate. As the ex-
periments showed the displacement obtained in the lab was signi�cantly smaller
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Figure 4.5: FEM model of the test sample; left: diagram of the maximum defect
deformation vs. defect diameter for a 10µm deformation of the glass plate; small
images: simulation results for di�erent defect sizes; right: stress distribution

(d < 5µm). Thus the results from the FEM modelling must be scaled down.
However the application of a mechanical testing machine can increase the intro-
duced stress.

The maximum opening of the cavity increases for larger defect diameters. For
a defect of a = 10µm the stress in the adhesive layer introduces a maximum
opening of about 25nm. This is hardly within the resolution of LCSI. However,
a 100µm defect causes an opening of 250nm, which is detectable by LCSI.
Furthermore a higher strain rate increases the opening and LCSI can supply
su�cient accuracy.

Another interesting result of the modelling is the varying shape of the delami-
nation cavity. The shape of the cavities indicates the adhesion toughness of the
joint. The small images in �gure 4.5 shows the pro�le of the delamination area
for di�erent defect diameters. The larger defects (a>100µm, depending on the
magni�cation of the instrument) can be measured by LCSI.

These investigations show that the opening of the defect increases almost linearly
with the defect diameter a for a < 500µm. Then the curve is apparently reaching
a maximum. However, further investigations show that a further enlargement of
the defect area causes a further increase of the maximum defect opening. This
is shown in the left graph in �gure 4.6.

The maximum opening of the delamination was also modelled for di�erent thick-
ness t and the radius A of the adhesive bonding area. The results are shown in
the right graph in �gure 4.6. It can be seen that the maximum opening increases
for thicker adhesive layers, and smaller adhesive bonding areas.

85



Figure 4.6: FEM-modelling results; left: max. defect opening for larger defect
sizes; right: max. defect opening when varying the thickness of the adhesive
layer t, the defect diameter a and the radius A of the adhesive bonding area

Another result of the FEM analysis is the geometrical shape and the material
choice of the samples. We started the modelling with a square-shaped cross-
section of the aluminium body and a Plexiglas upper layer. The FEM analysis
showed high stress concentrations at the corners of the adhesive layer and low
sti�ness in the plexiglass. Thus a circular cross-section of aluminium and glass
instead of plexiglass were selected.
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Chapter 5

Modelling of the interference

signal in layered media

The scattering process from a volume scattering object is complicated. It can not
be calculated analytically and must be treated on a statistical basis. Therefore
modelling of the scattering is necessary. Generally, such models are sophisticated
and beyond the scope of the present work. However, to understand the phase
changes measured in LCSI a simpli�ed model of the interference signal obtained
from a scattering object will be presented.

In this chapter a one-dimensional simulation model for the calculation of the
interference signal obtained in LCSI and its implementation in MATLAB are
introduced. The method for extracting phase information and the analysis of
the phase changes due to a delamination layer are described. Furthermore
we investigate the in�uence of refractive index changes in the adhesive layer
introduced by stress gradients and measurements in scattering media.

5.1 Simulation model

The model applied in the following chapter was �rst introduced in OCT by
Støren et al [22]. The theoretical model being the basis for this chapter was
developed by Giskeødegård [99]. Støren et al. used the model for OCT measure-
ment, based on the interference amplitude, to analyse speckle e�ects in OCT. In
the current work the model is extended to include phase measurements which
enables the analysis of the interference signals obtained in LCSI.

The con�guration of the object used for modelling was adapted from the com-
pound sample introduced in the last chapter. A one-dimensional approach is
su�cient to understand the e�ect of a delamination in an LCSI measurement.
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In the following sections the adaption of the interference equation is introduced.
Then the modelling of the scattering object and the source spectrum are de-
scribed. Phase changes generated by a thin delamination in the optical path
are investigated. Furthermore the in�uence of changes in the refractive index
in the medium are modelled.

5.1.1 Adaptation of the OCT interference equation

The interference equation for OCT was introduced in chapter 2.4 resulting in
equation (2.64). The detector signal is a function of the position of the reference
mirror zr, seen in �gure 2.1. We should note that zr corresponds to an optical
depth in the object. The relation between the optical and geometrical depth zg

in the sample is given by

zr =
∫ zg

0

n(z)dz (5.1)

Therefore we will transfer the investigations from chapter 2.4 into the k-space.
The derivation in this chapter follows Støren [66].

We start the derivation of the interference equation from the two interfering
complex �elds Vr and Vo.

The light in the reference arm is re�ected from the reference mirror. The re-
�ected �eld from the reference mirror at the beam splitter at wave number k is
given by

Vr(zr, k) = V0r(k)exp(i2kzr) (5.2)

2zr means double passing of the optical path from the beam splitter to the
position of the reference mirror zr. V0r is the amplitude of the incident �eld at
k.

In the object arm of the interferometer the incident light V0o is re�ected from
the object. In OCT the object is often depth scattering. The back scattered
�eld from the object can be described by

Vo(k) = V0o(k)ρ(k) (5.3)

where ρ(k) is the wave number dependent complex re�ectivity corresponding to
h(t) in the time domain given in equation 2.57.

The total intensity of the source Is is calculated from Is =
∫∞
0

I0(k)dk. I0r(k)
and I0o(k) can be described by the normalised power spectrum of the source
given by
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〈|V0r(k)|2〉 = I0rS̃n(k) (5.4)

〈|V0o(k)|2〉 = I0oS̃n(k) (5.5)

The intensity of the interfering �elds Vr(k) and Vo(k) are thus given in relation
to the incident �elds by

Ir = 〈|Vr|2〉 = I0r

∫ ∞

0

S̃n(k)dk = I0r (5.6)

Io = 〈|Vo|2〉 = I0o

∫ ∞

0

S̃n(k)|ρ(k)|2dk (5.7)

We can now derive the interference signal based on equations 2.3, 5.2, 5.3 and
5.6. The result is

I(zr) = I0r + I0o

∫ ∞

0

S̃n(k)|ρ(k)|2dk +

+ 2
√

I0rI0oRe
[ ∫ ∞

0

S̃n(k)ρ∗(k)exp(i2kzr)dk

]
(5.8)

For the further investigations only the cross-interference term G′
ro(zr) is of in-

terest. G′
ro(zr) is calculated corresponding equation 2.63 and given by

G′
ro(zr) = 2

√
I0rI0oRe

[ ∫ ∞

0

S̃n(k)ρ∗(k)exp(i2kzr)dk

]
= 2

√
I0rI0oRe[U(zr)] (5.9)

where U(zr) is called the complex interferogram. Introducing a variable shift
K = 2k this complex signal can be calculated from the inverse Fourier transform
given by

U(zr) = 2
∫ ∞

0

1/2S̃n(K/2)ρ∗(K/2)exp(iKzr)dK (5.10)

The complex function U(zr) is the basis for the modelling in the following sec-
tions.

The physical interpretation of this equation can be described as follows. ρ(k)
describes the re�ection coe�cient of the object for a certain wave number k.
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The re�ection coe�cient for each single wave number has amplitude and phase
and does not contain depth resolved information of the object. A physical
analogue would be the interference signal obtained using a laser in a Michelson
interferometer. If we replace the object mirror with for example a multi-layer
structure the phase of the interference signal would be an integral over all phase
changes introduced inside the object.

If we now apply a low coherent source in the Michelson interferometer the object
is probed by a set of di�erent wavelengths and the depth resolution is given by
the wave number dependency of ρ(k), the complex spectral response of the
object. Therefore ρ(k) is multiplied by Sn(k). As in Fourier-domain OCT
[9] the resulting signal can be Fourier transformed giving the depth dependent
interference signal U(zr).

The real part of this signal describes the intensity modulation of the interfer-
ence signal. To simulate the phase measurements the phase of the complex
interference signal is calculated by

ϕ = arctan
Im(U(zr))
Re(U(zr))

(5.11)

5.1.2 Transmission Line Model

The re�ection from layered objects is introduced in chapter 2.4.3. In this chap-
ter a depth scattering object is modelled by replacing the scatterers with a
large number of layers with varying refractive index. Thus equation (2.70) for
multi-layer objects can be used. For normal incidence, it is equivalent with
the theory of electrical transmission lines. Therefore the model is subsequently
called 'transmission line model'.

The model introduced in this section is exact for normal incidence on a lay-
ered object and includes all e�ects of multiple internal re�ections between the
di�erent interfaces. It does not include the e�ects of localized point scatterers
and possible variations in the transverse direction. Both absorption and disper-
sion can be included in the model. However they are neglected in the following
section.

Figure 5.1 shows the model con�guration. The iteration scheme given in equa-
tion (2.70) is for the modelling slightly modi�ed.

ρm =
rm,m+1 + ρm+1

1 + rm,m+1ρm+1
exp(2iknmdm); m = N,N − 1, N − 2, . . . 1 (5.12)

We use the same notation as in equation (2.66). The iteration starts with
ρN+1 = 0 and is terminated when we reach ρ1 which is the frequency domain
re�ection coe�cient for the layered object.
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Figure 5.1: Illustration of the transmission line model of a multi-layer structure
simulating a scattering object

This equation gives basically the same result as equation (2.70), except that
the iteration starts from the lowest interface and introduces an additional phase
shift above the surface of the object. This phase shift contains the phase of the
light travelling from the beam splitter to the surface of the object and back.

5.2 Implementation

Equation (5.10) is implemented in a Matlab program. For this purpose the
spectrum of the light source and the re�ection coe�cient of the sample have to
be modelled. The model can be applied to di�erent sample con�gurations to
evaluate the phase change introduced by a delamination.

The con�guration of the model has to be modi�ed, due to introduction of stress
in the adhesive layer and the occurrence of a delamination layer between the
adhesive and the aluminium. Figure 5.2 shows the sample con�guration for the
di�erent states. The individual con�gurations are in detail discussed in the next
sections.

The basic parameters such as thickness and refractive index of the di�erent
layers are shown in �gure 5.2. Furthermore the following parameters are used
for the modelling:

• the centre wavelength of the source is λ0 = 685nm.

• the FWHM of the spectrum of the source is ∆λ = 12nm resulting in a
round trip coherence length of lc = 18µm

• the introduced strain is 10%
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Figure 5.2: Sample con�guration for a transparent adhesive layer (n-refractive
index, d-layer thickness) a) unstressed sample, b) stressed adhesive layer, left
beam: without delamination, right beam: with a delamination layer (0 <
ddelam < 685nm). The model simulates a one-dimensional transmission of a
low coherent light beam through a multi layer material.

The spectrum of the light source is given in the left graph of �gure 5.3. The
wave number is de�ned by k > 0. However, due to the de�nition of the Fast
Fourier Transformation (FFT) in Matlab it is necessary to de�ne the spectrum
symmetrically around origo. Therefore negative wave numbers are included in
the model but with 0 intensity. The Gaussian spectral intensity distribution
can be seen enlarged in the left graph of the same �gure.

Figure 5.3: Spectrum of the light source, left: modelled spectrum, right: en-
larged graph of the Gaussian spectral intensity distribution

In the following chapter results from simulation of the structure in �gure 5.2
are presented. The object is adapted to the sample con�guration from chapter
4.4. However any multi-layered objects can be simulated with this model.

92



5.2.1 Initial sample con�guration

We want to start the modelling with the sample con�guration given in �gure
5.2a). The �gure shows the sample in its initial con�guration. The pro�le of
the refractive index is shown in the left graph in �gure 5.4. The right graph
shows the distribution of the re�ection coe�cient along the physical depth of
the object as opposite of the optical depth shown in the other plots.

Figure 5.4: Optical properties of the sample con�guration, left: refractive index
pro�le, right: real part of the re�ection coe�cient

The spectrum of the light source and the re�ection coe�cient pro�le of the object
are now used in equation (5.10). An OCT-scan for the given con�guration is
simulated. The real part of the complex interferometer signal Re[U(zr)] is given
as the interference amplitude in �gure 5.5.

Figure 5.5: Modelling of the interference signal for an unstressed sample, left:
Sample con�guration right: interference amplitude

The re�ections are positioned at the optical depth of the interfaces and the size
of the amplitude depends on the re�ection coe�cient.
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In �gure 5.6 we can see a close up of the �rst interface from �gure 5.5. As
in a Michelson interferometer the interference amplitude modulates at half the
wavelength of the source (here λ0=685nm). The interference signal is plotted
vs. the position of the reference mirror.

Figure 5.6: Illustration of the frequency of the interference signal. The interfer-
ence amplitude modulates at half the wavelength of the source (λ0=685nm)

5.2.2 Introduction of stress

As described in chapter 4.4 the adhesive layer is stressed by pulling the glass
plate away from the aluminium. Figure 5.2b) shows the model with a stressed
adhesive layer. The aluminium does not change its position and the glass plate
is displaced into the air layer. The air layer represents the optical path from
the beam splitter to the object. A strain of 10% increases the thickness of the
adhesive layer by 20µm.

When stressing the adhesive layer the interfaces are displaced. If we neglect
changes in the refractive index, the displacement results in a shift of the optical
position of the re�exes corresponding to their physical movement. Figure 5.7
shows the interference signal of the stressed sample.

Furthermore two important e�ects can occur in addition to the elongation of
the adhesive layer. The refractive index of the adhesive layer will decrease,
and birefringence e�ects can occur. This leads to changes in the optical path
length and the polarisation of the back scattered light. The change in optical
path length causes a phase change in the measured signal. Refractive index
changes are further discussed in chapter 5.4. Polarisation changes caused by
birefringence have to be investigated in a future work.
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Figure 5.7: Modelling of the interference signal for the stressed sample, left:
Sample con�guration right: interference amplitude; The re�ections from the
interfaces are translated optically corresponding to their physical displacement.

5.2.3 Simulation of delamination

For the present work, we are interested only in the detection of defects at the
aluminium surface. The measurement e�ect is caused by a di�erence in the
optical path length of a stressed sample with a delamination area compared to
a non-delaminated area (�gure 5.2b).

Assuming uniform stress distributions, the refractive index in the whole adhesive
layer changes by the same amount. This causes a uniform phase change over
the whole �eld of view. It can be neglected for the detection of defect areas as
long as the coherence layer is not displaced from the aluminium interface. The
detector signal will be about the same as in the stressed sample in �gure 5.7,
because of the narrow spacing of the delamination.

When the delamination occurs the model assumes that, as in real life, the thick-
ness of the delamination layer will reduce the thickness of the adhesive layer.
The interface between adhesive and glass and the aluminium surface will thus
be in a constant position.

5.2.4 Signal processing

In the simulation the Fast Fourier Transform (FFT) routine of Matlab is used to
calculate equation 5.10. This numerical method generates higher order harmonic
re�ections, disturbing the measurement results. They occur because of the
discrete analysis of the time or frequency signal and the �nite length of the
transformation vectors. These e�ects are well known and their suppression is
common. Usually windows functions are used to avoid these e�ects. We applied
a simple �lter algorithm that is su�cient for the application in this work.
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We have to distinguish between two e�ects. First, we get multiple re�ections
between the interfaces occurring in twice the OPD between the interfaces. The
intensity of these multiple re�ections is reduced for each round trip. The left
graph in �gure 5.8 shows this e�ect. These multiple re�ections are also ob-
tained in OCT measurements in the lab and have to be considered. However we
have chosen an object structure where these re�ections are not disturbing the
simulations.

Second, due to the �nite length of the k-vector the Matlab-FFT routine stops
the simulated depth scan at the maximum probing depth. Multiple re�ections
occurring in a depth that exceeds this maximum probing depth are shifted back.
The simulated scan continues from 0-depth. This e�ect can generate re�ections
inside the object structure not obtained in an OCT measurement and can be
seen in the right graph of �gure 5.8 between the re�ections of the interfaces.

Figure 5.8: E�ect of higher order harmonic re�ections; left: Full length FFT
analysis, right: higher order re�ection inside the object structure.

The here presented simulation utilises an FFT applied for a k-vector of 216

values, resulting in a simulated OCT scan depth of 2,8mm. The optical object
depth is about 500µm. Thus the FFT is calculated for 5 times the required
object depth.

However still 'ghost' re�ections occur. The amplitudes of the resulting interfer-
ence signal are about four orders of magnitude smaller than from 'real' re�ec-
tions. Therefore it is not disturbing intensity investigations as used in OCT.

However, for phase investigations these re�ections in�uence in areas without
interference signal, since phase information are introduced. At depths with
real interfaces the multiple re�ections are suppressed. The interference signal
becomes much stronger and is not signi�cantly disturbed.

Therefore it is legitimated to �lter out these signals. This is done using a binary
�lter. For all signals below the �lter level (e.g. Ifilter = 4 · 10−12) the phase
information is set to zero.
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5.3 Phase di�erence caused by the delamination

process

In this section we want to investigate how the phase is changing if a cavity
between the aluminium layer and the adhesive arises. This is the scenario we
expect if a delamination in the sample occurs. The model is veri�ed by testing
this simple con�guration analytically.

5.3.1 Numerical treatment

In the left image in �gure 5.9 we can see the sample con�guration for the stressed
adhesive sample.

Figure 5.9: Sample con�guration and interference signal when introducing a
delamination layer at the aluminium/adhesive interface; left: sample con�gu-
ration for the stressed sample including delamination layer. right: interference
signal for a delamination of ddelam = 685nm

When stressing the adhesive layer the delamination opens up and a cavity oc-
curs. LCSI measures the phase changes in full-�eld. However, the applied model
enables only a one-dimensional investigation of the sample. To demonstrate the
measurement e�ect two typical con�gurations, as for example measured in dif-
ferent pixels on the camera, are selected. The two settings are demonstrated by
the two beams in the left graphic in �gure 5.9.

Beam 1 exempli�es a pixel measuring at an area without delamination. Here
the coherent light travels through the whole adhesive layer, is re�ected at the
adhesive/aluminium interface and travels back.

Beam 2 represents the measurement on an area with delamination. Depending
on the re�ection coe�cient on the adhesive/delamination interface a part of the
beam is re�ected back at the top of the delamination. The rest of the light
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travels further and is re�ected at the delamination/aluminium interface. Both
re�ections contribute to the measured phase di�erence, because they are within
the coherence layer. Subsequently we assume vacuum and a refractive index of
ndelam = 1.0 in the delamination layer, except when denoted di�erently.

The di�erence between the interference signal of the two beams could barely be
detected in OCT, because the interference intensity of the re�ection from the
interface does not change signi�cantly. However the phase change is detectable.

The model considers also multiple re�exes in longitudinal direction. They occur
because of the back-re�ection at the interfaces. We can regard the delamination
con�guration as a Fabry-Perot interferometer with di�erent re�ection coe�-
cients on the two interfaces. The re�ection coe�cient from adhesive to vacuum
is much smaller than from vacuum to aluminium.

For the phase measurements we calculate the phase of U(zr) for the whole
scan through the sample. These scans are carried out for the stressed sample
without and with delamination (respectively beam 1 and 2) and the results are
compared.

The phase di�erence ∆ϕ is de�ned by the subtraction of the phase of beam 1
ϕstress and beam 2 denoted ϕdelam.

∆ϕ(z) = ϕstress(z)− ϕdelam(z) (5.13)

We assume that the coherence layer is adjusted at the aluminium/adhesive
interface. Thus we can follow the development of the phase change of light
re�ected from this position, while increasing the delamination.

Transmission phase changes in the adhesive layer produced during the occur-
rence of the delamination are for the time being neglected in the phase investi-
gations. They will be handled in the next section.

Delamination with high re�ective �rst interface

For simplicity and test reasons we �rst investigate the phase change introduced
by a mirror-like surface at the adhesive/delamination interface. This con�gura-
tion might be relevant, if for example the pretreatment of the aluminium surface
leaves a high re�ective layer at the adhesive/delamination interface.

The left diagram in �gure 5.10 shows the phase di�erence between an area with
and without delamination obtained vs. the probing depth. It can be seen that
only the phase directly around the adhesive/aluminium interface is changed.
The phase of the light re�ected at the glass surface and the glass/adhesive
interface is not changing. That is expected because these interfaces are not
moving.

The right diagram presents the phase di�erence if the coherence layer is posi-
tioned at the aluminium surface. The refractive index of the delamination is
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replaced by the refractive index of the mirror (ndelam = nmirror = 2+8i). Thus
all light is re�ected at the top of the delamination layer. The displacement is
assumed to increase from 0 to 685nm. Consequently the maximum displace-
ment corresponds with the centre wavelength λ0 of the source. In air such a
displacement causes a phase di�erence of 4π, because of double passing the in-
terferometer arm. However the refractive index of the adhesive is 1.5, causing
a phase di�erence of 6π for a mirror displacement of dmirror = 685nm.

Figure 5.10: Phase di�erence when moving a mirror inside the adhesive layer,
left: phase di�erence of the interference signal for a displacement of dmirror =
0...68nm, right: Phase di�erence versus displacement of dmirror = 0...685nm
with the coherence layer adjusted at the aluminium surface.

Araldite 2014 is the adhesive mainly investigated in this work. The refractive
index is close to nadh = 2.0. If we include this into the model the phase change
is similar to the one shown in �gure 5.10 but larger. For a delamination of
685nm a phase change of 8π is obtained.

Delamination with low re�ective �rst interface

Let us now go back to the model con�guration shown in �gure 5.9, setting the
refractive index in the delamination layer back to 1.0. The phase di�erence
obtained while increasing the delamination layer is the expected measurement
e�ect of an LCSI measurement on a delamination.

The left diagram in �gure 5.11 shows the phase di�erence generated by the
delamination. Also here only the phase directly around the adhesive/aluminium
interface is changed. The right diagram presents the occurring phase di�erence
at the aluminium interface for an increasing delamination layer thickness from
0-685nm.

The phase di�erence for such a delamination is considerably smaller than for the
mirror-like adhesive/delamination interface. Furthermore it is not linear, but
consists of a linear and a sine-shaped contribution. The underlying linear phase
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Figure 5.11: Phase di�erence caused by the delamination process. left: phase
di�erence of the interference signal for the delamination increasing from 0 to
204nm right: at the Al surface for increasing delamination (0 to 685nm)

change is caused by the changes in the optical path length and is determined
by the strong re�ection from the aluminium surface. The refractive index of
the adhesive is replaced by the refractive index of the delamination. The sine-
shaped modulation on this linear phase di�erence is determined by the phase
di�erence between the strong aluminium/delamination re�ection and the weaker
delamination/adhesive re�ection.

The phase di�erence occurring for a delamination layer of ddelam = 685nm is
2π as seen in the right diagram in �gure 5.11. From the simulation of the
mirror-like surface in the last section we know that the phase di�erence caused
by the �rst interface is expected to be 6π. However, now the dominating signal
is the re�ection from the aluminium surface. The light re�ected from there
does not experience a re�ection phase change because the aluminium surface is
not moving. But it experienced the transmission phase change caused by the
substitution of adhesive by vacuum. The refractive index changes from 1.5 to
1.0 causing a phase change of 2π by double passing the delamination.

For Araldite 2014 assuming a refractive index of nadh = 2.0 a similar charac-
teristic as shown in �gure 5.11 is obtained, but with a phase change of 4π for a
delamination of 685nm. This would be the same situation as moving a mirror
in air.

5.3.2 Analytical treatment

Before we start to introduce scatterers and create a more sophisticated model,
the results should be veri�ed by the analytical treatment of the phase di�erence
obtained at the delamination. We are using the same con�guration as introduced
in the previous section.
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The refractive index in the delamination layer is ndelam = 1, nal is the refractive
index of aluminium, and nadh is the refractive index of the stressed adhesive
layer. We investigate only one wave number k0. Without delamination we then
have a re�ected �eld U1(k0)

U1(k0) =
nadh − nal

nadh + nal
exp(2ik0nadhdadh) (5.14)

where dadh is the thickness of the adhesive layer. With a delamination of thick-
ness ddelam we get two re�ections, one at the adhesive/delamination interface
and one at the delamination/aluminium interface. The re�ected �eld U2(k0) is
given by

U2(k0) =
nadh − 1
nadh + 1

exp(2ik0nadh(dadh − ddelam)) +

+
1− nal

1 + nal
exp(2ik0(nadh(dadh − ddelam) + ddelam)) (5.15)

The phase di�erence between the two �elds is simply given by the phase of the
complex ratio

U2

U1
=

nadh + nal

nadh − nal

[
nadh − 1
nadh + 1

exp(−2ik0nadhddelam) +

+
1− nal

1 + nal
exp(−2ik0(nadh − 1)ddelam)

]
(5.16)

Figure 5.12 shows this phase di�erence computed as a function of ddelam.

Figure 5.12: Results of the analytical (dashed line) and numerical treatment
(solid line) of the phase di�erence caused by the delamination process
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The refractive indexes for aluminium and the adhesive are given by nal = 2+ i8
and nadh = 1.5. We can see that the two models agree reasonable.

The deviations between the results of analytical and the numerical treatments
are caused by the multiple re�ections that are not considered in the analytical
treatment. Furthermore the spectrum of the light source is not included in the
analytical calculations.

5.4 Refractive index changes

In the investigations in the last section it was assumed that transmission phase
changes caused by refractive index changes in the adhesive layer only introduce
a uniform phase change. However the FEM-simulation presented in chapter
4.4 shows that the stress distribution above a delamination is not uniform.
In our example the introduction of stress in the adhesive layer reduces the
refractive index. However, "relaxation" of the material above the cavity of the
delamination increases the refractive index. The refractive index in the stressed
layer nstress for tensile stress is calculated by [100]

nstress = n0 −∆n (5.17)

where n0 is the refractive index of the unstressed material and ∆n the change
in the refractive index. In a single axis stress state, the change in the refractive
index is de�ned by the following equation

∆n = Cσ (5.18)

here C denotes the stress-optical coe�cient and σ the mechanical stress (positive
for tensile stress). C depends on the material and the wavelength range of the
used light. The stress-optical coe�cient for Araldite 2014 is not known. However
in Kuske [100] we can �nd the stress optical constant for other Araldite epoxy
resins. Araltdite 6020 is e.g. speci�ed with C = 56.6 · 10−12m2/N .

The investigation of this phenomenon is important for the quanti�cation of
the measurement results. A small change in the refractive index can lead to
large phase changes and they can counteract the re�ection phase changes to be
investigated. Detailed knowledge about the material constants of the composites
involved is needed for this purpose.

In this modelling we assume a stress optical coe�cient of C = 50 · 10−12m2/N
and an applied stress of σ = 1000N/cm2 resulting in a change in the refractive
index of ∆n = 0.5 · 10−3. We change the refractive index in the adhesive layer
caused by the relaxation of the adhesive above the delamination.

The e�ect on the resulting phase di�erence is shown in �gure 5.13
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Figure 5.13: Phase di�erence caused by the delamination process versus thick-
ness of the delamination area if the refractive index in the adhesive layer is
changed because of the relaxation of the adhesive layer above the delamination.
(stress rate 10%, ddelam = 0...685nm)

This dashed line in this �gure is the same as in the right diagram in �gure 5.11
and shows the result for ∆n = 0. We can observe that the linear phase-shift
caused by the replacement of adhesive by air is partly compensated. That causes
the sin function to dominate the signal.

If C is further increased the negative phase di�erence is decreased. For ∆n =
0.1 · 10−1 the linear part is compensated and only the sinus part is left. If ∆n
is larger than ∆n = 0.1 · 10−1 the phase change can even become positive.

The investigations in this section showed that for larger ∆n the stress optical
constant has to be considered. It can compensate the measured phase change.
However for epoxy resin adhesives as Araldite 2014 this in�uence is not critical.

5.5 Introduction of scattering

A semi-transparent adhesive contains di�erent types of particles, i.e. pigments
and �llers. These particles will scatter and absorb the incoming light and thus
reduce the contrast of the useable interference signal with increasing probing
depth and number of particles per volume.

Thus scattering has to be considered in the model. It was shown in [22] that a
good approximation for the simulation of scattering objects in OCT is a one-
dimensional transmission line model. A one-dimensional model can not be used
to simulate the lateral speckle pattern detected with the camera in our LCSI-
instrument. However the signal in every single pixel is similar to the modelled
signal when scanning the reference mirror. Therefore an investigation of the
measurement e�ect is possible.
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Figure 5.14: Introduction of scatterers in the model; left: model with 200 adhe-
sive layers modelling the scattering properties of the adhesive, right: refractive
index distribution inside the sample, the adhesive layer is replaced by 200 layers
of a thickness of 1 µm with a random slightly varying refractive index

The homogenous adhesive layer from �gure 5.2b) is substituted by 200 layers of
a thickness of 1 µm, shown in the left graph of �gure 5.14. The right diagram
in �gure 5.14 shows the real part of the refractive index distribution inside the
sample. Note that this is plotted vs. the physical dimensions inside the sample,
while the interference signal depends on the optical dimensions.

Figure 5.15: Introduction of scatterers in the model, left: refractive index dis-
tribution inside the adhesive layer, right: interference signal obtained from this
structure

The refractive indices of these layers are randomly varying, to simulate the
scattering in the adhesive layer. The refractive index is equally distributed
within the interval [1.5, 1.525]. Figure 5.15 shows a magni�ed image of an
example of the refractive index distribution in the adhesive layer (left) and
the resulting interference signal (right). The scattering inside the adhesive layer
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is easily seen.

The same procedure as in the last sections is applied. If the sample is stressed all
interfaces (or scatterers) in the adhesive layer are moving. Hereby the interfaces
close to the glass layer on top are displaced more than the ones close to the
aluminium layer.

Figure 5.16: Sample con�guration and phase changes in a scattering sample.
left: OCT-scan of the scattering sample, right: Phase change versus probing
depth for a delamination of 0 to 103nm

Again we are investigating the phase di�erence between an area without delam-
ination and a delamination area in a stressed sample. Also here the glass plate
is not deformed, so that the occurrence of the delamination causes all interfaces
to move towards the glass plate.

The particles are moving inside the adhesive layer because of the introduced
strain and the relaxation above the delamination. During relaxation particles
close to the glass layer are moving less than particles close to the delamination
layer, as described in the last sections.

In the left graph in �gure 5.16 the interference signal obtained from the object
structure is shown. The right image shows the phase di�erence as a function
of the position of the reference mirror. It can be seen that the delamination
introduces a larger phase di�erence inside the scattering media than at the
aluminium surface. These phase di�erences are closer investigated in �gure
5.17.

We can expect the scatterers close to the delamination layer generating a phase
shift of 6π. The phase di�erence shown here is obtained with the coherence layer
adjusted at an optical depth of ca. 530µm. Here the maximum value is slightly
below 6π. This is similar to the simulation results of the mirror discussed in
chapter 5.3.

However the phase change at the aluminium surface is exactly the same as in
the last section, without scatterers. This can be explained by the dominating
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Figure 5.17: Phase di�erence caused by the delamination process versus thick-
ness of the delamination area for the coherence layer adjusted at left: in front
of the delamination area, right: at the aluminium interface

interference intensity coming from the two re�ections of the delamination (high
re�ection coe�cient). Therefore the phase di�erence at the delamination is not
changed from the scenario without scatterers.

If the scattering is increased (e.g. the refractive index is equally distributed
within the interval [1.5, 1.55]) the measured phase di�erences are not changed.
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Chapter 6

Instrumentation

The experimental setup in LCSI is basically the same as an ESPI-setup. The
interferometer can be designed as a open-path or �bre-based interferometer.
There are 2 signi�cant di�erences compared to a standard ESPI instrument.
First the laser is substituted by a low coherent light source usually an SLD.
Second, a translation stage controls the position of the coherence layer. Disper-
sion e�ects must also be considered. The design of the coherence layer requires
modi�cations of the optical design compared to an ESPI-system.

Kraft utilised optical �bres, a standard microscope and spatial phase-shifting
[20]. The �bre-based design enables a �exible application of the measurement
head. Spatial phase-shifting can be applied for the measurement of fast changing
phenomena or under extreme conditions as e.g. in climate chambers. This setup
was used in the early measurements of this work and will be shortly introduced
in the beginning of this chapter.

The rest of the chapter deals with the setup developed for this work. For this
interferometer an open-path approach is applied. An open-path setup reduces
dispersion problems. Furthermore the light e�ciency is increased due to the
avoidance of �bre coupling. The application for this work requires high spatial
resolution and the investigation of slow processes. Therefore temporal phase-
shifting is applied.

In the following sections the two interferometer con�gurations are introduced.
Furthermore the light budget and the analogue video processing is discussed.

6.1 Fibre-based setup

The �bre-based setup is build up around a commercial stereo microscope of type
Zeiss SV 8. The microscope is equipped with a video mount. Figure 6.1 shows
the con�guration of the setup.
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Figure 6.1: Fibre-based con�guration of a LCSI-setup (reprint from [20])

The light from the SLD is collimated and divided by a glass plate into a reference
and an object beam. Both beams are coupled into mono-mode �bres. The �bres
and the collimating lens introduce dispersion e�ects. This must be compensated
by adjusting the length of the �bres.

The end of the �bre in the object beam is mounted on a translation stage and
the object beam is collimated. The translation stage enables the positioning
of the coherence layer. The object is imaged through the microscope onto a
CCD-camera.

The video mount of the microscope must be modi�ed to couple in the reference
beam. For this purpose a beam combiner is included in front of the camera. The
end of the reference �bre is mounted on a positioning unit at the corresponding
position as the exit pupil of the microscope. Reference and object beam interfere
in the beam splitter and the interferogram is recorded by a CCD-camera.

The transverse displacement of the reference �bre end from the optical axis
controls the spatial phase-shift. Longitudinal the reference �bre end is placed in
the same distance from the beam combiner as the exit pupil of the microscope.
A polariser in front of the camera increases the interference contrast by removing
not-interfering light.

Table 6.1 speci�es the components used in this setup [20].

The EG&G SLD has a centre wavelength λ0 of 838nm and a Gaussian spectrum
with a FWHM of ∆λFWHM of 23nm1. The round-trip coherence length is then
calculated to about 16µm. The output power of the SLD is speci�ed to 7mW
at room temperature. Cooling of the SLD to about 6◦C increases the power to
9mW.

1all values @25◦C
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Table 6.1: Components of the �bre-based setup

Component Description Name

Camera CCD NIR-enhanced Sony XC-75
Translation stage Inchworm Burleigh IW-602
Microscope Stereo microscope Zeiss SV 8

incl. video mount MC63
Low-coherent source SLD EG&G C86142E

6.2 Open-path setup

Following the theoretical results from chapter 3, for the here presented appli-
cation an open-path interferometer is developed. The setup is assembled on a
bread-board. Besides the open-path approach the setup utilises in-line illumina-
tion of the test object simplifying the design of the coherence layer. To simplify
the control of the setup parameters a single imaging lens is used.

6.2.1 Detailed interferometer con�guration

The setup is shown in �gure 6.2. Two di�erent low-coherent sources can be
utilised. Additionally a laser can be inserted for alignment purposes and to
enable the comparison with standard-ESPI. We can easily switch between the
sources by utilising mirrors positioned on �ip mounts. However for the mea-
surements only one source at the time is used.

The light from the low-coherent source is collimated and divided into the object-
and the reference arm by the variable beam splitter BS1.

The light in the object arm is expanded by a 5x beam expander. The sample is
illuminated via beam splitter BS2 and the object is imaged by the imaging lens
onto the camera. For simplicity reasons a single lens with about 2x magni�cation
is used.

In the reference arm, the beam travels via a piezoelectric transducer (PZT) and
a retro re�ector mounted on a translation stage. The PZT enables temporal
phase-shifting. The retro re�ector is constructed of three �rst surface mirrors
assembled into a corner cube. The translation stage is used to adjust zero-
OPD between the object and the reference arm in the interferometer and to
select the probing depth by moving the coherence layer. The reference beam
is coupled into a beam condenser to achieve a uniform and spherical reference
wave. The output of the beam condenser interferes at BS3 with the object beam.
The polarisers are used to select only the light that satis�es the interference
condition. The camera records the interference pattern.
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Figure 6.2: Open-path con�guration of a LCSI-setup

The setup enables two di�erent ways of obtaining phase maps. Temporal phase-
shifting (TPS) can be carried out by utilising the PZT and a phase-stepping
algorithm. Spatial phase-shifting (SPS) can be used by transverse displacement
of the beam condenser unit and applying a FFT-algorithm in the evaluation.
However in this work the setup is purely used with temporal phase-shifting. A
photograph of the setup is seen in �gure 6.3.

Figure 6.3: Photograph of the open-path LCSI-setup

The setup is designed for in-line illumination. This has two advantages. First,
the sensitivity vector is in the observation direction, ensuring maximum reso-
lution for the deformation measurement. Second, we obtain a symmetric con-
�guration simplifying the control of the shape and position of the coherence
layer.
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6.2.2 Components

In this section the main components of the interferometer are described. A short
description of the requirements on the components in LCSI is followed by the
main speci�cations. More detailed information can be found in the datasheets.

Light sources

In LCSI the depth resolution of the instrument is limited by the coherence length
of the light source. A source with a broad wavelength spectrum increases the
depth resolution. However, in LCSI it is not always preferable to have a coher-
ence length as short as possible. This depends very much on the application.

Generally spoken smaller coherence layers ensures that the interfering light is
coming only from the interface under investigation. However, certain condition
can make it necessary to select a source with a longer coherence length.

The following aspects have to be considered when selecting the light source:

• the topography of the interface under investigation

The topography of the investigated interface de�nes the minimum thick-
ness of the coherence layer. If the height pro�le of the interface is larger
than the coherence layer only parts of the interface give su�cient interfer-
ence contrast.

• spacing between the interfaces inside a multi-layer material

The coherence length of the light source must be signi�cant shorter than
the spacing between the interface under investigation and its neighbour
interfaces. This ensures that the re�ected interfering light is coming from
the interface under investigation.

• magnitude of the expected deformation

Deformation larger than the coherence layer can not be measured. The co-
herence length of the source should be signi�cant larger than the expected
deformation.

• attenuation properties of the sample

The attenuation properties of the investigated material are important for
the selection of the wavelength and the required power of the light source.
The attenuation properties are dependent on the following parameters:

- the absorption properties inside the sample along the optical path

- the scattering properties inside the sample along the optical path
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- the re�ection properties of all interfaces along the optical path

- the required probing depth

• requirements on the spatial coherence of the source

The necessary spatial coherence of the source is de�ned by the interference
requirements.

• Gaussian wavelength spectrum

The spectrum of the low-coherent source should have a Gaussian wave-
length distribution. A non Gaussian spectrum introduces side loops lim-
iting the depth resolution of the measurement [66].

The requirements regarding the spatial coherence and the Gaussian spectrum
recommends the use of a Superluminescence Diode (SLD). The con�guration
and properties of SLDs are well described in literature [101, 10]. To investigate
wavelength dependencies in LCSI measurements the interferometer is equipped
with two di�erent SLDs one in the visible and one in the near-infrared range.
Table 6.2 shows the speci�cations for the used SLD's.

Table 6.2: Speci�cations of the superluminescence diodes used in the open path
setup

manufacturer Superlum EG&G

diode SLD 260 C86142E

centre wavelength/nm 682 846
spectral Bandwidth (FWHM)/nm 11 20
coherence length lc/µm 19 16
max. power (@ 25◦C)/mW 5.5 14.6
max. power (cooled)/mW 9.2 (@ 15◦C) not available

The visible SLD is of type SUPERLUM SLD 260 [102]. It has a centre-
wavelength of 682nm and a FWHM of the spectrum of 11.3nm resulting in
a coherence length of lc = 27µm (FWHM). The left image in �gure 6.4 shows
the spectrum of this SLD. The maximum output power is 5.5mW.

In the near-infrared range an SLD from EG&G (C86142E) was used [103]. It
has a centre-wavelength of 846nm and a FWHM of the spectrum of 20.2nm
resulting in a coherence length of lc = 19µm. The spectrum is shown in the
right image in �gure 6.4. The maximum output power is 14.6mW.

The maximum output power of the diodes can be increased by cooling the
diodes. The SUPERLUM diode has for this purpose a Peltier element on the
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Figure 6.4: Spectrum of the used SLD's, left: Superlum 260 (example) right:
EG&G C86142E (measured)

SLD-chip. The output power can be increased to 9.2mW by cooling the diode
down to 15◦C. The EG&G diode does not supply temperature control on the
chip. Therefore cooling of this diode was not possible in this work. However,
temperature control for this diode is investigated by Kraft [20]

Camera

LCSI has high requirements for the camera. Especially if sources in the near
infrared are utilised, it is important to have a high-sensitivity camera. In our
setup a SONY XC-EI 50 CE camera is used. The resolution of the camera is
752(H) x 582(V) pixels.

Figure 6.5: Wavelength sensitivity SONY XC-EI 50 CE
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Table 6.3: E�ective output power (related to the wavelength sensitivity of the
camera) of the superluminescence diodes used in this thesis

manufacturer Superlum EG&G

diode SLD 26 C86142E
max. power (@25◦C)/mW 5.5 14.6
max. power (cooled)/mW 9.2 @15◦C) not available
camera sensitivity/% 72 31
e�. power (@25◦C)/mW 2.2 2.1
e�. power (cooled)/mW 6.6 (@15◦C) not available

The camera has about twice the sensitivity of a standard CCD camera as shown
in �gure 6.5.

The sensitivity pro�le of the camera makes it necessary to evaluate the power
of the SLDs compared to the e�ciency of the detection of the corresponding
wavelength. Table 6.3 shows that the e�ective powers of the two sources are
almost equal. However if the Superlum SLD is cooled to 15◦C the e�ective
output power of this SLD is about three times as high as the SLD from EG&G.

Translation stage

LCI and especially OCT put very high requirements to the accuracy of the
translation stages used for scanning in x-, y- and z-direction. LCSI needs only
one translation stage for scanning in the z-direction. In addition the require-
ments of the accuracy and linearity of the translation are not as high, since we
are using a camera as detector. The translation stage is only utilised for the
identi�cation of the interface. During the LCSI-measurement it is adjusted at
a single depth and not translated.

A NEWPORT translation stage (ILS 150) is used. The repeatability of the
absolute position is speci�ed to 1.5µm and the resolution to 0.5µm [104]. How-
ever the calibration report delivered with the stage measures the repeatability
to 340nm. The same report measures the absolute accuracy to 7.4µm and the
hysteresis to about 300nm.

The translation stage is controlled via a GPIB-interface by the control software.
In the present work LabView is used to control the stage.

Sample holder

A tailor-made sample holder is designed for the present application of LCSI. It
consists of three parts: the positioning unit, the sample mount and the excita-
tion unit. Figure 6.6 shows the con�guration of the sample holder (left) and a
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Figure 6.6: Image of the sample holder for the investigation of adhesion, left:
design drawing, right: photo of the sample holder (with beam splitter)

photograph (right). The photograph also illustrates how the sample is mounted
and illuminated via the beam splitter in front of it.

The positioning unit is used to adjust the aluminium/adhesive interface parallel
to the coherence layer. Three micrometer screws tilt and translate the sample
in 4 degrees of freedom. Additionally the sample holder is mounted on a two-
dimensional, manual translation stage (not visible in the photograph) to enable
the positioning of the sample in all 6 degrees of freedom.

The aluminium body is locked in the sample holder by a set-screw. The excita-
tion unit introduces the mechanical displacement in the glass plate. Four ultra
�ne adjustment screws with a resolution of 100TPI (turns per inch) are used for
this purpose. They translate manually an aluminium plate that transfers the
displacement to the glass plate and pulls it away from the aluminium body.

Additionally two aluminium clamps are introduced enabling the locking of the
sample position after adjustment. This avoids the displacement of the sample
during excitation.

This sample holder is used for the adhesion test samples.

The same sample holder can also be utilised to mount other samples and align
them for LCSI measurements. Figure 6.7 shows an extension of the sample
holder enabling the accurate rotation of a sample using a rotation stage. This
sample holder is used for the systematic investigation of the setup and will be
referred to as 'stair-case sample holder'.
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Figure 6.7: Photo of the sample holder including a rotation stage for the sys-
tematical investigations of LCSI

6.2.3 Dispersion consideration

In the present work the object consists of a transparent glass layer, a thin layer of
adhesive and a metallic surface. Glass and adhesive layers as well as the imaging
optics and other optical components in the setup will introduce dispersion. This
will broaden the coherence layer and reduce the depth resolution.

The calculation of the broadening of the coherence envelope is given by equation
(3.9). We assume the following speci�cations:

• a light source with a Gaussian shaped emission spectrum, λ0 = 840nm,
and ∆λ = 20nm,

• the optical glass elements in the object path (single pass) are totally 60mm
thick (contributes with 30mm to the double pass length in glass lg),

• the glass layer at the object is 5mm thick and
• the group dispersion for the optical components and the glass layer is given
by GD = −3 · 10−5nm−1 [87].

This will result in the with of the coherence envelope lc = 15.6µm, which means
a source coherence length of 31.2µm. Table 6.4 shows the broadening of this
envelope when investigating the optical components and the glass layer.

The broadening of this magnitude will not signi�cantly in�uence the quality of
the measurements. Furthermore by introducing about the same amount of dis-
persive elements in the reference path (e.g. beam condenser) dispersion e�ects
are nearly compensated.
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Table 6.4: Broadening of the coherence function by introducing optical compo-
nents

lg lc,m

No dispersive elements 0mm 15.6µm
Optical components 30mm 23.8µm
Optical comp. and glass layer 35mm 26.2µm

6.3 Video processing

To obtain an optimum performance of the interferometer the processing of the
analogue video signal is important. An analogue video �lter unit is utilised for
real-time processing of the video signal. The video �lter enables the ampli�ca-
tion of the video signal and is used to set the setup in the di�erent instrument
modes. Figure 6.8 shows the �ow-chart for the processing of the video signal.

6.3.1 Ampli�cation

The instrument enables an ampli�cation of the video signal in di�erent units.
The camera detects the light coming from the interferometer. The camera has a
build-in ampli�er with a gain factor of 0-18dB. In the next step the video �lter
unit has the possibility to amplify the video signal with di�erent gain factors.
At the end of the signal �ow the frame grabber (National Instruments 1409)
enables an ampli�cation before digitising the video signal.

It is crucial to adapt all this ampli�cation steps. This ensures that the full range
of the signal, detected by the camera, is �tted to the full grey scale of the frame
grabber.

If the light source delivers su�cient power to saturate the camera all ampli�ca-
tion steps should be adjusted as low as possible. Electronically ampli�cation of
the signal will also amplify the noise in the system. However if the light inten-
sity is not su�cient, ampli�cation of the video signal improves the digitisation
noise and the quality of the measurements.

6.3.2 Filtering

Besides the ampli�cation of the signal, the �lter unit enables high-pass (HP)
�ltering, recti�cation and the introduction of an o�set voltage. The utilisation
of the �lter depends on the selected instrument mode.
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Figure 6.8: Flow-chart of the video signal in the open-path LCSI instrument
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Video mode

In video mode the video signal is transmitted trough the �lter unit without
�ltering. The �lter unit gives however the possibility to amplify the video signal
with two di�erent gain factors G1 = 1 and G2 = 1.7.

Full-�eld OCT mode

In full-�eld OCT-mode the video signal is HP-�ltered, ampli�ed and recti�ed,
following the routine described in chapter 3.2.1. The HP-�lter removes the DC-
part of the video signal. The cut-o� frequency of the �lter is about one �fth of
the speckle frequency. The cut-o� frequency is chosen to remove low frequency
disturbances in the reference. The ampli�cation of the video signal is selectable
in 3 discrete steps (G1 = 1, G2 = 2.4, G3 = 5).

LCSI mode

In LCSI-mode the video signal is HP-�ltered and ampli�ed. The ampli�er has
the same three gain levels as in OCT-mode. By adding an o�-set negative
voltage values are removed.
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Chapter 7

Experimental results -

Optimisation of the

LCSI-setup

In this chapter parameters for the optimisation of an LCSI-setup are systemat-
ically investigated.

The chapter starts with a description of the samples used in this chapter. The
optical properties of the sample con�guration and the applied materials are
determined by established techniques.

Then an initial test of the LCSI-setup is carried out. The full-�eld OCT-mode,
sample alignment and LCSI-mode are demonstrated. All LCSI measurements
are carried out using the open-path setup described in chapter 6.2. Both SLDs
are applied for the investigations in this chapter.

In the next section some setup parameters for LCSI are optimised starting with
an introduction to the methodology and the data processing. The experimen-
tal investigations in this section are based on the theoretical considerations in
chapter 3.4. Some of the conclusions are implemented in the setup without
systematic investigations. These are:

• Design of the coherence layer
The interfaces investigated in this section are plane. Thus the design for
a plane coherence layer was implemented in the setup.

• Imaging aperture
The position and size of the imaging aperture were adjusted according to
the theoretical investigations
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• Reduction of the incoherent background
Linear polarisers were included in the object and reference arm and the
orientation of the polarisation was optimised to reduce the incoherent
background.

• Dispersion
The in�uence of dispersion was minimised by implementing approximately
the same amount of glass in both interferometer arms.

For the following parameters experimental results for the optimisation are pre-
sented:

• the wavelength of the SLD

• the re�ection coe�cients of the sample

• the optimum beam ratio between the object and reference light

• the total intensity registered by the camera

Finally, in the last section the maximum probing depth is determined.

7.1 Sample con�guration and preparation

7.1.1 Stair-case-formed samples

Several stair case formed samples are prepared for the systematic investigation
of LCSI. A stair case formed adhesive layer consisting of 10 steps is cast on
di�erent substrates. The step height varies as a result of the casting process.
Two Te�on casting moulds are used with step heights of 30µm and 100µm. The
upper image in �gure 7.1 shows a sketch of the sample con�guration.

The lower images show some examples. The adhesive is casted on a mirror like
aluminium surface (upper image), on a sand-blasted aluminium surface (centre
image), and on a glass plate (lower image). The step height for this samples
is about 30µm. Due to alignment problems during casting the total thickness
of the steps varies slightly. A second rough-surface aluminium sample was pro-
duced with a larger step height of about 100µm. The thickness of the layers are
given in table 7.1. It was measured using a microscope. Repetitive measure-
ments indicate an absolute accuracy of ±5µm.

The studied adhesive is an Araldite 2014, widely used in industry. It is of grey
colour. Additionally a sample with a transparent adhesive (Araldite 2020) with
a step height of 100µm was produced.

These samples are subsequently referred to as stair-case samples.
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Figure 7.1: Stair-case samples, above: schematic sample con�guration, centre
and below: adhesive on mirror, rough aluminium surface and glass substrate
(shadowed box: measurement area)

7.2 Optical properties of the sample con�gura-

tion

The manufacturer of adhesive hand out extensive data sheets with their prod-
ucts. These data sheets contain mainly information about the mechanical prop-
erties of the adhesives. For transparent adhesives they also include optical
properties as for example refractive index. However, for the semi-transparent
adhesives used here the optical properties are not known. Even repeated at-
tempts to get this information from the manufacturers did not succeed. There-
fore measurements with standard techniques were carried out to characterise
the most important parameters. The results are presented in this section.
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Table 7.1: Step height for di�erent stair-case samples

step 1 2 3 4 5 6 7 8 9 10

step height/µm

rough surface (small) 92 121 163 205 241 271 295 318 343 369
mirror like surface 72 87 108 134 156 173 188 206 224 246
glass sample 135 168 212 258 306 343 368 394 417 448
rough surface (large) 335 430 525

7.2.1 Investigations by standard-OCT

In this section we want to investigate the interference response of the sample
con�guration when applying low coherence interferometry. For this purpose a
standard scanning OCT instrument is used.

As described in chapter 2.4 OCT is utilizes coherence gating for the measure-
ment of the internal structure of the materials. By OCT we can �nd the applica-
bility of LCSI for the selected sample con�guration. The measurements in this
section where carried out with the OCT instrument described in [105, 106, 66].
The OCT instrument is equipped with two SLDs with di�erent wavelength at
λ01 = 805nm and λ02 = 685nm. Thus they are highly relevant for our LCSI
measurements.

Interference response

The OCT-measurements presented here are carried out on the stair-case sam-
ples introduced in the last section. For these measurements both sources are
applied. Figure 7.2 shows OCT-scans. The aim with these measurements was
to investigate the optical response of the sample con�guration, the refractive
index of the adhesive, the optimum wavelength for this material and to get an
estimate of the maximum probing depth.

The left image shows a scan with the λ01 = 685nm while the right one is
recorded with λ02 = 805nm. The step height is in the range of 30µm.

The �gures show the interference amplitude obtained by a two-dimensional OCT
scan in z- and x-direction. It can be interpreted as a vertical cross-section of
the sample similar to ultrasound images known from medical diagnostics. Large
steps in the refractive index give a large re�ection coe�cient and result in large
interference amplitudes.

Starting from top of the sample obviously there is no interference signal in air.
The �rst maximum shows the interface between air and the adhesive. The stair
case structure can be seen.
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Figure 7.2: OCT-measurements on the stair-case sample with rough aluminium
surface and small steps

Continuing the scan in negative z direction we can observe scattering inside the
adhesive layer. This is caused by scattering particles in this layer. The next
maximum at the bottom of the image occurs from the adhesive/aluminium
interface.

It can be seen that the interference signal from the adhesive/aluminium interface
is stair-case formed as well. This e�ect is due to the earlier discussed in�uence
of the refractive index of the adhesive.

Wavelength

The intensity of the interference signal at the adhesive/aluminium interface is
lower for 685nm than for 805nm. This indicates that the sample has less at-
tenuation for the near-infrared wavelength. Attenuation is limiting the probing
depth of the sample.

Probing depth

For the lowest steps the adhesive/aluminium interface is clearly detectable with
both wavelengths. However, with 685nm a probing depth of 205µm (step 4)
seems to be at the limit. For 805nm a probing depth of 241µm would still
give good results. We have to consider that standard OCT is using the total
SLD power in a single point measurement. On the other hand the camera
has a signi�cant longer exposure time compared to a photo detector. This
compensates partly for the smaller detector area of the camera pixels and the
distribution of the SLD power over all camera pixels in LCSI measurements.

Refractive index

Utilising the optical displacement of adhesive/aluminium interface and knowing
the geometrical dimensions of the sample the refractive index of the Araldite
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2014 can be calculated to be nadh = 2.09 ± 0.3. This is surprisingly high.
Comparable transparent adhesives have a smaller refractive index (e.g. Araldite
2020 - nadh = 1.55). However control measurements with the LCSI instrument
con�rmed this value. Also measurements with an Abbe refractometer indicated
a refractive index of n > 1.7. 1.7 was the upper limit of the refractometer
measure range. The high refractive index is possibly caused by the scattering
particles.

The indications given in this section verify the sample con�guration. Araldite
2014 is suited for the characterisation by LCSI. Furthermore the near-infrared
SLD seems to be better suited than the visible SLD. If we know the physical
thickness of the adhesive layer, the refractive index can be used to identify the
position of the adhesive/aluminium interface.

7.2.2 Investigations by integrating sphere

Another important material constant is the attenuation of the signal in the ad-
hesive. This parameter was qualitatively investigated in the previous section.
For the quantitative measurements an integrating sphere is used. The integrat-
ing sphere consists of a spherical housing coated with white, di�use-scattering
paint on the inside. All light coming into the sphere is registered by the detector.

The adhesive is tested both in transmission and re�ection. For this purpose the
camera and the SLDs from the LCSI-setup are applied to the integrating sphere
to utilise the same light source and detector parameters as in the LCSI setup.
The measured intensity value is given by the average intensity of all camera
pixels. The camera is put in a position so that direct re�ections from the
sample are avoided. The ampli�cation of the camera is adjusted at maximum.

The errors in the measurements are observed to be ±1 grayscale value by re-
peated measurements and used for the error bars in the diagrams below.

The sensitivity of the camera varies with the wavelength. However the measure-
ments are presented as values relative to the common incident light intensity.

All measurements are carried out using the stair-case samples.

Transmission

The setup for the transmission measurements is shown in �gure 7.3. The stair-
case sample on the glass substrate is mounted at the entrance of the sphere. The
adhesive surface is pointed towards the aperture in the sphere in order to avoid
changes of the surface quality of the adhesive. The diameter of the aperture is
5mm. The sphere gives the possibility to mount a beam trap on the opposite
side of the sample to remove the direct transmitted light out of the sphere. The
incoming light beam is aligned in the centre of the input aperture and the beam
trap.
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Figure 7.3: Attenuation measurements by integrating sphere - setup for light
transmission measurements

The maximum light intensity is adjusted at the same level (130 grayscale val-
ues) for both wavelengths. The measurements are normalised using a glass
plate of the same type as the substrate of the sample. The 'dark value' in the
sphere is measured with the normalised light intensity and beam trap mounted.
This value is subtracted from all measurements results. Now the beam trap is
replaced by the cap and the calibration glass plate is replaced by the sample.

Figure 7.4: Attenuation measurement on Araldite 2014, left: measurement re-
sults of an integrated sphere measurement, right: determination of the attenu-
ation coe�cient

The measurement results for the two wavelengths are shown in the left part in
�gure 7.4. The two graphs show a good agreement with the expected negative
exponential function. The attenuation coe�cient is calculated applying the
natural logarithm of the measured values and linear regression. The gradient of
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the resulting linear function is the attenuation coe�cient α. The attenuation
coe�cient is larger for 685nm (α1 = 0.006) than for 840nm (α2 = 0.005). This
corresponds to a penetration depth (zp = 1/α) of zp = 163µm for 685nm and
zp = 192µm for 840nm. At this depth the incident intensity is dropped to 1/e,
i.e. 37% of the original value.

The measurement results of the direct transmitted light were just within the
measurement accuracy of the setup. When applying the beam trap the drop of
the measured intensity is below 1 grayscale value. This indicates that less than
1% of the incident light is transmitted straight forward through the sample at
the lowest measured step height of 135µm.

The attenuation presented in this section is purely based on absorption in the
adhesive layer. This parameter is important for the characterisation of the
materials properties. However, in our interferometer con�guration the re�ected
light contributes to the interferometer signal. Therefore the intensity of the
re�ected light is of interest.

Re�ection

The experimental setup for the re�ection measurements is shown in �gure 7.5.
The sample is mounted on the exit of the sphere. The adhesive is directed
towards the sphere. To calibrate and align the instrument a mirror is mounted
in the sample holder. The light from the SLDs is directed towards the mirror at
an incident angle of about 8◦. The re�ected light is aligned at the centre of the
beam trap mounted at the corresponding exit angle. The zero intensity value
of the sphere is calibrated using this con�guration. The size of the aperture
in front of the sample is 5mm. An additional aperture at the entrance of the
sphere limits the spot size at the sample.

The incident light intensity for both wavelengths is adjusted to 100 grayscale
values by adjusting a mirror in the sample holder and utilising the cap.

For the measurements di�erent stair-case samples were used. Measurements
of the samples with mirror-like aluminium, rough-surface aluminium and glass
substrate are carried out.

As in the previous section the direct re�ection from the di�erent samples is
also for the re�ection measurements below the sensitivity range of the detector.
The measurements of the total re�ection give an indication of how the sample
con�guration in�uences the interference signal in an interferometer.

Contributions to the re�ected total intensity

Applying Fresnel's re�ection coe�cient given in equation (2.67) we can describe
the scattering properties of the sample.
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Figure 7.5: Attenuation measurements using an integrating sphere, setup for
light re�ection measurements

The intensity re�ectance Rrefl from a sample is given by

Rrefl = r2
01 =

(n0 − n1)2 + χ2

(n0 + n1)2 + χ2
(7.1)

Figure 7.6 shows some scattering scenarios for the three di�erent samples.

Figure 7.6: Examples for scattering scenarios for the three samples, left: mirror-
like aluminium substrate, centre: rough-surface aluminium substrate, right:
glass substrate

The re�ected light has three contributions:

1. re�ection from the surface of the adhesive

The surface re�ection is expected to be the same for the three samples.
The re�ection coe�cient is calculated using the refractive index of air
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(nair = 1.0) and adhesive (nadh = 2.09). We assume the same topography
of the adhesive layer for all samples.

2. scattered light from the adhesive layer

The contributions to the scattered light are about the same for the three
samples. The light that is not re�ected at the surface is transmitted into
the adhesive layer. Here a part of the light is scattered and absorbed. The
adhesive has di�erent absorption properties for di�erent wavelengths.

3. re�ection from the substrate

The re�ected intensity from the adhesive/aluminium interface gives the
di�erence in the three samples. The re�ection coe�cient is similar for the
mirror-like and the rough aluminium substrates. The aluminium has a
refractive index of nal = 2.0 + 9i the adhesive nadh = 2.09. The imagi-
nary part of the refractive index describes the absorption properties of the
material . The re�ection coe�cient for the adhesive/aluminium interface
is close to Rrefl = 1.0. However the re�ection from the rough surface
has a wide angular distribution due to scattering. No light is transmitted
through the aluminium.

The re�ection from the adhesive/glass interface is rather low. The refrac-
tive index changes from 2.09 for the adhesive to 1.50 for the glass. The
re�ection coe�cient is then Rrefl = 0.03. The part of the light which
is not re�ected at the interface is transmitted through the glass layer.
We neglect the re�ection coe�cient on the rear side of the glass substrate,
because only 4% of the transmitted light through the adhesive is re�ected.

The measurement results for the total re�ected light from the three samples
are shown in �gure 7.7. The left graph presents the re�ected light intensity for
840nm vs. the layer thickness; the right graph the corresponding characteristic
for 685nm.

Figure 7.7: Attenuation measurement on Araldite 2014, Re�ection; total re-
�ected light vs. adhesive layer thickness, left: for 840nm, right: for 685nm

129



The mirror-like and the rough surface aluminium substrates have about the
same re�ection coe�cients. However for thinner adhesive layers up to 10 per-
centage points more light is detected from the mirror like substrate sample. The
reason for this is obvious. The rough surface scatters the light much more than
the mirror-like surface. Therefore the optical path length inside the adhesive
material is longer for the scattered light and adsorption increases.

If we increase the thickness of the adhesive layer, the intensity of the light
transmitted directly through this layer decreases. The light interacting with
the adhesive/aluminium interface is to a larger degree scattered in the adhesive
above. The in�uence of the substrate decreases and the upper two curves in
both graphs in �gure 7.7 become more similar.

The sample with glass substrate shows an almost constant re�ection. The thick-
ness of the adhesive layer has little in�uence on the re�ected light intensity. For
this sample the re�ection from the substrate is much smaller. This indicates
that the back scattered light from inside the adhesive layer has little in�uence.
The re�ection from the adhesive surface is dominant.

For the aluminium samples the re�ected light intensity with λ = 840nm is
higher. With the glass sample the surface re�ex is however dominant and the
re�ections for the two wavelengths are about in the same range.

Contribution to the interference signal

The measurements above can give an indication of the attenuation properties
of the sample. However, they can only to a certain degree describe the at-
tenuation of the light contributing to the cross-interference term. These mea-
surements detect all light scattered back from the sample. In the described
LCSI-interferometer con�guration some important di�erences occur compared
to the integrated sphere measurements:

• Only the re�ected light transmitted through the imaging lens is detected
by the interferometer. The direct re�ected light has therefore stronger
in�uence on the interferometer signal than the di�usely scattered light.

• Only the light re�ected back from the sample volume within the coherence
layer contribute to the cross-interference term, the rest of the detected
light contributes only to the incoherent background.

If the coherence layer is adjusted at the adhesive/aluminium interface, the strong
re�ection from the surface of the adhesive layer does only contribute to the inco-
herent background. However mirror-like re�ection from the adhesive/substrate
interface increases the cross interference term since the direct light is specular
re�ected.

The measurements presented here do not consider polarisation changes in the
re�ected light. However, polarisation changes in�uence strongly the modulation
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of the cross-interference term. The LCSI-interferometer described here uses nor-
mal incident light.

7.3 LCSI-measurements in practice

This section illustrates results obtained during an LCSI measurement of the
stair-case sample. The measurement routine is described in chapter 3.1.

7.3.1 Structural imaging

As introduced in chapter 3 some a-priory information about the sample are
needed. This information can be obtained in the structural imaging mode of
the instrument, carrying out full-�eld OCT-measurements of the sample.

The HP-�ltering algorithm introduced in chapter 3.2.1 is applied. Interference
occurs only if there is an optical path length di�erence (OPD) between the
object and reference light within the coherence length of the source. We obtain
3-dimensional information about the internal structure of the sample. This part
of the measurement routine identi�es the position, orientation and shape of the
interface under investigation. Figure 7.8 shows a typical measurement result.
The left image shows a cross-section of a full-�eld OCT measurement at one step
of a stair-case sample. The right image shows the plot of the average intensity
over all camera pixels in each depth.

Figure 7.8: Full �eld OCT-scan of step 3 of the stair case sample, left: cross
section, right: depth scan of the average intensity. The right maximum shows
the position of the surface of the adhesive, while the left shows the aluminium
/ adhesive interface

We can clearly identify the surface of the adhesive. Also the adhesive/aluminium
interface is detectable. The thickness of layer 3 is dadh = 163µm (see table 7.1).
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The automation of the search process for detecting zero-OPD can be realised by
simply registering the average intensity of all pixels in a single video frame. The
right graph shows the average intensity for each OCT-image vs. the probing
depth. The amplitude and shape of the interference envelope and its variance
from the ideal interference envelope de�ned by the source provides information
about the �atness, the re�ection coe�cient and the orientation of the interface.

Note that the structural information form a 3-dimensional matrix. The left
image in �gure 7.8 shows only a single cross-section. However besides the cross-
section at di�erent x- and y-positions the interference intensity can be observed
in each depth image.

The small images in �gure 7.9 show the video output from the high-pass algo-
rithm during an automated scanning of the reference mirror over about 100µm.
Each image shows the interference intensity obtained in a certain depth.

Obviously, the interface is not parallel to the coherence layer, because only
a limited region in each image is bright. The average intensity shown in the
diagram varies, depending on the mirror position. When the coherence layer
passes through the interface a bright-fringe area moves into the image. The
width of this area indicates the amount of tilt of the sample, because it shows
the part of the object that is located within the well-de�ned coherence layer. The
wider the fringe the more parallel is the sample. Furthermore, the orientation
of the fringe indicates the direction of the sample tilt.

Figure 7.9: Full-�eld OCT images at di�erent probing depths close to the surface
of the sample. Areas on the sample surface positioned within the coherence layer
appear brightly.

This routine enables the identi�cation of the depth and orientation of the inter-
face to be investigated. To optimise the quality of the LCSI measurements the
interface has to be adjusted parallel to the coherence layer and at the maximum
contrast position of this layer.
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7.3.2 Sample alignment

The sample alignment routine is in detail described in appendix 1. Here only a
short introduction is given. After the identi�cation of the adhesive/aluminium
interface the second step of the algorithm is to adjust the sample inside and
parallel to the coherence layer. Therefore the bright fringe is positioned at
the centre of the image. By iterative adjusting the micrometer screws on the
positioning unit, the sample is placed parallel to the coherence layer. The width
of the fringe increases and �nally the whole image appears bright. Figure 7.10
shows this adjustment process at di�erent stages improving from image 1 to 3.

Figure 7.10: Adjustment of the sample parallel to the coherence layer; the
sample alignment is improving from image 1 to 3

In the last step maximum contrast is adjusted by moving the translation stage
close to the maximum of the coherence function.

Figure 7.11: Averaged full �eld OCT-scan after optimum sample alignment

Figure 7.11 shows the averaged depth scan for an optimised sample. Compared
to the graph in �gure 7.9 it can be seen that the interference amplitude is
increased signi�cantly and the FWHM of the interference envelope is in the
range of the coherence length of the source (lc ≈ 18µm).
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The �ne adjustment to reach maximum contrast in the interference signal is
carried out by translating the reference mirror to the maximum position of the
coherence function.

Now the surface of the sample is perfectly adjusted within the coherence layer.
Since the interfaces in the stair case samples are parallel it is now easy to
adjust the adhesive/aluminium interface for which a considerable smaller signal
is re�ected. We are using the same procedure for this interface.

7.3.3 Depth-resolved deformation measurements

The sample is now positioned and the deformation measurements at this in-
terface can be carried out. For this purpose the introduced phase-shifting al-
gorithms is applied see chapter 3. For all data the compensating �ve-frame
technique is used, unless otherwise speci�ed. This section illustrates measure-
ments on a transparent and semi-transparent sample.

Transparent sample

To verify the theoretical investigations in chapter 3.1 the same sample con�g-
uration is tested in the lab. The sample con�guration is shown in the upper
image in �gure 7.12. Also the position of the adhesive layer during measurement
is illustrated.

Figure 7.12: LCSI measurements on the test sample introduced in chapter 3.1.
above: sample con�guration with optimal adjustment of the coherence layer,
below: mod-2π phase map obtained for a slightly object tilt
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If we tilt the sample we obtain the phase map shown in the image below. This
is exactly as expected in chapter 3.1. However, because of the speckled object
wave a signi�cant amount of noise is visible in the resulting phase map.

Semi-transparent sample

Now LCSI will be applied to a semi-transparent stair case sample. Some pre-
liminary investigations of the probing depth are presented. For this purpose
�ve steps of the stair-case sample are measured. After aligning sample and co-
herence layer the phase deformation measurements are carried out for each of
the steps separately. To introduce a deformation the sample is slightly rotated
around an axis positioned at the centre of the �eld of view and at the aluminium
surface.

The instrument is, in these initial measurements adjusted as typical for ESPI
measurements, i.e. we use a beam ratio of r=6.7 and the total intensity is
adjusted at about half of the dynamic range of the camera (〈Itot〉 = Ic/2).
Figure 7.13 shows the mod2π phase map for increasing probing depth from left
to right.

Figure 7.13: mod2π phase map for the slightly rotated adhesive/aluminium
interface in di�erent probing depths. The quality of the phase maps decreases
with increasing probing depth

The quality of the phase maps for the thinnest layer is comparable with the
results obtained for the transparent adhesive. The noise increases in the images
as the thickness of the step grows. The phase map of the layer with a thickness
of 271µm is almost decorrelated. A further increasing of the layer thickness
provides no useable result.

7.4 Optimisation of the interference signal

This chapter describes how the interference signal in LCSI can be optimised
to obtain better measurement results and increase the probing depth of the
technique. Especially the investigation of the beam ratio and the light intensity
are important parameters for the improvement of the interference signal in LCSI.

All measurements in this section are carried out with the stair-case samples
based on Araldite 2014 on a rough-surface and mirror-like aluminium substrate.
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The stair-case sample holder is used for alignment and accurate rotation of the
sample.

Systematic investigations require that only one parameter at the time is changed.
During the experimental work for this section we have chosen to implement
improvements of the setup after each investigation.

7.4.1 Methodology

The evaluation of the quality of phase measurements in LCSI requires a com-
parison criteria to enable the comparison of di�erent instrument parameters.
Noise in the resulting phase maps can be such a criteria. Burke at al. [56, 107]
suggested extracting the noise in ESPI using a �gure of merit. The method is
extensively described in Burke [51]. In the present work this method is adapted
for the application for LCSI. The evaluation of the quality of the obtained phase
maps in the following chapter is carried out using this algorithm.

Noise quanti�cation by ideal phase map �tting

The measurements are carried out by positioning the coherence layer at the
aluminium surface as described in the previous chapter and tilting the sample.
The method is based on the following steps:

1. record a phase map of the object in its initial state ϕ1(x, y)
2. rotate the object in a controlled manner

3. record a phase map of the object in its excited state ϕ2(x, y)
4. calculate the phase di�erence resulting in straight equidistant fringes

∆ϕmeas

5. generate a two-dimensional ideal saw tooth function ∆ϕideal with the same
phase pattern as the measured values

6. �t an ideal saw tooth function to the measured phase map (downhill sim-
plex method [108])

7. calculate the root-mean-square (rms) noise contribution of the phase mea-
surement error between the ideal and the measured phase map
σ∆ϕ =

√
〈(∆ϕmeas −∆ϕideal)2〉

8. convert σ∆ϕ to the rms noise contribution of the displacement measure-
ment error σd via the interferometrical sensitivity vector.

σd is our �gure of merit of the phase measurements, in the following for sim-
plicity reasons called 'measurement error σd'. The minimum resolvable value
of σ is 0.002π caused by digitisation errors. The maximum value is given by
the standard deviation of a uniform distribution within the range [−π, π] and
amounts approximately 0.58π [51].
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Figure 7.14: Examples for phase maps (lower part of the image) with �tted ideal
saw tooth function (above). Layer thickness increasing from left to right.(see
�gure 7.13)

In �gure 7.14 examples of a result of this �tting algorithm for the phase maps
recorded in the previous section is shown (see �gure 7.13). The image processing
algorithm is applied to an image area of 512x512 pixels. The ideal phase maps
are shown above. For each phase map σd is calculated. This value gives now
one single data point for each phase map.

Adaption for LCSI measurements

The method suggested by Burke is adapted for LCSI. In ESPI no dramatic
changes occur when the number of fringes is increased slightly. This can be seen
in the left graph in �gure 7.15. It shows σd in wavelengths for an increasing
number of fringes Nx. Both temporal and spatial phase shifting for 90◦ and 120◦

phase shift angle are shown. Burke et al. [56, 107] show that in ESPI for the
introduced algorithm decorrelation mainly occurs due to lateral displacement of
the speckle pattern.

For LCSI where the interference signal comes from volume scatterers, the quality
decreases signi�cantly with increasing number of fringes. This con�rms the
theoretical investigations about decorrelation in LCSI in chapter 3.4.7 and given
by Kraft [20].

However, the con�guration here is slightly di�erent from the one described by
Kraft. He tilted the two interfaces independently, resulting in a very strong
decorrelation e�ect (accepted deformation < 2 fringes). In the current applica-
tion the distance between the interfaces is kept constant while the whole object
is tilted. This results in a smaller decorrelation e�ect. In the measurements
presented in the previous section up to 10 fringes were observed.

Note that the ordinates in this section do not start at 0 to be able to illustrate
the dependencies and to expand the error bars.

The dependency of σd on the number of fringes in LCSI for the measurement
through the 343µm thick adhesive layer on step 9 of the stair case sample is
displayed in the right graph in �gure 7.15.

The beam ratio for the LCSI measurements is r = 1; in the ESPI measurements
r = 10. However, the measurements are comparable. The beam ratio in ESPI
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Figure 7.15: Figure of merit σd for an left: ESPI measurement with SPS and
TPS (reprint from [51]) and right: LSCI measurement versus the increased tilt
of the sample resulting in higher numbers of fringes. Notice that the range of
the number of fringes is di�erent in the two graphs.

has only a minor in�uence on the quality, thus the standard deviation would
not signi�cantly change for a beam ratio of r = 1 [56].

Thus, to ensure the comparability of σd the main experimental challenge is to
ensure that the introduced deformation is exactly controlled and repeatable,
and that all other parameters are kept constant.

However, our rotation unit does not enable automatic control of the introduced
tilt. Therefore we developed an alternative method. As seen in �gure 7.16 for
the �rst 4.5 fringes the graph shows a linear change of the standard deviation.
This fact can be used to normalise our measurements.

The following procedure is applied:

1. 5 to 10 phase maps with a deformation between 1 and 4 fringes are
recorded. To control the tilt a real-time subtraction-LCSI algorithm (sim-
ilar to subtraction-ESPI) is used.

2. A linear regression algorithm is used to �t a linear function to the mea-
surement results (right diagram in �gure 7.16)

3. Using the linear function the measurement error σd for a deformation of
two fringes is calculated.

To indicate the accuracy of the measured values the standard deviation of the
linear regression is calculated. This standard deviation is illustrated by the error
bars of the graphs in the following section.

We are now able to vary parameters of the setup as probing depth, beam ra-
tio and SLD-intensity, and compare the measurement results. The introduced
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Figure 7.16: Example for linear interpolation procedure. left: By linear regres-
sion of the results for Nx < 4.5 the measurement error σd for a deformation of
2 fringes is approximated. right: Results for the initial probing depth investi-
gation from the previous section. The introduced data algorithm leads to one
single value for the measurement error σd per probing depth. The error bars
are given by the standard deviation of the linear approximation.

procedure has to be applied for each new parameter, since the gradient of the
linear regression is changing.

For the given example the results of the presented algorithm are shown in the
right graph in �gure 7.16. The measurement error σd increases for an increasing
probing depth. This implies that the quality of the phase maps is decreased.
The maximum probing depth for these initial measurements is at about 270µm.

In the early measurements of this work this e�ect was unknown. Therefore
only 3 to 4 phase recordings with only slightly varying number of fringes were
recorded. This increases the uncertainty in the measurements and caused some
erroneous measurement values. After establishing the present routine for the
linear regression 5-10 measurements were used distributed over the range of 1
to 5 fringes. To indicate the number of phase recordings Nϕ will be given in all
diagrams.

Furthermore, it is well known that interferometrical measurements are sensitive
to vibrations. In the measurements presented here the deformation of the object
is introduced manually. Vibrations introduced by this adjustment cause clearly
degraded phase maps. They are easy to identify in the linear approximation
and removed from the data set in the following sections.

7.4.2 Re�ection coe�cient and roughness of the interface

The second parameter investigated is the roughness of the aluminium surface, to
check if this has any signi�cant in�uence. For this purpose the rough surface and
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the mirror-like aluminium sample are investigated for di�erent probing depths.

The attenuation measurements in chapter 7.2 indicated that the mirror-like
surface improves the measurement results for thinner layers.

Figure 7.17: Probing depth investigations for di�erent re�ection coe�cients of
the aluminium surface

Figure 7.17 shows the measurement results for the two di�erent aluminium
surfaces. It can not be seen that the mirror-like surface improves the quality
of the phase measurements. A possible explanation of this e�ect is the layer
thickness. As shown in �gure 7.7 the di�erences for the two substrates are
observed for layer thicknesses of d < 150µm. The thinnest layer investigated of
the sand-blasted sample was thicker.

To summarise this section we can state that the roughness of the interface under
investigation does not change the quality of the phase maps signi�cantly. For
thicker layers the re�ected light is, due to the scattered illumination through
the adhesive layer, about the same for both substrates and the quality of the
measurements is about the same.

7.4.3 Beam ratio

In this section we investigate the in�uence of the beam ratio between reference
and object light on the quality of the phase maps.

Before investigating the adhesive/aluminium interface the instrument is tested
on a known reference object. The results from these measurements should cor-
respond with the data presented for ESPI by Burke [51] shown in �gure 7.15.

Investigations of the surface

For this purpose a rough aluminium surface and the same surface sprayed with
a white powder are used. The measurements on the rough aluminium surface
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are similar to ESPI measurements, all re�ected light is coherent. When spraying
the surface a thin layer of powder is applied to the surface. It acts as a volume
scatterer. The averaged OCT scans for these surfaces are shown in �gure 7.18
and show the depth scattering of the sprayed surface. The reference and object
intensity 〈Io〉 and 〈Ir〉 are given as the mean value over all camera pixels.

Figure 7.18: Averaged interference signal for surface measurements at a rough
aluminium surface and of the same surface sprayed with a white powder

The coherence layer is now adjusted at the surface of the sample. The beam
ratio is changed by adjusting the average intensity in the reference and the
object arm. The total intensity for the measurements on both surfaces is set to
the same value (Itot = 115 grey scale values). Figure 7.19 shows the quality of
the phase maps while changing the beam ratio.

Figure 7.19: Beam ratio investigations of the sprayed and the non-sprayed alu-
minium surface. The characteristics are comparable to ESPI.

It can be seen that the measurement error σd is in the range of the ESPI results
presented in �gure 7.15. For higher beam ratios (r > 2) the measurement error
σd is almost constant.
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The roughness of the aluminium surface is less than 15µm. All object light is
re�ected within the coherence layer and contributes to the interference mod-
ulation. For lower beam ratios (r < 2) a larger fraction of pixels is getting
saturated. When decreasing the mean object intensity fewer pixels are satu-
rated. Therefore the quality of the phase maps improves.

The sprayed surface give slightly better results, even if a larger part of the object
light is multiple scattered in the spray layer and thus incoherent. A reason for
this might be the more uniform surface formed by the powder. A surface with
a lower variance of the topography re�ects a larger part of the object light at
the maximum contrast position of the coherence function. This improves the
interference signal.

Investigations of an interface inside a semi transparent medium

After this preliminary investigations the setup is optimised for a semi-transparent
medium. For this purpose step 9 of the stair case sample (small step height) is
investigated. The layer thickness of the adhesive layer is for all measurements
d = 343µm, unless otherwise speci�ed.

For LCSI the theoretical investigations in chapter 3.4 recommend a beam ratio
close to r = 1. In this section the degree of coherence is even smaller than
assumed by the theoretical investigations. This can be seen in the averaged OCT
scan in �gure 7.20. The coherence layer is positioned at the adhesive/aluminium
interface. The interference amplitude measured in this depth is only about 1/120
of the surface signal.

Figure 7.20: Averaged full-�eld OCT-scan through a 343µm thick semi-
transparent layer, smaller graph: magni�ed graph of interference amplitude
at the aluminium/adhesive interface

The experimental results for measurements through a 343µm thick semi-transparent
layer are presented in �gure 7.21. The total intensity in these measurements is
also here Itot = 115 grey scale values.
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Figure 7.21: Beam ratio investigations through a 343µm thick semi-transparent
layer, left: The beam ratio's in�uence on the quality of the interference fringes,
right: Fraction of saturated pixels vs. beam ratio

The left diagram in �gure 7.21 shows the quality of the phase maps given by the
measurement error σd vs. the beam ratio. Decreasing the beam ratio starting
from r = 7 decreases the phase error of the measured phase maps, resulting in a
better quality of the measurements. We reach a minimum for r = 1. Decreasing
the beam ratio further decreases the quality of the phase maps. This is in
agreement with the results from chapter 3.4. Furthermore due to the speckled
object wave the number of speckles brighter than the saturation level of the
camera increases with increasing object intensity. The right graph in �gure
7.21 veri�es this. The number of pixels in saturation increases dramatically for
r < 2. As shown in chapter 3.4 all phase information get lost in a saturated
pixel. Therefore the quality of the phase maps decreases strongly for r < 1.

The total intensity Itot can be adjusted by the SLD power. To investigate the
in�uence of the total intensity on the optimum beam ratio the SLD power is
changed. For measurements presented in �gure 7.21 a rather low intensity is
chosen in order to enable the evaluation of a larger dynamic change for the beam
ratio.

If we increase the power of the SLD to a maximum Itot = 230 grey values the
optimum beam ratio increases slightly and the degeneration of the phase maps
is lower. This is shown in the left graph of �gure 7.22.

The same e�ect occurs for thinner layers of the semi-transparent material. The
right graph of �gure 7.22 shows the phase error as a function of beam ratio
for 2 di�erent layer thicknesses d. The quality of the measurements increases
signi�cantly for thinner layers. The measurement results for the thinner layer
are better then the surface measurements presented in the beginning of this
section. This is due to the higher total light intensity, adjusted at Itot = 230
greyscale values. For thinner layers the dependency of the quality of the phase
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Figure 7.22: Investigation of the dependency of the optimum beam ratio for
di�erent total intensities and layer thicknesses, left: phase error vs. beam ratio
for di�erent total intensities, right: phase error vs. beam ratio for di�erent layer
thicknesses.

maps on the beam ratio approaches the results for ESPI measurements presented
by Burke et al. [56].

This section showed three possibilities to improve the quality of the phase maps
in LCSI:

1. the optimisation of the beam ratio
2. the increasing of the total intensity
3. the reduction of the layer thickness

The investigations regarding the beam ratio verify the results from the theo-
retical studies. For su�cient SLD power the optimum beam ratio found to be
1 < r < 3, depending on the layer thickness and the adjusted total intensity.

The largest improvement can be obtained by increasing the total intensity. The
power of the SLD is therefore crucial for the quality of the measurements. How-
ever increasing the object intensity above a certain level causes the saturation
of an increasing number of pixels and leads to a decreasing of the quality of the
phase maps. This optimum intensity level depends on the degree of coherence
of the object light coming from the probing depth.

Furthermore it is obvious that the thickness of the scattering medium in�u-
ences the measurement. The measurement results improve for thinner adhesive
layers.

7.4.4 Total intensity

In this section we want to investigate the optimum total intensity for a beam
ratio of r = 1 (see �gure 7.22). The theoretical results from chapter 3.4 indicated
that the intensity level in LCSI can be higher than in ESPI.
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It has to be considered that we are using a speckled object wave. The dynamic
range of the video camera limits the possibility to increase the light intensity to
a maximum. The adjustment to a too high total intensity level will cause the
saturation of a large number of camera pixels.

Figure 7.23: Phase error depending on the total intensity Itot

The graph presented in �gure 7.23 is recorded with a beam ratio of r = 1. It
can be seen that the phase error decreases with increasing total intensity. The
measurements indicate an optimum total intensity around Itot = 160 for this
speci�c adhesive and a probing depth of d = 342µm.

If the total intensity is increased further a larger number of speckles reaches the
saturation level of the camera. As described in chapter 3.4 the accuracy in the
unsaturated pixels is increased due to a larger interference modulation. For a
total intensity lager than Itot = 160 greyscale values the quality of the phase
maps is decreased.

The loss of the phase information in the saturated pixels causes a phase value
of ϕ = 0 due to the phase shifting algorithm in equation (3.2). These zero
phase values introduce large deviations compared to the �tted ideal phase map,
especially for phase values close to the 2π phase jump. By identifying the "bad
pixels" a median �lter algorithm can remove these pixels at the sacri�ce of
spatial resolution.

7.5 Probing depth

After optimising the setup parameters the improvement of the probing depth is
investigated. The probing depth is an important parameter for LCSI.
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7.5.1 In�uence of the optimisation of the setup parame-

ters

The �rst investigations regarding the probing depth are presented in the section
7.4.1. Applying the optimisation presented in the previous sections the quality
of the phase maps can be improved considerable. This is shown in �gure 7.24.

Figure 7.24: Measurement error σd vs. layer thickness before and after optimi-
sation of the setup. The quality of the phase maps and the maximum probing
depth can be considerable increased.

The upper graph shows the measurement error σd vs. the layer thickness before
optimisation. In the lower graph the setup parameters are improved. The phase
error can be signi�cantly reduced. This increases the maximum probing depth.
The beam ratio for this measurements was r=1.5 and the measurement are
carried out with the SLD at 685nm. The total intensity (Itot = 230greyvalues)
of the measurements presented in this chapter is slightly too high. However, the
improvement is clearly seen.

7.5.2 In�uence of the wavelength

The in�uence that the wavelength has on the quality of the phase maps is
investigated. The preliminary measurements from chapter 7.2 indicated that
the application of the SLD in the near infrared (λ0 = 840nm) give a better
quality of the phase maps.

The left diagram in �gure 7.25 shows the investigations of the measurement
error σd vs. the probing depth for the two wavelengths. It can be seen that the
measurements with the 840nm SLD give better results for all layer thicknesses.

To investigate the maximum probing depth a sample with a larger layer thickness
was used. The results of these measurements are shown in the right diagram in
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�gure 7.25. The maximum probing depth for λ0 = 685nm is about 520µm, since
the measurements are decorrelated at a phase error of 0.28λ. Measurements with
λ0 = 840nm through the same layer give slightly better results, indicating an
even larger maximum probing depth.

Figure 7.25: Probing depth investigations for di�erent wavelengths, left: phase
error vs. layer thickness for di�erent wavelengths (small step sample), right:
investigation of the maximum probing depth measured on the �rst 3 steps of
the large step sample.

The wavelength can be optimised even more, if the absorption characteristics of
the material are known.

Note that the power of the NIR-SLD was limited. The maximum available
average object intensity is about 50 grey values, if all light is guided into the
object arm. To utilise the whole dynamic range of the camera a beam ratio of
r = 4 is used for these measurements, thus the measurements are not directly
comparable. However the investigations in the previous section showed that
the quality increases slightly if the beam ratio is decreased to 1.5 which would
improve the measurement results further.

This section showed that the maximum probing depth can be increased signif-
icantly by applying the new optimisation parameters. The maximum probing
depth found for this material is larger than 500µm. This is su�cient for the ad-
hesion measurement suggested in this work, since the thickness of the adhesive
layer is speci�ed as 300-500µm.

The EG&G SLD at 840nm has a higher maximum probing depth that the Super-
lum SLD at 685nm. However considering the shorter wavelength the measure-
ment error σd is smaller for the SLD at 685nm. At the maximum probing depth
this measurement error for the Superlum SLD is σd = 0.26λ corresponding to
178nm. For the EG&G SLD the measurement error is σd = 0.24λ corresponding
to 201nm.

Therefore, in the following chapter the SLD at 685nm is used. Besides the
higher accuracy it provides a higher e�ective power due to cooling.

147



Chapter 8

Experimental results -

Characterisation of Adhesion

This chapter investigates the application of LCSI for the detection of interfacial
instabilities. The adhesion measurements presented in this section are carried
out in two steps. First a transparent adhesive is used, to understand the behav-
iour of the sample. Then a semi-transparent adhesive is applied. Both adhesives
are tested with di�erent arti�cial defects and with real interfacial defects.

Furthermore this chapter presents reference measurements. A piezo electric ac-
tuator is used to introduce a de�ned deformation inside a semi-transparent ad-
hesive. Two adhesives with di�erent scattering properties and Young's-modulus
are tested. Here a white silicon adhesive is compared to the Araldite 2014. These
tests can contribute to the characterisation of hardening and Young's-modulus.

In the last section we present preliminary investigations of the possibility to
measure 3D-strain �elds in the adhesive layer with LCSI. For this purpose LCSI
measurements are carried out at di�erent depths inside the adhesive layer before
and after exciting the sample. The obtained depth-resolved deformation maps
give information about the amount of introduced strain during excitation.

All measurements in this section require the removal of the �rst surface re�ec-
tion, coming from the glass surface. Also the tracking of the coherence layer is
necessary to increase the quality of the measurements. This is done as described
in chapter 3.4.
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8.1 Sample con�guration and preparation

8.1.1 Transparent adhesion sample

The sample con�guration of the transparent adhesion samples is shown in �gure
8.1. The sample is basically an adhesive joint of a aluminium plate and a
plexiglass plate on top. The plexiglass is due to the early material choice in the
beginning of this work.

Figure 8.1: Sample con�guration for the preliminary investigations with
standard-OCT

The adhesive is transparent, however some scattering occurs because of micro-
scopic scatterers and air bubbles. The adhesive layer is about 300µm thick. Fur-
thermore an air gap of about 250µm and a delamination between the plexiglass
and the adhesive is introduced, to investigate the in�uence on the measurement
results.

8.1.2 Adhesion test samples

The sample con�guration is already introduced in chapter 4.3. Replacing one
aluminium plate in an adhesive bonded joint by a glass plate enables the inves-
tigation of the adhesive/aluminium interface by LCSI. Furthermore the sample
con�guration allows the introduction of mechanical stress in the adhesive layer.

Sample con�guration

To carry out adhesion tests a new sample concept was designed. Figure 8.2
shows sample con�guration and dimensions and a photograph of the sample.
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The sample consists of a massive aluminium body with a square-formed cross
section. The body is machined to a circular cross section on top. The aluminium
alloy Al6082 and a synthetic alloy with increased in size inter-metallic particles
was used for the aluminium body.

Figure 8.2: Image of the adhesive sample, left: Sample con�guration, right:
Photo of the sample

The circular aluminium surface on top of the sample is pre-treated following
a standard procedure speci�ed by the producer of the adhesive. Then a 5mm
thick circular glass plate with a diameter of 4cm is glued onto this surface. The
glass is standard . For higher mechanical stability quartz glass can be applied.

The adhesives Araldite 2020 (transparent) and 2014 (grey) were selected for
the measurements. The chosen adhesives give better adhesion on glass than on
aluminium, which is important for the measurement process. In earlier measure-
ments plexiglass was used and the adhesive joint failed at the adhesive/plexiglass
interface. This was avoided by using glass as the upper material.

To obtain a constant thickness of the adhesive layer mono-sized micro spheres are
introduced in the adhesive layer. To avoid shading e�ects in the measurement
area the spheres are introduced close to the rim of the aluminium.

The measurements are carried out through the glass plate. The circular ad-
hesive/aluminium interface is investigated by LSCI. These samples are subse-
quently called adhesion test samples.

Sample preparation

The sample preparation is crucial for successful measurements. It is important
to generate a reproducible quality of the adhesive joint. The pre-treatment
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process is demanding and time-consuming. If not otherwise described the sam-
ples are cleaned using tap water and distilled water and degreased by acetone.
All adhesion samples are additionally chemically etched in 100g/l NaOH solu-
tion. After pretreatment the samples have to be dried.

Also the preparation of the adhesive is important for proper measurement re-
sults. The applied Araldite adhesives are delivered as two components; resin
and hardener. Araldite 2014 is delivered in a cartridge including a static mixer.
Araldite 2020 had to be mixed manually. The cartridge with mixer is preferred
due to the large number of small air bubbles introduced by manually mixing.

The thickness of the adhesive layer has to be controlled. In this work 3 di�erent
kinds of mono-sized spheres are used as spacers:

• mono-sized AlO-spheres at about 500µm produced by Brace

• mono-sized ceramic spheres at 308mum± 30µm

• mono-sized plastic spheres at 230µm

The thickness of the transparent samples is adjusted using the 500µm spheres
while the semitransparent adhesives were prepared with the 310µm and 230µm
spheres.

Besides the preparation of the aluminium surface and the adhesive, there are
strict requirements for the introduction of defects at the adhesive/aluminium
interface. The thickness of the defects has to be signi�cantly smaller than the
coherence length. Furthermore the defects have to introduce a de�ned delami-
nation area, to make it possible to identify it by the deformation pattern.

Arti�cial defects

De�ned arti�cial defects were introduced on the surface of some adhesion test
samples to test the instrument and sample con�guration. To enable defects of
a de�ned size and shape di�erent substances were examined (white-board pen,
grease, permanent marker). A thin layer of grease was most suitable and used
for the transparent samples.

However for the semi-transparent samples more de�ned and thinner defects were
investigated. Thin plastic foils (<5µm), known under the trade name Letraset,
are attached to the aluminium substrate. Letraset was found to introduce well
de�ned defects. Letraset sticks to the surface under application and avoids the
displacement of the defect during adhesive bonding. To match the re�ection
coe�cient of the aluminium surface white-coloured Letraset was applied.

Interfacial defects

As shown in chapter 4.2 the inter-metallic particles in standard aluminium alloys
have a size in the range of 10-100µm. The resolution of our system limits the
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investigation to inter-metallic particle that are two orders of magnitude larger.
Therefore a synthetic alloy with particles in the millimetre range was produced.

Inter-metallic particles cause, in connection with speci�c pre-treatment methods
(e.g. TiZr), interfacial instabilities. The investigation of this surface phenom-
enon can help to understand the adhesion mechanism.

We want to obtain a thick layer of Titan-Zirconium on top of the inter-metallic
particles to introduce interfacial defects. The following pre-treatment procedure
was applied to obtain this:

1. Degrease with acetone

2. Alkaline etch in 100g/l NaOH solution, 60◦C, 50s

3. Rinse with tap water

4. Deoxidise in �uoride/sulphuric acid based solution (4% Al�deox 73, 25◦C,
1min)

5. Rinse with tap water

6. Conversion coating in �ourotitanate/zirconate acid based solution (4%
Gardobond X4707, 25◦C, ph 4.0, 180s)

7. Rinse with tap and distilled water

8. Dry in hot air stream

Figure 8.3 shows the transparent sample with thick TiZr-layers at the inter-
metallic particles.

Figure 8.3: Adhesion test samples, left: Photograph of the sample con�guration,
right: Microscope image of the surface after pretreatment (diameter 20mm)
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The aluminium surface for the transparent sample was sand-blasted before
bonding. The inter-metallic particles are harder than the aluminium matrix. In
the microscope it could be seen that the inter-metallic particles stick out of the
matrix. This can be a problem when adjusting the coherence layer. Therefore
the surface of the semi-transparent sample is polished (rms<1µm) to produce
a uniform surface.

Figure 8.4: Adhesion test samples, left: Sample after polishing, right: Micro-
scope image of the surface after pretreatment (diameter 18mm)

A typical image of the adhesion test samples for semi-transparent adhesive is
shown in �gure 8.4. The left image shows the sample after polishing; the right
image shows a microscope image of the sample after pretreatment. The TiZr
layer on top of the inter-metallic particles appears here as a brown colour and
is easily observable.

8.1.3 Piezo samples

The quantitative evaluation of LCSI measurement results is an important task
and more complicated than in standard ESPI since we have to consider the
changes of the material properties (see chapter 5).

To introduce a de�ned deformation at the adhesive/aluminium interface a sam-
ple con�guration using a piezo electric actuator is developed. The sample con-
�guration is similar to the adhesion testing samples. A hole is drilled in the
aluminium body to mount the piezo actuator. Figure 8.5 shows the sample
con�guration. In the left �gure an aluminium piston can be seen. It covers the
tip of the piezo actuator. The piston is mounted in the sample and the whole
surface is polished. This ensures that the piston is adjusted to the same level
as the Al-surface before gluing the sample.
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Figure 8.5: Piezo sample, left: sample con�guration, right: photo from the
bottom of the sample

When applying a voltage to the piezo actuator the piston is displaced and de-
forms the adhesive layer. LCSI is now applied to record the deformation pattern
at the aluminium surface. The measured deformation and the displacement cor-
responding to the piezo actuator voltage can be compared.

The samples are prepared with two di�erent adhesives. The Araldite 2014 has a
high Young's modulus of E = 4GPa. However, the mechanical force of the piezo
actuator is limited. We therefore reduce the hardener to a factor of 33% of the
speci�ed weight in the Araldite 2014 mixture, increasing its Young's modulus
slightly.

The second adhesive is a Bostik silicon adhesive, of white colour. The Young's
modulus of silicon (E = 0.3MPa)is much smaller than for Araldite . However
we had to modify also this adhesive due to its high optical attenuation. It
was not possible to identify the aluminium surface using full �eld OCT. To
decrease the attenuation we mixed 1/3 Bostik silicon white to 2/3 parts of a
transparent adhesive of the same type (Bostik silicon transparent). This reduces
the scattering and we can measure through the adhesive layer.

The thickness of the adhesive layer is adjusted here using the 230µm micro-
spheres.

These samples are subsequently called piezo samples.

8.2 Preliminary investigations

Before the LCSI measurements could be carried out the materials and sample
con�gurations had to be investigated by established techniques. These measure-
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ments could help to learn more about the behaviour of con�guration and the
properties of the materials.

8.2.1 Optical response of the transparent sample

Again the sample con�guration is tested by standard-OCT, i.e. the point-
scanning OCT-instrument. These measurements are carried out for the trans-
parent adhesion sample. Figure 8.6 shows the results.

Figure 8.6: Standard OCT-measurements on the transparent adhesion test sam-
ple, left: cross-section of the sample con�guration, right: OCT scan of the red
marked area

First the red marked area is investigated. The right �gure shows the interference
amplitude obtained by a two-dimensional OCT scan in z- and x-direction in this
area. All interfaces are clearly observable. We can observe the displacement of
the interference signal at the aluminium surface below the air layer. This is due
to the lower refractive index in air.

Figure 8.7 shows the OCT scan for the delamination area, here occurring at the
plexiglass/adhesive interface.

We assume a thin air layer occurring inside the delamination. The interference
signal is larger at the delamination area as seen in the right �gure. This is
due to the larger re�ection coe�cient at a plexiglass/air and right afterwards
air/adhesive interface compared to a single plexiglass/adhesive interface. This
makes it possible to detect the delamination area with standard-OCT.

To conclude this section: For the transparent adhesive we can, as expected
obtain a good interference signal from the aluminium/adhesive interface. The
delamination changes the re�ection coe�cient of the interface due to the intro-
duction of a thin air layer.
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Figure 8.7: Standard OCT-measurements of the delamination area at the plex-
iglass/adhesive interface

8.2.2 Optical response of the semi-transparent sample

Now the LCSI instrument is used in full-�eld OCT mode to investigate the
sample con�guration using a semi-transparent adhesive.

Figure 8.8: Full �eld OCTscan of the piezo sample, left: OCT cross-section,
right: single full-�eld OCT image

The left picture in �gure 8.8 shows an OCT-scan of a cross-section through the
adhesive layer. These measurements are carried out on a piezo sample with
Araldite 2014 and 1/3 hardener.

For the semi-transparent adhesive the detection of the interfaces is more di�cult
due to attenuation e�ects. However it can be seen that the interfaces can be
identi�ed. In the right image a full-�eld OCT image from a single depth right
above the adhesive/aluminium interface is presented. It can be seen that the
piston is positioned at a slightly higher level than the interface. This might
happen during the glue process or during mounting the PZT.

If we average the interference intensity over one OCT image (corresponding to
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a single probing depth) we get a similar depth signal as we know from standard-
OCT. The averaged OCT-scan of the introduced structure can be seen in �gure
8.9. The thickness of the adhesive layer is de�ned by the 230µm spacers. It can
be seen that the reduction of the hardener did not change the optical properties
of the adhesive signi�cantly. The adhesive layer shows about the same scattering
properties as in the measurements in the last section.

Figure 8.9: Averaged full-�eld OCT scan of the piezo sample.

However, both depths can easily be identi�ed. The re�ection from the upper
interface of the adhesive is obviously reduced, due to the adhesive/glass inter-
face vs. adhesive/air in the last section. If the coherence layer is adjusted at
the adhesive/aluminium interface the interference signal can be expected to be
su�cient for LCSI-measurements.

The optical thickness of the adhesive is about 400µm. The measured refractive
index of the grey adhesive is 2.09. Since the 230µm spacers were used the
thickness of the layer is expected to be about in this range. Therefore a optical
thickness of 480µm would be expected. However the order of magnitude of the
measurement is correct. The deviations can be explained by the probable change
of the refractive index when changing the amount of hardener. Furthermore the
thickness of the layer is di�cult to control during the gluing process. Thus the
deviation is within the expected error.

8.3 Characterisation of adhesion properties

In this section we want to investigate the measurement results for the detection
of interfacial instabilities in adhesive bonded joints.

The measurements on the transparent sample are carried out using the �bre
base setup. Here an EG&G SLD at 840nm is applied. For all measurements
on semi-transparent adhesives the open path setup and the Superlum SLD at
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685nm is used. In the open path setup both SLD's were available. However,
the Superlum SLD provided su�cient light for the here presented applications
and it is easier to handle due to the visible light.

The sample con�guration requires the removal of the �rst surface re�ection at
the glass plate. This was done by introducing a spatial �lter in the focus plane
of the lens, as suggested in chapter 3.4.8. It has to be pointed out that none
of the measurements in this section could be carried out without removing this
re�ection because the re�ected light would saturate the camera completely. An
important presumption for the spatial �lter method is a clean and mirror-like
condition of the surface of the glass plate. Special attention has to be paid to
this fact during adhesive bonding and the glass plate has to be cleaned and
treated as all other optical surfaces in the setup.

The maximum of the coherence layer is in all presented measurements in the
next two sections adjusted at the aluminium/adhesive interface. We applied
'coherence layer tracking' for the investigations in this chapter, as described
in chapter 3.4.7. This guarantees maximum interference contrast through the
whole excitation process.

The introduced stress is used as a qualitative measure. Our setup did not allow
quanti�ed measurements of the introduced mechanical load and the displace-
ment was not detectable by OCT.

8.3.1 Arti�cial defect in transparent adhesive

To evaluate the LCSI set-up and the sample con�guration adhesion test samples
with arti�cial defects in a transparent adhesive are prepared. In the measure-
ments presented a circular defect of a thin layer of grease with a diameter of
1mm was introduced.

Figure 8.10: Measurement results; left: photo of the measurement area, on the
left side the circular grease layer is hardly visible; right: mod2 -phase map of
the delamination area after introducing mechanical load.
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The experiments presented here were carried out with the �bre-based setup,
utilising a spatial phase shifting technique and the Fourier transform method.
The �eld of camera view is 2mm x 1,5mm. The aim was to show that it is
possible to detect the arti�cial delamination areas at an aluminium/adhesive
interface by introducing mechanical load. The results are shown in �gure 8.10.

The left image shows a microscopic photograph of the arti�cial defect. The
nearly circular grease layer is seen on the left part of the image. The other
circular objects seen in this image are unwanted air bubbles introduced during
the gluing process. The image to the right shows a mod2π-phase map. It was
obtained by introducing stress in the adhesive layer. The delamination area
caused by the grease is clearly visible. The disturbing air bubbles are also
noticeable.

The investigations in this section show that interfacial defects at the adhe-
sive/aluminium interface can be detected. The introduced stress in the adhesive
layer is su�cient to reveal defects in the transparent adhesive.

8.3.2 Interfacial defect in transparent adhesive

These measurements were carried out on the same sample con�guration as in
the section before. However the synthetic alloy with large inter-metallic par-
ticles is used. The aluminium surface was pretreated with TiZr. Also these
measurements were carried out with the �bre-based setup (�eld of view: 2mm
x 1,5mm).

Figure 8.11: Real defect; left: photo of the measurement area, showing an about
1mm2 large inter-metallic particle (dark area); right: mod2π-phase map of the
delamination area after introducing mechanical load.

Figure 8.11 shows defects introduced by an inter-metallic particle. The left im-
age shows a photo of the defect area. The particle has a size of about 1mm2.
The right image shows a mod2π-phase map of the delamination after introduc-
ing mechanical load. The basic mechanisms in the adhesive are similar to the
two orders of magnitude smaller "real" particles. This defect will introduce
instability in the adhesive bond and decrease the adhesion properties.
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From the investigations in this section we can conclude that the delamination
above a TiZr-pretreated, inter-metallic particle can be detected with our LCSI-
system. It has to be mentioned that the measurements above are carried out
about 24 h after gluing. It was detected later in the investigations that the
adhesive is hardening further. A second investigation using the open-path in-
terferometer on the same defect showed that the excitation of the defect was
more di�cult.

Figure 8.12: Real defect after curing; left: photo of the measurement area, right:
mod2π-phase map of the delamination area after introducing mechanical load.
Not all dark areas are covered by TiZr.

Figure 8.12 shows a photo of the measurement area and the deformation pattern.
In the mod2π-phase map in the right image the deformation is hardly seen.
However, the observation of dynamic images of the deformation process discloses
the defect more easily.

8.3.3 Arti�cial defect in semi-transparent adhesive

After the investigation of the transparent adhesive arti�cial defects in a semi-
transparent adhesive were investigated. For this purpose adhesion test samples
were prepared with an arrow-shaped Letraset defect covered by an about 230µm
thick layer of Araldite 2014.

First the Araldite was mixed following the recommendations of the producer.
With these samples the excitation of the defects was not possible. The reason
for this is assumed to be the low elasticity of the adhesive. The elasticity of the
adhesive can be increased by applying less hardener. Therefore the next samples
were prepared using respectively 1/2 and 1/3 of the recommended amount of
hardener (by weight).

Adhesive mixed with 1/2 hardener

A typical measurement result for the sample prepared with half of the hardener
is presented in �gure 8.13.
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Figure 8.13: Investigation of semitransparent adhesive (half hardener) with ar-
ti�cial defect. left: b/w photo of the area, centre: mod2π-phase map of the de-
lamination area after introducing mechanical load (�eld of view 4mm x 5mm),
right: Sample after destructive testing (diameter 20mm)

The left image shows a photograph of the �eld of view for the measurements.
In the centre image the mod2π-phase map of the defect area after introducing
mechanical load is presented. The defect is hardly detected by LCSI. When
applying the maximum mechanical force the adhesive joint collapsed. The joint
area can now be visually inspected (right image in �gure 8.13. At the whole
aluminium surface the joint failed cohesively (inside the adhesive layer). Only
at the introduced defect area did we observe an adhesive crack. This veri�es
that Letraset introduces defects in the way we require. However the adhesive
is still too rigid. Therefore the sample with only 1/3 of the hardener in the
adhesive mix was investigated.

Adhesive mixed with 1/3 hardener

This adhesive mixture �nally enabled the clear detection of the defect area.
Figure 8.14 shows the measurement results.

Figure 8.14: Investigation of semitransparent adhesive (1/3 hardener) with ar-
ti�cial defect. left: b/w photo of the area, right: mod2π-phase map of the
delamination area after introducing mechanical load (�eld of view 4mm x 5mm)

In the left image a photo of the defect area is shown. In the right image the
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corresponding deformation pattern is seen after introducing mechanical load in
the sample. The defect is easily detected.

An interesting e�ect should be described here as well. The introduction of me-
chanical load was carried out in cycles. We measure while applying mechanical
load. After reaching the maximum force the adhesive joint is unloaded. The
measurements are started anew and the sample is loaded again until maximum
load is reached.

The deformation patterns obtained for the �rst four consecutive cycles are shown
in �gure 8.15. The phase maps presented here are recorded at the same intro-
duced force in the beginning of the cycle.

Figure 8.15: Deformation pattern of the delamination area after introducing 4
cycles with mechanical load. The measurements are taken at about the same
load in the beginning of each cycle.

It can be seen that the delamination area increases. In the �rst cycle the Letraset
sticks still over a large area to the aluminium. In the last cycle the delamination
area covers almost the whole introduced defect area.

At the end of this section we want to compare the measurements with standard
ESPI. For this reason a laser is utilised. Figure 8.16 shows the resulting mod2π-
phase maps for LCSI (left) and ESPI (right).

It can be seen that the ESPI-measurements verify the defect area. ESPI is
integrating the deformation over the whole depth of the sample volume. While

162



Figure 8.16: Investigation of a composite material with arti�cial defect. left:
LCSI results, right: ESPI measurements at the same area

LCSI, by utilising coherence gating, can verify that the deformation occurs at
the interface under investigation.

8.3.4 Interfacial defect in semi-transparent adhesive

In this section LCSI is applied to the adhesion test sample with TiZr pre-
treated synthetic alloy containing large inter-metallic particles. As shown in
the previous sections the inter-metallic particles introduce defects at the adhe-
sive/aluminium interface. Now a semi-transparent adhesive is utilised for these
samples.

Adhesive mixed with 1/3 hardener

The left image in �gure 8.17 shows the pre-treated surface before adhesive bond-
ing. Both the inter-metallic particles (blue) and the TiZr layers (brown) are
clearly visible. The adhesive bonding is carried out using the Araldite 2014
with 1/3 of the recommended amount of hardener. This makes the adhesive
more �exible as showed in the last section. The thickness of the adhesive layer
is about 230µm.

Three di�erent areas in the centre of the sample were investigated. However
the measurements did not show any deformation at the interface when applying
maximum load. We tried to reduce the diameter of the aluminium surface since
this introduces a larger deformation as shown in the simulations in chapter 4.4.
The mechanical load was increased and led to the failure of the glass plate
without any observed deformation.

The whole sample surface after the test is shown in the right microscopic image
in �gure 8.17. The sample orientation and area corresponds to the microscope
image and the inter-metallic particles can be identi�ed in both images at the
same position. It can be seen that the collapse uncovered the inter-metallic
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Figure 8.17: Sample with interfacial defect, left: microscope image of the sur-
face after pre-treatment, right: microscope image of the sample surface after
destructive testing. Both images show the whole sample surface with a diame-
ter of about 18mm)

particles. Some particles are completely uncovered, while the adhesive sticks
well to the aluminium matrix. That shows that the defects really occur above
the inter-metallic particles. However the introduced mechanical load is not large
enough to excite these defects.

At the failure of the sample we can further observe that some inter-metallic
particles break out of the surface of the aluminium (i.e. right side of the sample).

Adhesive mixed with 1/4 hardener

To solve the problems described above Araldite 2014 with 1/4 of the recom-
mended hardener was utilised for the next measurements. On the failure of the
sample we can see that the glass plate stayed intact in the centre of the sample.
This indicates that the highest stress rates are introduced at the rim, also con-
�rmed in chapter 5. Therefore the measurements in the next section are carried
out at the rim of the surface.

This sample is slightly modi�ed compared to the previous one. The aluminium
body is cast in a polymer resin and thereafter the surface is polished. A
thin polymer ring is left around the circular aluminium surface. The Young's-
modulus of the polymer is smaller than the one of the aluminium. Therefore we
expect a larger deformation at the polymer while introducing mechanical load,
giving a good reference for the measurements.

The upper left image in �gure 8.18 shows a microscope image of the sample.
It was recorded after pretreatment. The inter-metallic particles are brown-blue
coloured. Several areas are investigated at the aluminium/adhesive interface.
Deformations at the inter-metallic particles are hardly detectable. The red area
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Figure 8.18: Investigation of a composite material with defect; mod-2π phase
map showing the deformation at the adhesive/aluminium/plexiglass interface
while introducing mechanical load. The delamination above the defect is clearly
visible. More detailed description of the image is given in the text.

in this image �nally showed a deformation. This can be seen in the other 3
images in �gure 8.18. The lateral position of the measurement area can only
be estimated with an accuracy of about 1mm. To illustrate this the red frame
is shown slightly larger than the measurement area (upper right image). The
resulting phase map is shown right above the possible measurement area in the
lower left image. In the lower right image the obtained mod-2π phase map
is shown. It can be seen that the rim of the aluminium is clearly detectable.
The observed deformation at the polymer ring is larger than at the aluminium.
Furthermore a defect is visible. The phase di�erence above this defect is slightly
lager than 2π. This deformation can be assigned to the inter-metallic particle
shown at the corresponding position.

The same e�ect was observed at the other side of the sample. In �gure 8.19 the
similar views for this area are shown.

The phase di�erence here is slightly smaller, however it is still in the range of
about 2π. Again the deformation can be assigned to an inter-metallic particle.

In �gure 8.20 two OCT-scans are shown. The blue curve is recorded before
introducing stress. The green curve is recorded with maximum stress introduced
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Figure 8.19: Investigation at a di�erent defect area. Also here a delamination
at an inter metallic particle is detected.

in the adhesive layer. The scans are slightly displaced indicating a movement
of the whole sample of about 30µm. The adhesive layer is increased by about
5µm Since the measurement accuracy of these OCT scans is about at 5µm
it is not possible to quantify the enlargement of the adhesive layer from these
measurements. It can thus be assumed that the introduced strain in the adhesive
layer is below 5µm.

A possible description of what we measure is the following:

Both defects are detected on the edge of the aluminium. The FEM-calculations
in chapter 4.4 showed that the introduced strain is, besides the defect area,
largest on the edge.

Following the FEM-calculations (see �gure 4.5) a opening of about 1.2µm is
expected for an inter-metallic particle of 1mm size and for 10µm deformation
introduced in the adhesive layer. For our measurements this deformation is
below 5µm. We assume an introduced deformation of the adhesive layer of about
3µm and a linear relation between the introduced strain and defect opening. For
this assumptions the defect opening is in the range of 400nm. Expecting vacuum
in the delaminations the measurement e�ect at the inter-metallic particle is
about the same as its physical size (see chapter 5.3). This corresponds to a
phase di�erence of slightly above 2π and veri�es the measurement results.
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Figure 8.20: OCT-scan before introducing stress (blue) and after the introduc-
tion of maximum stress (green). The strain in the adhesive layer is hardly de-
tectable by an OCT-measurement, above: full OCT scan of the adhesive layer,
below: enlarged graph of the interfaces - left: aluminium/adhesive interface,
right: adhesive/glass interface

However, only one delamination is excited in each of the measurement areas.
On several other areas no phase change was observed at all, even if the mea-
surements are carried out at areas with inter-metallic particles present.

Thus we can assume that the strain rate is even smaller so that the detected
deformation can hardly be introduced by delaminations. If we assume that the
detected defects are caused by inter-metallic particles which are broken out of
the aluminium matrix the same situation as described for the high re�ective �rst
interface in chapter 5.3 would apply. In this case the phase change detected by
LCSI is increased by a factor of 2. The measured phase di�erence corresponds
then about to the expected deformation.

It can be concluded that the LCSI-setup is able to detect interfacial defects also
through a semi-transparent adhesive.
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8.3.5 Reference deformation measurements

At the end of this section we want to investigate the performance of the in-
strument and the behaviour of the sample con�guration under more controlled
conditions. These measurements will contribute to the evaluation of the last
sections. Of special importance is the investigation of the accuracy of the de-
formation measurement.

For this purpose the piezo samples are applied. They enable the controlled
introduction of a de�ned and high accuracy deformation beneath the adhesive
layer at the aluminium surface.

In the following section a voltage from 1V to 10V is applied to the piezo actuator.
The piezo actuator has a maximum displacement in air of 10µm at 75V. The
relation between displacement and voltage is assumed to be linear, which is a
good assumption for piezo actuators. A voltage of 10V introduces consequently
a displacement of 1,33µm.

In the �rst section we want to investigate an adhesive with low Young's-modulus.
Here we can expect the piezo actuator to displace the piston almost as speci-
�ed in air. For this sample both SLDs are applied. Furthermore comparative
measurements utilising a laser are carried out.

In the second section an adhesive with a high Young's-modulus is applied. This
material is much harder to deform. Since the piezo actuator introduces for
every voltage a constant force we would expect a smaller displacement for these
samples.

Adhesive with low Young's-modulus

Bostik Silicon white and Bostik Silicon transparent were mixed with a ratio of
1:3. This is necessary because the white Bostik Silicon has a too high scatting
factor.

First an OCT-scan with both wavelengths was carried out. The upper graph in
�gure 8.21 shows the result. When utilising the SLD at 840nm the interference
signal showed a lower scattering factor in the adhesive layer. Also the interfer-
ence signal coming from the aluminium surface was higher than the one for the
SLD at 685nm.

In the lower images in �gure 8.21 we can see a photograph of the measurement
area while illuminating the sample with the corresponding wavelength. We can
state that the adhesive is almost transparent for 840nm. For 685nm on the
other hand the adhesive scatters. This fact enables the qualitative comparison
of the in�uence of the scattering properties.

The piezo voltage was increased from 0 to 11V with a step interval of 1V. This
�rst phase map was ignored due to known non-linearities of the piezo in this
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Figure 8.21: Preliminary investigation of the piezo sample, above: averaged
full-�eld OCT-scan for λ0 = 685nm and λ0 = 840nm, below: camera view for
both wavelengths

region. For each step a phase map was recorded and subtracted from the �rst
phase map. In this way we can compare the total deformation of the piston.

Figure 8.22 shows the twelve phase maps for both the SLDs at 685nm and the
840nm as well as for the laser. It can be seen that the phase maps for the SLD
at 840 nm are of high quality. For the SLD at 685nm the noise in the phase
maps increases. However the measurements are still of good quality.

We will now compare the measurement results with ESPI measurements using a
laser at 633nm in the same setup. It can be seen that a voltage of 3V at the piezo
actuator almost decorrelates the phase maps. Therefore the ESPI-measurements
are not quanti�ed. The decorrelation can be caused by the displacement of the
scatterers above the piston. This disturbs the ESPI measurements much more
than LCSI measurements due to the coherence gating applied in LCSI.

To quantify the phase values at the piston the following image processing algo-
rithm is applied:

1. mask out the area outside the piston

2. generate a histogram of the phase in the piston area

3. estimate the maximum of the Gaussian distribution of the phase values
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Figure 8.22: Mod-2π phase maps recorded for di�erent piezo voltages. It can be
seen that the phase of the piston is changed while increasing the voltage (from
left to right).

All measurements are averaged over three recordings. The error bars show the
standard deviation for the three phase values.

In �gure 8.23 we can see the phase change measured with the LCSI-instrument
for the two wavelengths. The phase increases linearly as expected. The SDL at
840nm gives, as expected, slightly better results (see error bars). The refractive
index of the adhesive is measured to 1.7± 0.1.

We will now quantify these results on the example of the SLD at 685nm. For the
given con�guration the calculated phase change using the model from chapter
5 is 21.4rad for a displacement of 685nm. Thus for the applied maximum
piezo displacement of 1.3µm we would expect a phase change of about 42rad.
However, the maximum measured phase change is 25.5rad. This corresponds to
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Figure 8.23: Phase change measured while increasing the piezo voltage from 0
to 10V, left: SLD at 685nm, right: SLD at 840nm

a displacement of 824nm.

Using these considerations the deformation values can be calculated. The results
for both wavelengths are shown in �gure 8.24. It can be seen that the results of
the measurements are in good agreement. The calculated deformation for the
piezo is larger.

A possible explanation of this phenomenon is the rigidness of the material. The
piezo is introducing a certain force for each voltage step. The force is not strong
enough to deform the adhesive to the theoretical value.

The measured phase change presented in this section is positive while it was
negative in chapter 5. This is due to the direction of the phase shifting algorithm.

Figure 8.24: Deformation measured while increasing the piezo voltage from 0
to 10V compared to the theoretical piezo deformation

We can conclude this section stating that it is possible to quantify the mea-
surement results by using the transmission line model introduced in chapter 5.
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The measurement results for the two wavelengths showed good agreement. The
deformation introduced by the piezo is presumably not as large as the theo-
retical value indicates. Furthermore this section showed the advantage of the
depth-resolved measurements provided by LCSI. The ESPI measurements were
not usable.

Adhesive with high Young's modulus

Finally the piezo measurements were carried out with Araldite 2014. Young's-
modulus for this adhesive is much higher than for the Bostik Silicon in the last
section. To compare the measurements with the section before the adhesive was
prepared with only 1/3 of the hardener.

The left image in �gure 8.25 shows typical phase maps measured for a piezo
voltage 5V (above) and 10V (below). It can be seen that the phase map for
a piezo voltage of 10V is more noisy than the one measured in the Bostik
adhesive. The right graph in the same �gure shows the measurement results
for an increasing piezo voltage from 0 to 10V. The di�erence compared to the
theoretical values of the piezo is larger than for the Bostik. However also here
the deformation is almost linear and the standard deviation of the individual
measurements is about in the same range as in the measurements from the last
section. Also these data are averaged over three measurements.

Figure 8.25: Measurement result for the displacement of the piezo in Araldite
2014 (SLD at 685nm) left: phase maps, upper image 5V, lower image 10V, right:
measured deformation while increasing the piezo voltage from 0 to 10V

Again the explanation of this phenomenon is the modulus of the material.
Araldite is not so deformable as the Bostik adhesive. Therefore the force in-
troduced by the piezo is not strong enough to deform the Araldite as much
as Bostik. In these measurements the theoretical displacement of the piezo is
reached.
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These measurements can be used to measure the sti�ness or even Young's mod-
ulus of the material. To con�rm this phenomenon a second investigation is
carried out. So far the sample was cured at 60◦ Celsius for about 30 min in a
climate chamber. Now we utilise curing for about 24 hours in room temperature.
The same measurement routine is applied.

Figure 8.26: Measurement result for the displacement of the piezo (piezo voltage
0 to 10V) in Araldite 2014 after curing procedure (upper blue line) and after 24
hours hardening at room temperature (lower green line)

Figure 8.26 shows the results. The measured deformation is even smaller but
still linear. For this measurement only two series are available. It indicates that
the adhesive is cured during these 24 hours and the rigidness increased. These
measurements could be used to investigate the curing process of the adhesive.
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Chapter 9

Conclusions

Low Coherence Speckle Interferometry (LCSI) combines depth-resolution pro-
vided in Low Coherence Interferometry and the phase-deformation measurement
from Electronic Speckle Pattern Interferometry. LCSI is particularly suited to
study the deformation of well de�ned interfaces in multi layer materials.

The work presented here investigates:

• the theoretical background of LCSI

• the modelling of the interference signal

• the theoretical and experimental optimisation of the setup parameters

• the application of LCSI for the detection of interfacial instabilities in ad-
hesive bonded joints

LCSI measurements are non-destructive, non-contact and fast. LCSI provides
full-�eld measurements, giving depth-resolved and accurate deformation mea-
surements in transparent and semi-transparent materials. LCSI is best suited
for microscopic measurements due to the necessity to position the whole mea-
surement volume within the coherence layer. Measurements on large objects
are possible, but assume a �atness of the interfaces better than the coherence
length, and high quality optical components.

An approach for calculating the intensity distribution of low coherent speckle
pattern generated by volume scattering objects is introduced. The theoretical
background of LCSI is investigated. The interference equation is derived from
ESPI.

A �exible dual wavelength open-path LCSI-setup is developed. The setup en-
ables both spatial and temporal phase-shifting. An open-path setup decreases
the loss in the interferometer compared to a �bre-based setup. Temporal phase
shifting increases the spatial resolution.
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The experimental set-up presented enables full-�eld OCT measurements. A
new algorithm for full-�eld OCT-measurements and a simpli�ed and partly au-
tomised sample alignment routine is introduced. Structures inside a material can
thus be identi�ed, and provide a-priory information for the LCSI-measurements.

A one-dimensional transmission line approach can be used to simulate the in-
terference signals and can help to interpret the phase changes obtained in the
measurements.

Theoretical and experimental investigations for the optimisation of the interfer-
ence contrast are introduced. The most e�cient way to increase the interference
contrast in LCSI is to increase the coherent object light. Thus the adoption of
the optical system in an LCSI instrument for the utilisation of the maximum
SLD power is crucial.

The optimisation parameters for an LCSI system can be speci�ed as:

• the application of an SLD with su�cient power

• the application of a camera with high dynamic range

• the reduction of the incoherent background by applying polarisers and
spatial �lters

• the utilisation of the whole dynamic range of the camera

• the optimisation of the beam ratio (in LCSI often close to r = 1, mainly
depending on the amount of coherent object light)

• the optimisation of the wavelength of the SLD due to the attenuation
properties of the object

• the optimisation of the position of the interface at the maximum of the
coherence layer during excitation

• the adaptation of the shape of the coherence layer to the interface

Optimising these parameters increases the quality of the phase maps obtained
and the probing depth of an LCSI instrument signi�cantly. However the parame-
ters must be optimised for each material separately, since the object properties
(e.g. attenuation) in�uence the optimisation.

Also the maximum probing depth in semi-transparent materials must be inves-
tigated for every material separately. In the present work LCSI has been applied
to investigate a commercially available adhesive, which had a maximum probing
depth of approximately 500µm.

LCSI can detect interfacial instabilities caused by large inter-metallic particles
and contribute to the characterisation of the adhesion properties of adhesive
bonded joints. As a non-destructive technique LCSI makes it possible to evalu-
ate adhesive joints during hardening, ageing and under changing ambient con-
ditions.
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A new test method is developed. LCSI can be applied to the characterisation of
interfacial instabilities while introducing mechanical load at the adhesive joint
and therefore contribute to the evaluation and comparison of pre-treatment
methods.

The limitations for the application of LCSI for the current application are speci-
�ed by the material parameters. Large scattering or absorption coe�cients limit
the probing depth of the technique. Furthermore the suggested testing method
implies a certain Young's modulus, to excite the sample su�ciently.

Future work

The setup suggested can be further developed. The largest potential for an im-
provement of the interference signal is the application of a camera with a larger
dynamic range. Especially the application of CMOS-cameras can contribute in
this manner. Also higher spatial resolution is demanded.

The availability of SLDs is today limited. LCSI demands SLDs providing higher
power, centre wavelengths in a larger range of the spectrum, and di�erent
FWHM of the source spectrum. Su�cient light intensity is essential for the
improvement of the quality of the measurement results. Di�erent FWHM of
the source spectrum enables the adoption of the thickness of the coherence layer
to the expected amount of deformation. By knowing the wavelength-dependent
attenuation properties of the material the most suited SLD can be selected.

The optical system of the interferometer should be improved. For this purpose a
zoom objective with di�erent magni�cation can be applied. The system Optem
Zoom 100 was tested in this work giving promising results. The challenge using
such a complicated system is the adjustment of the reference beam for obtaining
maximum interference contrast.

In OCT focus tracking is used to increase the interference contrast and the
spatial resolution. For LSCI-systems providing a higher magni�cation focus
tracing would be as necessary as the already introduced coherence layer tracking.
The introduced manual coherence layer tracing is not su�cient for a e�ective and
high accuracy application of the LCSI instrument and has to become automated.

Polarisation is another important parameter and has to be investigated. The
polymer materials applied here are birefringent. The state of polarisation can
be changed during transmission through the material. A 'polarisation state
tracking' can help to maintain maximum interference contrast.

The data model developed for the interference signal is only valid for one di-
mension and does not consider the spatial occurrence of speckles. The model
should be extended for three dimensions. A simple approach for this problem
could be to calculate the complex �eld at the surface of the sample after the
re�ection from the object-internal multi layer structure. By superposing the
complex �elds of several modelled object structures the occurring speckle �eld
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in the free space around the sample can be modelled. For a more sophisticated
approach also light scattered inside the material has to be considered.

The main problem of the investigation of interfaces close to the maximum prob-
ing depth is the identi�cation of the interface. By combining the instrument
with an OCT-point measurement with a larger dynamic range, the probing
depth could possibly be increased. In addition the application of a camera with
a larger dynamic range, an SLD with higher output power and a more opti-
mised wavelength can signi�cantly contribute to a further improvement of the
technique.

The most important improvement of the measurement concept would be of
the applied mechanical stress. The application of a mechanical testing machine
enables the quanti�cation and increasing of the mechanical load.

Also the sample con�guration can be improved. The glass plate on top of the
sample broke when introducing to large mechanical load. It should be replaced
by quartz glass. The dimensions of the sample can be changed to increase the
measurement e�ect. A thicker adhesive layer or smaller diameter of the glued
area can contribute here.

Another interesting approach for the detection of interfacial instabilities can be
the detection of the opposite polarisation direction than provided by the illu-
mination. This can give information about birefringence e�ects in the material.
Furthermore the birefringence e�ects might be stronger or weaker at the defect
areas and reveal their location.

Also depth-resolved vibration measurements can reveal interfacial instabilities.
For this purpose the time-average algorithms of ESPI can be applied in an LCSI
instrument.

LCSI can be used to measure 3D-stress �elds inside an adhesive layer. By
recording the phase of the re�ected light from di�erent depths or ever continu-
ously, before and after excitation, three-dimensional stress information can be
obtained. This requires a high-accurate translation stage or an wide-range piezo
actuator. This approach can also be used to verify the measurement results of
LCSI since transmission phase changes outside the adhesive layer can disturb
the measurements.
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Appendix A

Sample alignment

An accurate alignment of the sample is essential for the quality of the phase
measurements applied in LCSI. The alignment algorithm should be fast and
therefore as automised as possible. In this section measurement results for the
alignment of the sample are presented.

Figure A.1 shows the e�ect of the �lter algorithm introduced in chapter 3.2.1.
The image appears dark if the sample is positioned outside the coherence layer
(image a)). A vertical tilt of the object in relation to the orientation of the
coherence layer is shown in image b). If the sample is perfectly aligned the
image appears bright (image c)).

Figure A.1: Video images after applying the �lter algorithm for recordings with
the object positioned a) outside b) partly inside and c)perfectly aligned inside
the coherence layer.

The automation of the search process can be realised by simply registering the
average intensity of all pixels in a single video frame. The �lter algorithm can be
implemented in the image processing software. However in the setups described
the video signal is analogue �ltered in a PC-external �lter unit. Thus the �ltered
images can be shown in real-time on the PC screen or a video monitor.

The adjustment of the object and the translation stage is carried out in four
steps:
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1. visual adjustment of the sample and the translation stage according to the
expected position of the coherence layer.

2. detection of the position of the surface and the interfaces of the sample by
translating the reference mirror and detecting the interference amplitude.

3. �ne adjustment of the interface under investigation inside and parallel to
the coherence layer

4. �ne adjustment of maximum contrast by translating the reference mirror
to the maximum of the coherence function

In the following section it is shown how the described algorithm for the alignment
of the sample and the positioning of the translation stage is applied.

A.1 Visual adjustment of sample and translation

stage

The visual alignment of sample and translation stage can be carried out by mea-
suring the geometrical path length in the object- and reference arm. Considering
changes in the refractive index i.e. in glass or other materials along the opti-
cal path the position of the coherence layer can be adjusted within 1 cm. The
required shape and orientation of the sample is known from the investigations
above.

A.2 Detection of the position of surface and in-

terfaces

If the sample is roughly adjusted we can start the �ner adjustment. The left
images in �gure 10 show the video output from the high-pass algorithm during
an automated scanning of the reference mirror over 500 µm. Obviously, the
interface is not parallel to the coherence layer, because only a limited region
in each image is bright. The average intensity shown in the diagram increases,
depending on the mirror position.

The automation of the search process can be realised by register the medium
intensity of all pixels in a single video frame. The search algorithm can be
described with the following algorithm:

1. move the translation stage

2. wait 100ms, to ensure stable conditions

3. record a video frame

4. calculate the medium intensity over all pixels
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5. plot the medium intensity vs. the corresponding position in a diagram

6. start at 1.) until the stop position is reached

It is important that the reference mirror is neither moving or vibrating while
recording the video frame. Step 2 is included to ful�l this requirement. The
step length depends on the coherence length of the source. It is an advantage
if the object is slightly tilted in the beginning. That makes i possible to use
a larger step length and the search algorithm is less time consuming. For the
sources applied in this work a step length between 50µm and 100µm was used.

When the coherence layer passes through the interface a bright-fringe area moves
into the image. The width of this area indicates the amount of tilt of the sample,
because it shows the part of the object that is located within the coherence
layer. The wider the fringe the more parallel is the sample. Furthermore, the
orientation of the fringe indicates the direction of the sample tilt. This is shown
in �gure A.2.

Figure A.2: Zero path-length-di�erence detection using a high-pass �ltering
algorithm. Areas on the sample positioned within the coherence layer appear
brightly.

The same e�ect occurs when the reference mirror is scanned further. Interfaces
inside the sample will cause a second maximum as seen in �gure A.3. The
graph shows the scan through a step of a stair-case sample. The right maxi-
mum shows the position of the surface of the adhesive, while the left shows the
aluminium/adhesive interface. The re�ex from the interface has in this case a
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lower amplitude. This is caused by the lower light intensity coming back from
the interface compared to the light coming back from the surface of the adhesive.

Figure A.3: Depth scan at a step of a stair-case sample. The right maximum
shows the position of the surface of the adhesive, while the left shows the alu-
minium / adhesive interface

A.3 Parallel alignment of the sample

The third step of the algorithm is to adjust the interface under investigation
parallel to the coherence layer.

Figure A.4: Adjustment of the sample parallel to the coherence layer. The sam-
ple area positioned within the coherence layer (bright) is increased by iteratively
tilting the sample from image 1 to 4

Therefore the bright fringe is positioned at the centre of the image. By adjusting
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iteratively the micrometer screws on the positioning unit, the sample is placed
parallel to the coherence layer. The width of the fringe increases and �nally the
whole image appears bright. The right part of �gure A.4 shows this adjustment
process at di�erent stages improving from image 1 to 4.

A.4 Adjustment of maximum contrast

In the last step maximum contrast is adjusted by moving the translation stage
close to the maximum of the coherence function. Therefor the step length of the
translation stage can be decreased. A step length of 1-10 µm is recommended.
Figure A.5 shows the medium intensity values for a scan through the surface of
a parallel sample. Ideally now the whole image appears brighter the closer the
reference mirror gets to the position of zero-OPD. The medium intensity in the
image increases stronger than during the �rst scan (50 grey scale values) and
the FWHM appears smaller.

Figure A.5: Medium intensity plot after the parallel adjustment. Maximum
interference contrast can be obtained by positioning the reference mirror in the
maximum position.

The �ne adjustment to reach maximum contrast in the interference signal is
carried out by translating the reference mirror to maximum position of the
coherence function.

The sample is now positioned and the deformation measurements at the interface
under investigation can be carried out.
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