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Abstract

The aim of the work reported in this thesis is to develop a simple electronic
speckle pattern interferometry (ESP1) system by combining holographic optical element
technology with speckle interferometry. A holographic optical element is used in an
ESPI system instead of the lenses, mirrors, beam splitters and beam combiners which
are usually required in a conventional system. The final ESPI system consists only of a
single holographic element, laser and CCD camera. Many currently available systems
are complicated and consist of expensive optics that can be difficult to align. Even the
simplest require several conventional optical elements to manipulate the laser light and
provide the necessary object and reference beams. In this thesis holographic optical
element technology is combined with speckle interferometry in order to make a simple,
compact and low cost ESPI system. A compact ESPI system is built by incorporating a
single holographic optical element, which generates a speckled reference beam and

combines this with the object wavefront as it approaches the camera.

In addition, a dual interferometer was constructed with a facility to test an
object using both ESPI and holographic interferometry. In this way the advantages of
high quality interference fringes in holographic interferometry, speed and convenience
of ESPI can be exploited. Firstly, the use of a self developing holographic recording
material allowed live holographic interferometry to be carried out, and viewed with a
CCD camera. It was then shown that the recorded hologram could be used, with no
further adjustment, to provide a speckle reference beam to the camera, so that ESPI
could be performed in the same optical set up. The out of plane deformation of the
object was studied with the two techniques in one interferometer and results were

presented. The self developing acrylamide based photopolymer used was a holographic



recording material formulated and prepared at the Centre for Industrial & Engincering
Optics (IEO). Initially siiver halide emuisions (including the HP series silver halide
emulsions produced in the Central Laboratory for Optical Storage and Processing of
Information, Bulgarian Academy of Sciences, Sofia, Bulgaria) were used to fabricate
some of the holographic optical elements because they allowed the recording of
reflection format HOEs essential to the compact final ESPI system design. However, as
improved formulations of IEO’s own photopolymer became available, reflection

holographic optical elements were also recorded in the photopolymer.

Full field displacement maps of object deformations were obtained by
implementing phase shifting techniques using a laser diode in which the drive current

was modulated to produce a path length change by varying the wavelength.

The final compact ESPI system using a reflection holographic optical element
was also used to study vibration mode patterns. Amplitude and phase of the modes were

mapped using phase shifting techniques and the results are presented.

For the first time, reflection holographic optical elements recorded in acrylamide

based photopolymer material were used in a single optical element interferometer. This

system was also used to study the vibration mode pattern of the object.
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Summary

In Chapter 1 the aim of the work is presented. An overview of different types of non-
destructive evaluation techniques is presented. Both non-optical and optical techniques
are described. Holographic interferometry (HI) and Electronic speckle pattern

interferometry (ESPI) are discussed along with other optical techniques.

Chapter 2 introduces the basics of holography. In-line and off-axis holography are
explained. Factors which affect the quality of the hologram are also discussed in detail.

Types of holograms and their recording are explained.

Chapter 3 gives a comprehensive description of the different recording materials
available for holographic applications. Photopolymer material holographic
characteristics and physical properties are discussed because of this material’s frequent
use in the HI and Holographic Optical Element fabrication in the work reported here.
Photochemical reactions which take place during hologram formation in the

photopolymer are described.

Chapter 4 explains different types of interferometers. The interferometers described in
this chapter are standard and well-known but are limited in use because they are limited

to objects with optical quality surfaces and simple shapes.

In Chapter 5 holographic interferometry is introduced as a means of studying non-
optical quality surfaces. An out-of-plane sensitive system was constructed and used to

measure the radial strain of a thick poly vinyl chloride (PVC) pipe.



In Chapter 6 an ESPI system including a HOE recorded on photopolymer material is
presented as an alternative to the HI approach. The main advantage is the fact that a new
hologram is not needed each time a new set of measurements is taken. The possibility of
using the same optical system for ESPI and HI is demonstrated. The PVC pipe which
was tested using HI was again tested using the HOE based ESPI system. A phase
shifting HOE based ESPI system using a near infra red laser diode is also demonstrated

and results obtained from phase shifting are presented.

Chapter 7 describes the experimental work using reflection HOEs recorded in silver
halide emulsions. A much simpler ESPI system was built using a reflection HOE. The

system was used to measure the deformation of an object.

Chapter 8 explains the use of reflection HOEs recorded in photopolymer material.

Vibration mode patterns of loud speaker obtained using the ESPI system are presented.
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1. Introduction

1.1 Theme of work

The aim of the work reported in this thesis was to develop simple electronic
speckle pattern interferometers incorporating holographiq optical elements (HOEs). The
performance of the final system should be the same as that of conventional electronic
speckle pattern interferometers. A self developing photopolymer recording material
formulated and produced at the Centre for Industrial & Engineering Optics was
available for recording the HOEs. The self developing property makes it advantageous
to use the material in live fringe holographic interferometry as well and an additional
aim of this work was to exploit this in a dual system and compare the results.

The use of a reflection holographic optical element reduces the number of
components to a minimum, and therefore was an important aim of the work. Reflection
holograms were recorded first in silver halide and later in photopolymer. It was
important to be able to use the HOEs at visible and near infra red wavelengths in order
to facilitate quantitative analysis through the use of phase shifting. The project worked
towards the ultimate aim of a HOE based system with the minimum optical components
and a compact CCD camera, capable of providing quantitative results through digital
phase shifting techniques, by modulating the current of a compact near infra red laser.

In this thesis two optical Non-Destructive Evaluation (NDE) techniques,
holographic interferometry and ESPI are used.

NDE techniques deal with the inspection or testing of a material, component or
assembly. NDE techniques can be divided into two categories; non-optical and optical
techniques. Many of the non-optical techniques involve contact with the test specimen
during the test, whereas the optical techniques do not involve contact with the test
specimen.

11



1.2. Non-optical NDE techniques

The nomn-optical techniques are radiography, acoustic and magnetic techniques.
Radiographic techniques use x-ray, gamma ray and neutron and proton radiation for
testing. Acoustic techniques include ultrasonic testing and acoustic emission. Magnetic

techniques include eddy current, flux leakage and magnetic particle inspection.

1.2.1 Radiography

Radiography [1] is one of the oldest NDE techniques. X-rays, gamma rays arc
widely used in radiography. A schematic of a radiographic imaging technique is shown
in Figure 1.1.

Source (X ray, Gamma ray)

Defect

Specimen
N T A0

7 TR
cdin Image of defect
i St

Figure 1.1 Radiographic imaging

1.2.1.1 X-Radiography

X-rays are high energy electromagnetic radiation that lies beyond the ultraviolet
end of spectrum. Upon incident on a test specimen x-ray radiation is absorbed by the
specimen. A differential absorbance is created due to the discontinuities in the specimen
such as flaws and voids. A variation of the intensity distribution is created, which is
imaged onto a photographic film held on the other side of the test specimen. The latent

12



image is formed on the film. The developed image reveals the defects in the specimen.
Xeroradiography is an alternative technique in which the photographic film is replaced
by a selenium-coated aluminium plate which is electrically charged, under dark-room

conditions and placed in a light-tight cassette [2].

1.2.1.2 Gamma Radiography

Gamma ray radiographic technique is identical to x-ray radiography, except with
a difference in the use of the radiation source. Gamma rays are produced by a
radioactive source. Commonly used isotopes for gamma ray production are *°Co, *’Cs,
and "*’Ir. Gamma rays with energies ranging from 0.54 MeV to 1.33 MeV can be
produced, with corresponding penetration depths ranging from 13 to 230 mm in
materials such as lead. Gamma ray production does not require an electrical resource
and hence they can be well adapted for use in remote locations. It also has the advantage
that it is rapid when compared with x-radiography. Disadvantages of gamma

radiography include safety and heavy shielding requirements [3].

1.2.1.3 Neutron & Proton Radiography

Neutrons are used as the radiation source in neutron radiography. They are
produced by nuclear reactors as a part of the fission process or by nuclear generators
such as cyclotrons. The radiographic shadow image of the test specimen is produced in
a way similar to x-ray and gamma ray radiography. Materials such as oils, plastics and
heavy metals such as tungsten and lead, which are practically opaque to x-rays or
gamma rays, can be tested using neutron radiography. The major difference between x-
radiography and neutron radiography is that the attenuation coefficients for x-rays
increases approximately with increasing atomic number, whereas for neutrons the
attenuation coefficients vary randomly with atomic number. As a result of this feature it

is possible to detect the presence of low density materials [4]. Neutron radiography is a
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complimentary technique to x-radiography but not a rival [5, 6]. Radiography can also
be carried out using protons (monoenergetic positively charged fundamental particles).
Some sources of proton radiation include frequency-modulated cyclotrons and radio
isotopes sources such as 20po. The total amount of radiation to produce a proton
radiograph is less than that required to produce an X radiograph. Proton radiography has
higher resolution than x-radiography; this is due to the high signal to noise ratio offered
by the protons [7].

Radiographic techniques arec used to measure the thickness of a material ranging
from a few millimeters to centimeters. Objects with complex shapes can be tested. Real
time viewing of radiographic images is possible with a large number of viewing angles.
These techniques have some disadvantages: access to both sides of the test object is

always required and they are expensive to use and hazardous to health.

1.2.2 Acoustic techniques

Acoustic NDE techniques include Ultrasonic and Acoustic emission testing.

1.2.2.1 Ultrasonic testing

Ultrasonic technology [3, 8, 9] i1s widely used and more associated with NDE.
The applications of ultrasonic technology have received significant attention for
research and development. Ultrasonic waves are vibrational waves with frequencies
ranging from 100 kHz to 2 MHz. The waves are generated using a piezoelectric
transducer. The ultrasonic pulse generated from a transducer is coupled to the test object
either by a physical contact or through a column or layer of liquid. The waves travel
through the test object and are reflected, refracted or diffracted by the discontinuities or
interfaces. A separate receiving transducer is used to detect the echo signal coming from
the discontinuity. The size and position of the defect or discontinuity are estimated with

considerable accuracy by measuring the velocity of the returned signal and the elapsed
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time between the transmitted and received signals. The choice of ultrasonic frequency is
determined by the resolution required and the type of test specimen. Higher frequencies
enable a more detailed examination of the test object with greater resolution, but
scattering and attenuation effects will increase.

The advantages of using ultrasonic NDE techniques are: internal discontinuities
in opaque materials are visually presented, detailed information abo{lt the flaw size,
orientation and location within an object is obtained, operational costs are low and flaws
in metallic and non-metallic materials are detected. Internal thermal and stress patterns
can also be detected and imaged.

This technique has the following disadvantages: Flaw imaging equipment is
expensive and complex. Inspection of complex shapes is impractical. 360° access to the

test sample is not always possible.

1.2.2.2 Acoustic Emission

Many materials when subjected to stress will emit acoustic waves. Acoustic
wave emission (AE) is also called stress wave emission [10]. Stress waves are generated
due to the rapid release of energy from localized sources within the material. If the
material contains defects, cracks might occur at the heavily stressed spots. Analyzing
the emitted signal gives information about the defect in the test specimen. The signals
can be analyzed in various ways; spectral analysis of each pulse, counting the number of
pulses and rate of the emission of the pulses. The best example of AE is an earthquake,
which happens due to the generation of stress waves from the inner layers of the earth’s
crust. AE technique is a passive technique and it does not require an excitation signal
for detection. It is a method of detecting the occurrence of defect growth rather than
detecting for the presence of defects in a sample [11]. Typical areas of application of

AE techniques are: the process control industry, structural integrity assessments of
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engineering structures, detection of corrosion attack on metals [12] and leak testing of
the underground gas pipelines.

AE techniques have the following advantages: the signal emitted by a defect in
the material provides a path to the monitoring sensor and testing in hostile environments
is possible by means of remote monitoring. AE technique has the following
disadvantages: it will not measure the size of the defect or crack. Identification of the
signal when testing complex shapes is difficult due to multiple travel paths from the
source and quantitative analysis of the defect or crack has to be done by some other

NDE technique.

1.2.3 Magnetic methods

Magnetic methods of NDE include eddy current testing, magnetic flux leakage and

magnetic particle inspection.

1.2.3.1 Eddy current testing

If a coil carrying an alternating current is brought close to the surface of an
electrically conducting surface, an eddy current will be induced in the sp—e;imen [13].
The current generated is proportional to the electrical conductivity of the material. The
eddy currents flowing in the test specimen induce electromotive force (emf) in the coil.
The phase and amplitude of the induced emf are related to the characteristics of the test
specimen and to the presence or absence of defects in it. The defects are analyzed using
the phase and amplitude of the emf.

Typical applications of eddy current inspection are summarized below in Table 1.1
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Table 1.1 Applications of eddy current technique

Thickness Flaw detection Material property | Flow or
measurement determination position
measurement
Sheet metal » Foil, wire e Heat treatment | « Small motion
s Paints ¢  Tube testing evaluation e Flow of liquid
Thin insulation e Bolt hole | » Fire damage in pipe
® Rocket motor inspection estimation ¢ Liquid level
linings ®  Weld inspection | * Impurity content monitoring  in
determination tanks
¢ Hardness
measurement

The characteristics of the eddy current techniques make them the right choice for
many inspection tasks in NDE. There is no need for a mechanical contact with the test
specimen. Eddy current penetration depth, the inspection depth, is controlled by the
frequency of the energizing current. lts sensitivity is high for small discontinuities.

The drawbacks associated with eddy current testing are: testing is limited to
electrically conductive materials, material and instrumentation parameters affecting the
eddy current flow complicate the interpretation of the test results, increase of inspection

signal frequency decreases the penetration depth.

1.2.3.2 Magnetic flux leakage

If a magnetic field is applied to a ferromagnetic specimen, magnetic flux
develops permanently within the material. The presence of a defect on the surface of a
material distorts the magnetic field. Magnetic flux leakage [13] occurs around the
defect. The leakage field is measured by placing a detector near the surface of the test
object. The magnetic field can be applied to the material by the use of a permanent
magnet, or electro magnet, or by passing a large electric current through the specimen.
The limitations of the technique are that it is only applicable to test ferromagnetic

materials and testing of objects with irregular shapes is not possible.
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1.2.3.3 Magnetic particle inspection (MPI)

Magnetic particle inspection techniques are one of the oldest and most widely
used magnetic techniques in NDE [2]. If the surface of a magnetized specimen is
covered with very ﬁnt; iron powder, the iron particles are attracted towards the region
where the magnetic field emerging from the surface is strongest. The particles will build
up at the vicinity of a crack on the test surface. The particles are secen with the eye. It is
only possible to get information about the length of the crack but not the depth of the
crack; for this reason it is used only for rapid detection of cracks.

The limitations of the technique are that detection is limited to ferromagnetic

materials and only cracks located on the surface of a material are detected.

1.3 Optical techniques

Optical inspection techniques have a reputation for extreme precision, and they
generate the results pictorially. Most of the optical techniques used for NDE use the
phenomenon of interference. The experiments of Thomas Young [14] first illustrated
the phenomenon of interference and the wave nature of light. Interference is-defined as
the distribution of the intensity variation when two or more light waves emitted from
the same source are combined {14]. The resultant amplitude is the algebraic sum of the
amplitudes of the individual waves. The variation in intensity appears as a pattern of
bright and dark regions, called interference fringes. Michelson used this phenomenon
for optical measurements in the Michelson interferometer [14]. It is the most widely
known optical interferometer used for applications such as measurement of distance
with a precision of the order of the wavelength of light, measuring the wavelength of
spectral lines and measuring the optical thickness of transparent objects.

Optical techniques such as holographic interferometry, electronic speckle pattern

interferometry, electronic speckle shear interferometry, moiré techniques and
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photoelasticity are important techniques useful for non-destructive evaluation.
Holographic and electronic speckle pattern interferometry work using the phenomenon

of interference.

1.3.1 Holographic interferometry

Holography was invented by Gabor [15]. 1t is the technique of recording both
phase and amplitude of the light waves scattered from the object, on a photosensitive
medium. Recording the phase information of the object wavefront preserves the 3
dimensionality of the final image. The holographic recording on a photosensitive
medium is due to the interference between the light waves scattered from the object and
a reference wave. A schematic of hologram recording and reconstruction is shown in
Figure 1.2. Laser light is split into two beams using a beam splitter. One beam falls onto
the photosensitive medium and second beam falls on the object. The light waves
scattered from the object (object beam) are incident on the photosensitive medium.
Interference occurs between the object and reference beams at the photosensitive
medium. The photosensitive medium used to record holograms must have a high
resolution because it has to resolve the finely spaced interference fringes formed
between the object and reference waves. During reconstruction a developed hologram is
illuminated with the reference beam. The reference beam regenerates the object
wavefront through diffraction by the hologram. The reconstructed wavefront resembles
exactly the original object wavefront. Thus a 3 dimensional image of the object can be

seen.
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Figure 1.2 Hologram recording & reconstruction

Generating an exact replica of an object wavefront is a useful phenomenon in
non-destructive evaluation. This is used in holographic interferometry [16]. In
holographic interferometry two holograms of an object in its undisplaced and displaced
state are recorded. The composite record is called a holographic interferogram. When
the interferogram is illuminated with the reference beam, two object wavefronts are
reproduced and interfere with each other resulting in interference fringes whose

characteristics are determined by the displacement of the object.
1.3.2 Electronic speckle pattern interferometry

1.3.2.1 Speckle formation

Electronic speckle pattern interferometry (ESPI) is an optical measurement
technique [17]. It utilizes the speckle effect. When a rough surface is illuminated with
laser light, the speckle is formed interferometrically by the combination of light

amplitude vectors from a large number of scattering centers on the surface. The speckle
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effect is observed only when the surface roughness is of the order of, or greater than, the
wavelength of illuminating light. The speckle effect is not observed when the surface is
illuminated with normal white light source due to the lack of coherence. Objective and
subjective speckle are two types of speckle.
Objective speckle

When a rough surface is illuminated over an area of cross section D with a laser
light, a speckle pattern is observed on a screen S at a distance Z from the object (Figure

1.3).

Figure 1.3 Formation of objective speckle

An arbitrary point on the screen S receives light from all the points on the
scattering surface. The speckle pattern at a point P is the superposition of the light
amplitude vectors from all points on the scatter surface. From the Young’s double slit

experiment, [17] any two points separated by a distance “d™ will give rise to fringes
. d . 1 . .
with frequency f = = The fringes with highest spatial frequency will be formed by

the two edge points on the scatter surface, for those points spatial frequency fo.x is
given by [17]

d

S OO OO OO UPTUR 1.1
fuw =57
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The period of this fringe pattern is a measure of smallest objective speckle size
[18]. The size of the speckle is therefore given by the reciprocal of spatial frequency of
the fringe pattern given in equation 1.1 and which is given by

AZ

O S e eee et teeet e ir it heeee e tetthitar et e ——tsteaarteet ittt en s eeereann et raraeetintt e sennrieees 1.2
d

From the above equation it is clear that the size of the speckles observed in the
light scattered by a rough surface at a given distance from the surface increases, as the
area illuminated decreases. This type of speckle is called objective speckle because the
size of speckle depends only on size of the illuminated area and the distance at which
the speckles are detected.

Subjective speckle

When the speckle pattern is imaged onto the screen using a lens then the speckle
is called subjective speckle. The size of the subjective speckle calculation is similar to
that of the objective speckle, except that the cross section of the illuminated area is
replaced by the diameter of the imaging lens aperture to image the speckle onto the

screen (Figure 1.4).

Object Illumination

Figure 1.4 Subjective speckle

The size of the subjective speckle is given by [18]

A4
o= e 1.3
a
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where b = image distance, a = aperture size, A = wavelength of light source

The phenomenon of speckle was used in an ESPI system [19]. In ESP]1 a CCD
camera is used as the photosensitive medium. This eliminates the cumbersome
photographic processing required in holographic interferometry. This method of
acquiring data electronically allows the development of versatile systems useful for
industrial applications. The resolution of the CCD camera need not be very high
because it only has to resolve the speckles of the order of 5 to 10 pm in size. The
speckle size is controlled by adjusting the aperture of the camera lens. The advantages
of no chemical processing and therefore no requirement for repositioning accuracy
allow ESPl to surpass holographic interferometry. ESPI is also known as TV
holography, digital holography, and electronic holography. A schematic of an ESPI
system sensitive to out of plane displacement is shown in Figure 1.5.

The object is illuminated with laser light at angle & to the surface normal. The
speckled scattered light from the object surface is imaged with the CCD camera. In
smooth reference beam ESPI, to minimize the camera resolution requirement, the
reference beam is made to diverge from the centre of the aperture stop of _the camera
lens. Object and reference beams are superimposed at the focal plane of the CCD

camera.
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Figure 1.5 Out-of-plane sensitive ESPI system using a smooth reference beam.

Video signal subtraction or addition is used to produce the fringes in electronic
speckle pattern interferometry [20]. In video signal subtraction the speckle interference
between a reference beam and a beam from the object in its un-displaced position, is
stored electronically. The object is displaced and the new speckle interference video
signal detected by the camera is subtracted continuously from the stored interference
pattern. The resulting signal is high pass filtered, full wave rectified and displayed on
the computer monitor. In the addition method the speckle fields corresponding to the
object in two different states are added; the resultant signal is high pass filtered and
rectified as in the subtraction process. Video signal subtraction is the most widely used
technique in ESPIL.

Applications of ESPI technique include deformation and displacement
visualization, amplitude and phase measurement of the vibration modes of objects [21,

22, 23], contouring inspection of objects [24, 25], measurement of strain distributions
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[26], defect detection in materials [27, 28] and flaw detection in fibre composite

materials [29].

1.3.3 Electronic speckle pattern shearing interferometry

Electronic speckle pattern shearing interferometry [20, 30] is designed to
mcasure the spatial derivatives of surface displacements -of objects due to the
deformation. The principles of the technique are similar to electronic speckle pattern
interferometry, except that the two interfering speckle patterns originate from the same
object and are sheared with respect to each other. The shear between the interfering
beams is produced by a shearing device in the imaging system. The two sheared images
of the object are imaged using a CCD camera, which is connected to a computer with a
frame grabber. Shearography is less susceptible to environmental and mechanical
perturbations than ESPI because it is a near common-path system. The Michelson type
of shear interferometer is the most common set up. Figure 1.6 shows a schematic of an
electronic speckle pattern shearing interferometer.

The interferometer consists of two plane mirrors and a beam splitter in a
Michelson interferometer configuration. The object is illuminated using a collimated
beam of light making an angle & with the object surface normal. Light scattered by the
object surface is imaged with the CCD camera. A single image of the object is seen if
the two mirrors are exactly orthogonal to each other. A tilt of one of the mirrors in the
interferometer produces two sheared images of the object. The amount of shear can be
varied by the tilt angle. Each pixel on the CCD sensor receives light from two points on
the object surface; they combine and generate a speckle interference pattern. The
shearing of the speckle pattern makes the combined speckle pattern sensitive to the
phase change across it. The fringe pattern is obtained either by video signal subtraction

or addition, in a way similar to electronic speckle pattern interferometry. The intensity
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distribution of fringe pattern gives the derivative of the surface displacement. A shear in
the interferometer can be introduced by several other methods such as a glass wedge or
two inclined flat glass plates placed closed to the aperture of the imaging lens.

The shear interferometric technique is less sensitive to mechanical perturbations.
It is relatively insensitive to whole body motions and only sensitive to the differential

movements of the surface.

Mirror 1
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Figure 1.6 Electronic speckle pattern shearing interferometer

Applications of shearography include interfacial debonds detection in composite
structures [31], thermomechanical strain of electronic devices [32], crack detection [28]

and thermal deformations [33].

1.3.4 Moiré techniques

Moiré techniques are used for non destructive metrological measurements.
Moiré fringes are formed when two gratings of nearly the same period are in contact

with each other with a small angle between the grating lines. A fringe pattern of much
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lower frequency than the individual grating frequencies is formed. A moiré fringe
pattern can be formed by gratings of different types such as linear, circular, radial, and
circular zone plates.

The transmittance of a sinusoidal grating of constant frequency is given by

t{x, )= a+acos(2—”xJ .......................................................................................... 1.4
p

p is the grating period, 1/p = spatial frequency, a = amplitude transmittance of the
grating
A grating can be phase modulated and the transmittance of the grating given by

equation 1.4 can be rewritten by including the phase modulation function
t,(x,y}= a+acos(£t£} ......................................................................................... 1.5
p
p(x) = new spatial period
¢ = phase = 211{E + w(x)J
p

u(x)

y(x) = modulation function =——=, u(x} = object displacement
P

If two gratings are laid in contact the resulting transmittance t(x, y) is the

product of individual transmittances t, and t;.

t(x! Y) = tl'tZ

=a’[l+ cos_ﬂx +cos 2';1:(i +y(x))+ %cos 211:(25 +y(x))+ % cos2my(x)] 1.6
P P p

The first three terms in equation 1.6 represent the original gratings. The fourth
term is the second grating with double the frequency. The fifth term contains the
modulation function only and this represents the moiré fringe pattern.

A bright fringe will result whenever w(x)=n forn=20, 1,2

A dark fringe will result whenever w(x)=n +—;~ forn=0,1,2
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Shadow moiré

Shadow moiré and projection moiré are two well known techniques [34]. In
shadow moiré technique a reference grating is located close to the test surface and the
grating is illuminated obliquely. Fringes are formed due to the interaction of the

reference grating with its shadow. A schematic of the shadow moiré is shown in Figure

1.7.

[Mlumination Observation

Gratin

Figure 1.7 Schematic of shadow moiré

The grating is illuminated at an angle of incidence 8, and viewed at an angle g, .
A point Py on the grating is projected to a point P, onto the object. While viewing, the
point P, is projected onto P, on the grating. This projection is equivalent to a
displacement of the grating relative to its shadow. The displacement is given by
U =P, P)IANG, F1ANG,) oot 1.7

h(x, y) = height difference between the grating and a point P on the object surface

¢, = angle of incidence, @, = viewing angle

The phase modulation function is given by w(x) = h(x—’y)—(tan 8, +tanf,) ............. 1.8
P

28



where p is the grating period.

A bright fringe is observed whenever w(x) =n for n = 0,21,2

np
and A(x,y) =
(x5 (tang, +tanf,)
1
(n+ E)P
A dark fringe occurs where A(x, y) = ————5——— s 1.9

(tanf, +tan@,)

This technique can be employed to determine the absolute shape or to monitor
any changes in the shape of the diffusely reflecting surface. It is a relatively simple and
inexpensive technique.

Projection moiré

In projection moiré, fringes are projected on a test object surface by means of

interference between two plane waves. The fringe pattern can be produced using the

Michelson interferometer. A schematic of projection moiré is shown in Figure 1.8

I"U*Pl e | l _E,

Figure 1.8 Schematic of projection moiré

Two plane waves with an interbeam angle a are projected onto the x-y plane at
angle 8, to Z axis. Fringe spacing is given by
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= wavelength of light source, & = interbeam angle between two plane waves. S is
the surface to be contoured (Figure 1.8). A fringe originally placed at P; will be
displaced to point P, onto the surface S which is to be contoured. Displacement of the
fringe is given by
=h1an G, +1aAN 0, ) oo e 1.12
h = depth of the surface from the x-y plane
8, = angle of incidence, 6, = viewing angle
The phase modulation function is given by

#  h(tanf, +tanf,) h, .
w(x)=—= d/lcosB, 2 =E(smr91+cost91tan62) ....................................... 1.13

X

A bright fringe is observed whenever y(x) =n for n=0,£1,+2

h(x, y) = — B e e 1.14
(sin@, +cosd, tan g,)

1
(n+ E)d

and a dark fringe where h(x, y) = ————— 5 ———— 1.15

(sinf, +cosd, tand,)

Moiré techniques have the advantages of high sensitivity, high spatial resolution,
large dynamic range, a simple optical setup and no need to perform digital image

subtraction.
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1.3.5 Photoelasticity

Photoelasticity [35] is the oldest optical technique used in experimental stress
analysis. It is widely used in industrial applications where the problems of interest could
not be solved using other analytical methods. It provides the contours of stress
differences and the regions of high stress concentration visually. A stress state is applied
to a test object and the induced birefringence is studied to find the stress distribution
within the material. If a load is applied to the object it will stretch (strain) and there will
be a corresponding stress which is characterized by principal stress directions (one of
maximum stress and the other of minimum stress) and corresponding to these there will
be induced maximum and minimum refractive indices for light which is plane polarized
in these directions. A polariscope used for stress analysis consists of a light source, a
polarizer, and an analyzer. In addition to these, the device may also contain lenses, a
quarter-wave plate and a camera to record the fringe pattern. Plane polariscope is one
type used to analyze the stress state of the object. A schematic of the plane polariscope

is shown in Figure 1.9,

o, ‘P‘ o
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' X Recording plane

Figure 1.9 Plane polariscope
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0,,0, are the principal stress directions induced in the object. One of them (o)

is making an angle ¢ with the transmission axis of the polarizer. The transmission axis
of the polarizer is along the y direction. The light wave incident on the polarizer is

expressed as

E (2,6} = Ej, COS(@ = RZ) oottt 1.16

where k is the propagation vector.
Light incident on the test object is split into two orthogonal plane polanized

components with corresponding amplitudes £, cosa, £, sin a . Light waves at the exit

of the test object are given by

E\(z,0) = Ey, cosa cos[@tf —kz — k(1 )d] oo 1.17
Ey(z,0) = E,, sinacos[@f —kz — k(1,)d] oo, 1.18
where

n,= index of refraction along the principal stress direction o,
n, = index of refraction along the principal stress direction o,

Because of the different indices of refraction, two waves have a phase difference

between them. The phase difference is given by
2r 27C
¢5=(7)(n1—n2)d=7(0'] = O ) et 1.19

where d = thickness of the test object, C = a constant dependent on the material

In photoelasticity equation 1.19 is rewritten as

o, -0, = m;" where m = fringe — order =2£, S S e 1.20

A
T 77 C
This relationship is known as the stress-optics law [35].

The analyzer will resolve the stress components along and perpendicular to the

direction of transmission. The components along the direction of transmission pass
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through the analyzer and those whose which are perpendicular to the transmission
direction are blocked by the analyzer.

The net transmitted intensity through the analyzer is [35]

IzEgysin22asin2—g—=Io sinz?_asinz{LJ]fM} ........................................... 1.21

The intensity of the transmitted beam is governed by « and the phase difference.
Transmitted intensity will be zero when ¢ =0 ora = % and dark fringe will result.

These dark fringes will give the directions of principal stresses at any point on the

model and they are known as isoclinics.

When sing =0 then ¢ =2mz oro, -0, = mj;a

, thus the transmitted intensity is zero.

/

When o, —o,is an integral multiple of 7" The fringes represent the areas with

constant o, — o, and are referred as isochromatics.

1.4 Advantages of optical techniques

In recent years the use of optical inspection techniques has significantly
increased with the development of new light sources, detectors, and electronic
processing techniques. Whole field and non-contact measurement ability of the optical
techniques make them unique and very useful for engineering and scientific
applications. The advances in electronics and computing industries provide fast and
reliable imaging and data processing systems. The results obtained using optical
techniques for measuring the deformation and amplitudé of vibration of the objects can
be checked using high performance computing techniques such as finite element

analysis.
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The limitation of optical interferometric techniques is that an extremely stable

environment is required. This requirement limits the use of such techniques in the

industrial environment.

This thesis is concerned with holographically recorded optical elements,

holographic interferometry and electronic speckle pattern interferometry and shows how

these can be very effectively combined. Holography is the subject of the next chapter.
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2. Holography

Introduction

Holography is a powerful imaging technique, which is different from
conventional photography. In photography a three dimensional scene is recorded on a
photographic plate or film using a combination of optical elements such as lenses and
mirrors. The light waves scattered from the object are recorded as a spatial variation of
intensity. Information about relative phases of light waves from different parts of the
object is not recorded in photography. This is the reason why a photograph of a three
dimensional scene only appears as a two dimensional scene. Recording complete
information of an object is possible with the unique optical technology known as
holography. The invention of holography was a revolution in optical engineering.
Recording the amplitude and the phase of the object makes the hologram different from
a conventional photograph. The phase information is recorded by interfering two light
waves derived from the same coherent source. The interference pattern between the
light waves scattered from an object (object beam}) and a reference beam is recorded on
a photosensitive medium. Retrieval of the image from the hologram is known as
reconstruction. During reconstruction the hologram is illuminated with a reference beam
which is diffracted by the hologram. The diffracted wavefront is an exact replica of the
original object wavefront so that a true three dimensional image of the object is

reproduced.

2.1 Gabor Holography

The invention of holography is related to Bragg's work on x-ray crystallography.
The work done by Bragg on x-ray crystallography led to the development of the x-ray

microscope [1, 2]. Gabor made use of the governing principle of Bragg’s x-ray
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microscope and invented holography while he was trying to overcome the fundamental
and practical limitations of microscopy [3]. In Gabor holography the scattered field
from a transparency containing very fine opaque lines is recorded on a photosensitive
medium using a monochromatic light (filtered mercury arc lamp). The Fresnel
diffraction pattern of the object transparency is recorded. The complex amplitude of the
diffraction pattern is the sum of two light beams, a directly transmitted beam and a
scattered beam, which contains the information about the object. During the
reconstruction stage, the hologram is illuminated with a reference beam. Incident light is
diffracted by the hologram and produces two orders of diffraction. One order
corresponding to the scattered light waves from the object forms a virtual image of the
object whilst the second order corresponds to the object wavefront with the same
amplitude but opposite phase (conjugate image). A schematic of Gabor hologram
recording and reconstruction is shown in Figure 2.1. Superposition of the real and
conjugale images on each other is a major limitation of Gabor holograms [4], because it
is not possible to view them separately. In addition the holographic images are of poor

quality; this is due to the limited coherence length of the light source.
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Figure 2.1 Gabor (in-line) hologram recording and reconstruction

2.2 Off-axis holography

The twin image problem associated with Gabor holograms is eliminated by
using an off-axis reference beam. Leith & Upatnicks made use of an off-axis reference
beam soon after the invention of the laser [5, 6, 7, 8]. Instead of recording a hologram
with a reference beam collinear with the object beam, a hologram is recorded with
object and reference beams making an angle with each other. Figure 2.2 shows a
schematic of the geometry used to record and reconstruct an off-axis hologram. Object
and reference beams fall on the photosensitive medium making an angle # with each
other. During the reconstruction stage, virtual and real images (orthoscopic and
pseudoscopic) are angularly separated from each other. Both the images are removed

from the region of the directly transmitted un-diffracted beam.
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Figure 2.2 Off-axis hologram recording and reconstruction
This method of recording a hologram eliminates the problem of separating the

virtual and real images which occur in Gabor holography.

2.3 Resolution of the recording medium

Unlike in photography, the recording medium used in holography must have

high resolution. The recording medium has to resolve the finely spaced interference
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fringes in the case of off-axis holography. When two plane waves with an inter beam
angle 26 intersect on the recording medium, the fringe spacing is given by the equation
A= A (2SIt st ae e e ane 2.1
€ = inter beam angle, A = wavelength of light source

Suppose two beams with an inter beam angle of 60 degree are incident on the
recording medium (Figure 2.3) when using a laser at 532 nm the fringe spacing is 0.532
um. This shows that the recording medium must have a resolution of at least 2000 lines

/fmm.

Plane wave 2
Plane wave 1

Figure 2.3 Interference fringes produced by overlap of two plane wavefronts

2.4 Factors affecting the quality of hologram

The following are important parameters, which have direct influence on the
production of high quality holograms; (1) Coherence property of light (2) Polarization

state of the interfering beams (3) Fringe contrast (4) Vibration isolation
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2.4.1 Coherence of light

Coherent radiation is described by two properties: spatial coherence and
temporal coherence {9]. Spatial coherence is defined as the degree to which a beam of
light appears to have originated from a single point in space. It is inversely proportional
to the apparent diameter of the light source. Temporal coherence is a measure of the
time period over which the waves in a beam of light maintain the same phase
relationship. Using temporal coherence, it is possible to calculate the distance over
which the photons in a beam of light will be in phase with each other; this is the
coherence length of the light source. For ordinary white light the coherence length is of
the order of micrometers and for a filtered mercury arc lamp it is a few millimetres. The
coherence length for a laser ranges from centimetres to meters depending on the type of

laser.

The coherence length of the light source is an important parameter for recording
and reconstructing the hologram. The spread of frequencies in a beam of light is called
the bandwidth. Temporal coherence of a light source is inversely proportional to the
bandwidth of the light source. A light source emitting a single frequency possesses
infinite coherence length. Holography requires a light source having a long coherence
length. The longer the coherence length, the more freedom one has in setting up the
hologram recording geometry. In making holograms of objects with complex shapes, it
is essential to have a light source with long coherence length because the light travels
different distances in the object beam depending on the depths of different parts of the
object. To make holograms of such objects the light source requires a coherence length
of the order of centimetres or greater. A hologram can be recorded only if the path

difference between the object and reference beams in the recording setup is less than the

coherence length of the laser.

43



2.4.2 Polarization state

Hologram formation on a photosensitive medium is due to the interference
fringes formed by the constructive and destructive interference between the object and
reference waves. It is possible to record a high quality hologram only if the angle
between the electric vectors of the two interfering beams is zero; if it is 90° two beams
will not interfere. Although the two interfering beams are derived from the same laser,
the polarization states of two beams might change due to the reflections from the
metallic and dielectric surfaces on their way before they combine at the photosensitive

medium.

The intensity distribution of the interference pattern formed at the hologram

recording plane is given by the expression

1
T=1+1,+2(111,)2 cos(@ =) oo 2.2

Where [, and /, are the intensities of the two interfering beams at the recording
plane with phases ¢, and ¢, respectively. The above expression is true only if the angle
between the two electric vectors is zero. If the two electric vectors make an angle of

with each other, the expression becomes
=141, + 211, COS(B, = 0, )COSW wooiromeieeeeeeeieriss s 2.3

The fringe visibility decreases if the angle between the two electric vectors
increases, and drops to zero if it reaches 90 degrees [10]. The holographic image quality
is degraded due to polarization changes of the illuminating beam after scattering by the
object. Change of polarization state of back scattered light from the object will decrease

the signal to noise ratio in the reconstructed image [11].
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2.4.3 Vibration Isolation

To record a hologram with high quality, the recording environment must be
completely free from air turbulence and mechanical disturbances. The requirement of a
vibration free environment has limited the use of holography to the laboratory
environment, because the recording equipment must be stable in position to within a
fraction of the wavelength of light used. Change in the phase difference between the
two recording beams will result in movement of the interference fringes at the recording
plane. Relative movement between the optical components in the recording setup must
be avoided as well as temperature gradients in the laboratory. A pulsed laser can be used
to minimize the effect of mechanical disturbances by ensuring that only movement of
much less than the wavelength of light are possible during the hologram recording. The
effect of object movement during recording can also be minimized by adopting an
optical system in which the reference beam can be derived from a mirror mounted on
the object itself. When exposure time is greater than the period of vibration of the
object, a time average fringe pattern would be recorded. Mounting the optics on a
stable, vibration isolation optical table reduces the mechanical disturbances—. Enclosing
the working area can minimize air currents and thermal drifts. By doing this the
refractive index of the air surrounding the object and reference beams can be maintained
constant and the phase fluctuations can be eliminated. Residual disturbances can be
eliminated by a feedback system in which a photodiode picks up any motion in the

interference fringes and a piezoelectric device controls the mirror in the reference beam

path to restore the path difference between the two beams to its original state [14].

2.4.4 Fringe contrast
Fringe contrast is an important factor in producing the high quality holographic

images. It depends on the ratio of the reference beam intensity to that of an object beam.
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Maximum fringe contrast is obtained with the object and reference beams of equal
intensities. Usually the intensity of the reference beam is much higher than the intensity
of the object beam. Intensities of the two beams are adjusted by choosing a beam splitter
with appropriate reflectance-to-transmittance ratio. The ratio of beam intensities is
varied by inserting neutral density filters in one or other of the beams. Object beam
intensity can also be increased by changing the reflective properties of the object surface
by applying reflective coatings. The ratio of the beam intensities can also be controlled
by using polarizing optics. Two half-wave plates and a polarising beam splitter are used

in the experimental setup as shown in Figure 2.4,

Laser light |'| l'l
+ =“ . } “ .
HW 2
HW 1 PBS

Figure 2.4 Polarizing optics for controlling beam ratio

The first half-wave plate (HW1) is used to control the relative intensities of the
two beams coming through the polarizing beam splitter (PBS). Reflected light from the
PBS is horizontally polarized. The vertical polarization state of the transmitted beam is
changed to horizontal polarization by rotating HW?2 around its optical axis. By choosing

the appropriate rotation angle of HW 1 it is possible to obtain a beam ratio of 1:1.

2.5 Hologram formation

Hologram formation on a photosensitive layer is due to the interference between
the object beam and reference beam. The developed hologram, when illuminated with

the reference beam of light, diffracts light in a way such that the object wavefront can be
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reproduced. The complex amplitudes of the object and reference waves at the recording

plane are given by

Object wave Uy (x, ¥) = Ag(%, )¢ ™5 i 2.4
Reference wave U, (X, y) = A %7 ittt 2.5
where 4,,¢,are amplitude and phase of the object wave and 4,,¢, are amplitude and
phase of the reference wave.

‘The intensity distribution of interference pattern at the film plane is given by
1(x,y) = (U, (%, ) + U (£, MIU, (x, ) + U (x, )]
= AL+ A2 AU U g U U oo sees e sss s ss s 2.6

* denotes the complex conjugate.

The photosensitive medium is exposed to the irradiance pattern described by the
above equation. The photosensitive medium changes its amplitude transmittance due to
the irradiance pattern. Variation of the amplitude transmittance is obtained using a plot
of the amplitude transmittance of the photosensitive medium vs exposure. For
simplicity, it is considered that the amplitude transmittance t (X, y) of the hologram is

proportional to I (x, y).
FOX, V) =ty F BIE oottt et 2.7

where tg is the constant background transmittance, t is the exposure time, fis a

constant determined by photographic material and the processing conditions.

b, Y)Y =1, + BHAD + A F U, FU L] ciioioeeeeeeeereseeeeeeveeseseevrsaessesmmnssssssessssreeee 2.8
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The reconstruction from the developed transparency can be seen when it is
replaced in the same position and illuminated with the reference beam whose complex

amplitude is Uy (x,y)

The complex amplitude transmitted by the hologram can be written as

R(x,) = Up (x, (e, 9) = U (1, 9){tg + il A7 + 47 +URU, + U U, 1}

= UL (%, 2)(t, + BtAR) + PtU L (x, WA + PLANU + PLANU o oo 29

The first term (U, (x,y)#, + BtA}) in the above equation is a uniformly
attenuated wave, which is the directly transmitted beam. The second term
(PtU  (x,y)4;) is extremely small in comparison with the other terms and can be
neglected because the object beam intensity is very small in comparison to the reference
beam. The third term (Bt4zU,) is similar to the original wavefront incident on the

photographic platc during recording; it gives rise to the reconstructed wavefront from

the hologram. The reconstructed wave appears to diverge from the hologram. It forms a
virtual image of the object behind the hologram. The fourth term ( AU 05 resembles
the third term but it contains the complex conjugate of the object wavefront. It is a real
image of the object with opposite wavefront curvature. It converges to form a real image

and the image appears in front of the hologram. Wavefront reconstruction is shown in

Figure 2.5.
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Figure 2.5 Hologram reconstruction showing virtual and real image formation

The hologram is illuminated with reference beam. The light is transmitted and
diffracted by the hologram. One beam (E F) converges to form a real image. The second
beam (C D) diverges and forms a virtual image. The third un-diffracted beam (A B)

contains no information about the object.

2.6 Different types of holograms

Depending on the geometry used for recording, holograms are classified as
transmission or reflection holograms. The principle of image formation is the same in
each case. Both object and reference beams arrive onto the photosensitive medium from
the same side in a transmission holography, whereas the beams arrive from opposite

sides of the photosensitive medium in reflection holography.

2.6.1 Transmission hologram

A schematic of the transmission hologram recording is shown in Figure 2.6. The
laser light is split into two beams using a beam splitter. One beam is directed to fall on
the object using mirror 1. The scattered light from the object is incident on the

photosensitive medium. The second beam is directed to incident on the photosensitive
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medium using mirror 2. The path lengths of the two beams are adjusted to be equal. The
two beams interfere on the photosensitive medium. After development, the hologram is

illuminated with the reference beam and the object wavefront is reproduced.

Beam splitter

Laser AN > ~N
Recording
medium

Objec
Mirror 2\ > !

Figure 2.6 Transmission hologram recording geometry

2.6.2 Reflection hologram
Reflection holograms [15] are recorded with a laser source and reconstructed
using a white light source. A schematic of reflection hologram recording geometry is

shown in Figure 2.7.

Recording
mediu

Laser Object

Figure 2.7 Reflection hologram recording geometry

Spatially filtered laser light falls on the photographic plate. The light is partially
transmitted through the recording medium and illuminates the object. Reflected light
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from the object falls on the recording medium from the opposite side. Thus, the two

beams of light travelling in opposite directions meet at the recording medium and

interfere and resulting in the object wavefront being recorded.

A reflection hologram reflects light only within a narrow band of wavelengths

during the reconstruction. The hologram selects the appropriate wavelength from a

white light source. When the hologram is illuminated with white light, it diffracts light

and the object wavefront is reconstructed at the Bragg angle corresponding to the

recording wavelength (Figure 2.8). The reconstruction angle is dependent on the

recording wavelength.
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Figure 2.8 Reflection hologram reconstruction geometry

2.6.3 Amplitude and phase holograms

Holograms can be classified as amplitude and phase holograms according to

how the photosensitive medium changes during the hologram recording.
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In an amplitude hologram, amplitude transmittance t(X, y) depends on the
recording intensity I(x, y). In a phase hologram the thickness or refractive index of the
hologram depends on the recording intensity.

Use of holograms as optical elements

Since holograms reconstruct recorded wavefronts they can be used in optical
systems in much the same way as conventional optical components. Indeed a single
holographic element can perform several functions at the same time. Other advantages
of using HOEs are their compact nature (a single flat plate) and their low cost.

In this chapter holography was discussed and the importance of high resolution
recording materials for off-axis holography was explained. In the next chapter a detailed
discussion about different types of holographic recording material including the
photopolymer recording material is given. Application of photopolymer material in

holography is of particular interest in this thesis.
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3. Recording materials

Intreduction

Hologram formation in a photosensitive medium is due to the interference
between the object and reference beams. A variety of recording materials are available
for holographic applications [1]. It is essential that the photosensitive medium has high
resolution because it has to resolve the finely spaced interference fringes. In addition to
this requirement, the material should also possess the following: spectral sensitivity well
matched to the wavelengths of lasers available, linear transfer characteristic (a typical
transmittance versus exposure curve also known as H&D curve of a photographic plate
is shown in Figure 3.1) and low noise. The H&D curve 1s used to characterize a
photographic emulsion. Apart from the conventional recording materials, self-
processing materials such as photopolymers are available for holographic applications.
Photopolymer materials are easy to prepare and are less expensive than the conventional

recording materials such as silver halide emulsions.

3.1 Silver halide emulsions

Silver halide emulsions [2] are the most widely used and well-known
commercially available photosensitive materials. They are important materials for
holography in respect to its numerous scientific and artistic applications. These
materials have advantages of high sensitivity, range of spectral sensitivities matched to
different wavelengths, good shelf life and good stability of holograms after processing.
Exposure characteristics of the photographic emulsions are known from the Hurter and
Driffield (H&D) curve (Figure 3.1), which gives the variation in the density of

developed emulsion as a function of the logarithm of the exposure energy. The slope of

54



the linear region of the curve is denoted by the symbol ¥ and different emulsions have

different values of /.

Shoulder

D
( log(Z/Io) )

Linear region

[=transmitted intensity
[,=incident intensity
E=intensity x time

log E
Figure 3.1 Typical H&D curve for photographic emulsion

The emulsion consists of micro crystals of silver halide (usually bromide)
dispersed in gelatin. Chemical development of the holographically recorded latent
image converts the silver halide grains to silver particles and results in an amplitude
hologram with low diffraction efficiency. Oxidizing the latent image with an
appropriate bleaching agent converts the silver particles to transparent silver salt grains,

resulting in a phase hologram with high diffraction efficiency [3].
Latent image formation

When light falls on the emulsion, silver halide particles absorb light energy and

release free silver atoms within the body of the sub-microscopic crystal.
hv+Br — Br+e

e +AgT — Ag
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A single silver atom is not stable enough but if a second electron is freed from a
halide ion and trapped by a second Ag” ion, a two-atom centre is formed and it is more
stable than a single silver atom. The process continues until a stable silver aggregate is

formed. The silver aggregate is known as the latent image.

The photographic film after exposure to light is developed to convert aggregate
of silver to a grain of silver metal. Unexposed silver halide is removed by fixing. The
fixation process decreases the thickness of the processed film and causes emulsion
shrinkage. A fixation-free process is used to reduce the emulsion shrinkage. Bleaching
is an alternative to the fixation process. Bleaching is done by either of the following two
techniques. In the first method the variations in optical density of hologram are
converted to thickness variations of the emulsion layer. In the second method variations

in optical density are converted to refractive index modulation.

The major drawback with silver halide is the requirement for wet processing.
This requirement makes the material not suitable for applications such as holographic

interferometry and data storage.

3.2 Dichromated Gelatin (DCG)

DCG is one of the promising materials available for recording phase holograms.
It has the large refractive index modulation capability, high-resolution (>10,000
lines/mm), low scattering and absorption. The optical quality of the emulsions is
superior when compared with silver halide emulsions because they do not have grains.
DCG films are suitable for making holographic optical elements because of moderate

exposure requirement and large refractive index modulation [4].

DCG film consists of a gelatin layer impregnated with ammonium dichromate.

Absorption of light of appropriate wavelength causes the reduction of chromium ion
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Cr*® to lower ionization state Cr*” The trivalent chromium ion forms a cross link with
gelatin. The cross-link hardens the gelatin layer and creates a hardness differential

between exposed and unexposed regions.

The processing of DCG consists of soaking in distilled water followed by a
series of rapid drying steps in progressively pure alcohol baths. The water soak swells
the gelatin by many times its original volume. The drying process produces strains,
causing voids to appear in the hardened regions, thus refractive index modulation is

produced.

The sensitivity of the DCG film can be extended to the red wavelength by
adding suitable dyes. Charge transfer absorption is the possible reason for the new
absorption band in the red part of the spectrum in DCG films. Methylene blue sensitized
DCG films are used to make holograms with red light [6, 7, 8, 9]. Methylene blue
sensitized DCG films with tetramethylguanidine (TMG) [10] as the electron donors
were also used to record holograms with red light. The high alkalinity of the material
allows the unexposed areas on the material to have increased life time (weeks rather
than days) at room temperature. Rhodamine 6G (R6(G) was used as the spectral
sensitizer instead of the conventional green-blue sensitizer ammonium dichromate [11].
R6G has a wide sensitivity within the blue-green region and high compatibility with red
sensitizer (MB). Erythrosin B dye was used to increase the sensitivity of DCG in the
green wavelength. Holograms with maximum efficiency of 80% were reported [12].
Despite the high diffraction efficiencies offered by DCG material, environmental
stability of the recorded holograms limit their use in commercial applications. To
protect against environmental perturbations materials such as polymethyl methacrylate,

polystyrene and polycarbonate can be used as protective coatings for DCG holograms
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[13]. A DCG film doped with non-hydroscopic vanilla was used as a holographic

recording material. This material has high humidity resistance [14].

Fine-grained silver halide emulsions processed as silver halide sensitized gelatin
(SHSG) are used as an alternative to DCG material to minimize the noise and scattering.
Slavich PFG-03C emulsions were used as SHSG material. It has an added advantage of

spectral sensitivity extended to red, green and in particular to blue laser wavelengths

[15].

3.3 Photo resists

Photo resists are light sensitive organic films, which can form a surface relief
image after exposure and development. Positive and negative photoresists are two types
of photoresists. The image formation is different in each type. In negative photoresists
the exposed areas are insoluble and the unexposed areas are dissolved away during
development. Long exposure times are required for negative resists. The reverse
happens in the case of positive photoresists, Exposed areas are washed away and
unexposed areas stick to the plate during the development. The positive photo resists are
most often used in holography because the bulk of the material is insoluble and only

exposed areas are washed away [17].

Shipley AZ-1350 positive photoresist is widely used for recording holographic
gratings [18]. It shows a non-linearity when developed with AZ-1350 developer. The
diffraction efficiency is limited by the material non-linearity. Higher diffraction
efficiency is achieved by developing with AZ-303 rather than AZ-1350 [19, 20]. The
choice of photoresist material for recording relief holograms is based on the trade-off
among sensitivity, resolution capability, ease of application and processing. Photoresist

materials are ideal recording media for embossing holograms [21].
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3.4 Photochromics

Hologram formation in photochromics is due to the refractive index modulation
associated with photo-induced change in absorption. Light generates free carriers in the
lattice; electrons are captured by the anion vacancies in the lattice or holes are captured
by the cation vacancies. The resulting combinations are known as colour centers and are
responsible for a characteristic colouring of the material if their absorption band lies in
the visible region [17]. The photochromic materials are grainless and have a resolution
of more than 2000 lines/mm. They do not require pre-processing or post-processing.
The holograms can be erased and the material used again. These materials only offer
low diffraction efficiencies. Photochromic glass has been investigated for possible
optical data storage applications [22]. Materials such as CaF; La, CaF; Ce, SrTiO; Fe-
Mo, SrTiOj, Ni-Mo are commonly used photochromic materials to record holograms
[23]. Fe-doped LiNbO; with incorporation of Mn is used for holographic storage.
Incorporation of Mn leads to photochromic behaviour involving photo reversible
conversion of Fe™ to Fe™ [24]. In recent years, there has been an increasing demand for

materials capable of high density optical storage and photochromic materials have been

successfully used for 3D optical memory applications [25, 26, 27].

3.5 Photothermoplastics

Photothermoplastic materials offer significant advantages over other materials
for holographic applications because of their relatively high sensitivity, high efficiency,
and record-erase capability. Photothermoplastic is made of a multilayer structure
consisting of glass substrate coated successively with a transparent electrode, an organic
photoconductor and a thermoplastic layer. The hologram recording sequence in a

thermoplastic is the following: charge, expose, recharge, and develop.
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Initially the film is sensitized in darkness by applying a spatially uniform electric charge
to the top surface. As a result, a uniform negative charge is induced on the conductive
coating. In the second step when the film is exposed to light, charge carriers are
produced wherever the photoconductor is exposed to light. In the next step, the surface
1s recharged again uniformly with a constant potential. Additional charges are deposited
in the areas wherever the exposure had resulted in migration of charge. The electric field
in these regions increases and a spatially varying pattern is produced. In the final step,
the thermoplastic is heated to a temperature near its softening point to develop the latent
image. This is done by passing an electric current around the conductive layer. The
thermoplastic layer undergoes local deformation as a result of varying electric field
across it. The layer becomes thicker in the exposed regions and thinner in the unexposed
regions. Once the film is cooled to room temperature the thickness variation is frozen

and the hologram is more stable.

The film is re-used by exposing it to light and heating the layer to a temperature
higher than that used for development. At this temperature the thickness variations of
the film are smoothed out and the previously stored charge distribution is erased

completely [17, 28]. A schematic of the steps involved for hologram formation in

thermoplastic materials is shown in Figure 3.2.
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Figure 3.2 Hologram formation in thermoplastic material

Commercial thermoplastic holographic cameras are available for the industrial
and laboratory applications. The holographic camera (TCC-2) from Tavex American Inc
has optimum resolution of 350-1000 lines /mm and spectral sensitivity from 400-800
nm [29]. The Newport Corporation HC-300 holographic camera [30] was used for

holographic applications. After 1997 they stopped producing the films.

Thermoplastic materials offer the following advantages: Low value of exposure
energy is required, high diffraction efficiencies, no repositioning problem at

reconstruction stage and they are re-writable.

3.6 Photorefractive crystals

Photo refractive crystals offer large holographic data storage capacity [31] close
to 10" bits/em®. The holographic image is formed in the crystals by the electro-optic
effect. Upon illumination, free electrons are generated within the crystal lattice. They
migrate and get trapped at defects when they pass into the area of low optical
illumination [32]. Migration of the electrons usually takes place through diffusion. An
electric field is generated due to the net space charge distribution. The spatially varying

electric field modulates the refractive index through the electro optic effect and creates a
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phase hologram. The information can be erasedv by exposing the crystal to a uniform
beam of illumination of appropriate wavelength. The most commonly used materials for
holographic applications are LiNbOj3, bismuth silicon oxide (BSO), bismuth germanium
oxide (BGQ), potassium tantalum niobate (KTN). Ba; NaNbsO,s is another material
which has electro optic coefficients comparable with that of LiNbO;. LiNbO; was the
first photorefractive crystal used to record holograms and it remains one of the most
versatile, potentially useful and widely investigated materials. Much of the
understanding of hologram formation in photorefractive crystals was developed by
working with LiNbQ;. The sensitivity of the crystal is increased by introducing a
dopant, which increases generation of free electrons. Coloration is produced by adding a
second dopant such as Cu or Mn. The coloration 1s due to the photochromic process.
Diffraction efficiency of doubly doped crystals is less compared with single dopant
crystals. Diffraction efficiency of such crystals is increased by doping with Fe and Mo
[1, 33]. Doping extends the absorption band for the crystal into the visible region.
LiNbO; crystal doped with Rh has a new absorption peak at 480nm. Diffraction
efficiency of almost 80% is reported in Rh doped LiNbQ; crystal with expo;ure energy

of 1W/cm? [34].

The advantages of the self developing ability and indefinite reusability of
photorefractive crystals makes them suitable for use in real time holographic
interferometry. Photorefractive Bi;;8i0z9 crystal was used in real time holographic
interferometry for contouring of a surface using phase shifting techniques [35]. A
compact holographic camera using photorefractive crystals was reported [36]. lron
doped LiNbQO; material was investigated for the holographic data storage applications

[37]. In recent years Gallium and Indium doped CdF; crystals were used for recording
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holograms. Permanent holographic memories are possible in these materials due to the

metastable defects close to room temperature [38, 39].

Table 3.1 shows the important holographic characteristics of different materials.

Table 3.1 Characteristics of different of holographic recording media

Silver | Do Photo relf)rgztfve Photo
halide Resist thermoplastic
crystals
Resolution ) 19 | >10000 |  Upto >1500 300-1000
I/mm 4000 V/'mm l/mm l/mm
I/mm
Exposure 1% 10
107t X 0.5x10™
: 0_30 to >107 10 to 10* > T (1)04
3 410" Jem? Jem? to 2
Jicm T/em? Jem
cm
Development Chemical | Chemical | Chemical Instant Hea(tirtlr:{atté?ent

3.7 Photopolymer recording material

Recording materials which don’t require chemical processing became popular in
recent years [40]. Photopolymerizable materials belong to this category. Despite having
shortcomings such as poor photosensitivity and low refractive index modulation
photopolymer holographic recording materials offer some attractive features such as
freedom from chemical processing, ease of preparation, convenience, durability and low
cost. Furthermore, these materials are grainless, producing an image free from
scattering. Photopolymer systems consist of a monomer, a photosensitive dye, initiator

and a binder.

3.7.1 Hologram recording mechanism

Volume phase hologram formation in a photopolymer recording medium is due to
the refractive index modulation created by the polymerization of a monomer.

Refractive index modulation can occur for the following reasons [40]:
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1. Change of the spatial arrangement of one or more components. In this case, the
molecular structure of at least one component of the reaction mixture undergoes
transformation upon light irradiation.

2. Change of the density of the sample at the microscopic level but not changing the
composition of the reaction mixture. In this case the modulation of the refractive
index is due to the migration of monomer molecules. During the initial exposure the
monomer molecules in bright fringe regions polymerize highly and become less
available. The concentration of monomer molecules is then higher in dark fringe
regions where they are not polymerized. The resulting monomer concentration
difference causes unreacted monomer molecules to migrate from dark fringe regions
to bright fringe regions. The process of monomer migration creates a spatial
distribution of refractive index modulation.

Formation of a volume hologram in a photopolymer material is a three step process

[41]

In the first step, the material is exposed to a non-uniform interference pattern of
light. The incident radiation polymerizes the monomer with the rate of pol§1nerization
depending on the exposure intensity. In the second step, variation of the amount of
polymerization causes monomer diffusion from the regions of high concentration (dark)
to lower concentration regions (bright). In the final step, after completion of the
diffusion process, the material is exposed to light of uniform intensity until the

remaining monomer is polymerized.

3.7.2 Photopolymers for holography

Photopolymer material was first used as a holographic recording material in
1969 by Close et al [42]. This system consists of a mixture of acrylamide, acrylate

monomer and methylene blue as the dye. Since then, a great deal of work has been done
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in developing new photopolymer systems for holographic applications. Calixto [43]
used the photopolymer system with acrylamide monomer, triethanolamine as electron
donor, methylene blue dye and polymer binder. Efficiencies were reported, which were

quite poor at 10% using exposure energy of 90 mlicm?

. An acrylamide based
photopolymer material was optimized for recording holograms at 514 nm green
wavelength by using xanthene dye by Martin [44]. Diffraction efficiencies greater than
80% were obtained with exposure energy of 80 mJ/cm?. Sensitivity of the photopolymer
material for recording holograms at 633 nm was improved by using a different cross
linker N, N-dihydroethylenebisacrylamide. Diffraction efficiencies of 70% at 1000
Vmm were achieved with exposure energy of 5 ml/cm® [45]. Acrylamide based
photopolymer containing cyanine dye that has a broad absorption peak at 784 nm was
used for hologram recording in the near infrared region. Diffraction efficiencies above
70% were reported [46].

Most of the photopolymer materials for holographic applications are limited to
the laboratory and are still in the development stage. Only a few photopolymer systems
are available for commercial applications. Photopolymers from DuPont, Pt—)laroid and
InPhase technologies are available for commercial use. DuPont has been developing
commercial photopolymer systems for holographic applications since 1970. The first
DuPont photopolymer material was based on acrylic monomer and a cellulose binder
with a photoinitiator system [47]. Diffraction efficiency of 40% with exposure energy of
50 mJ/em® was achieved. Post-exposure treatment was used to achieve high diffraction
efficiency [48].

Commercial Polaroid photopolymer systems are available for holographic
applications. DMP-128 Polaroid photopolymer was developed by Ingwall [49]. This
material requires pre-processing such as exposure to white light and immersion in

special developer/fixer bath and rinsing followed by drying. Photopolymer recording
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material is used in holographic data storage systems at InPhase technologies [50]. Using
InPhase’s Tapestry ™™ holographic recording medium, storage density of 15.50 Gbit/em®

on a sample of 1.5 mm thickness was demonstrated by multiplexing 3200 holograms

[51].

3.7.3 Acrylamide based photopolymer

An acrylamide based photopolymer material has been formulated and developed
at the Centre for Industrial & Engineering Optics [52]. It has been used in holographic
interferometry, for fabricating holographic optical elements and for holographic data
storage. The advantage of self processing ability makes it useful for holographic
interferometry. The material has been characterized for holographic applications [44,

52, 53].

3.7.3.1 Physical Properties

The physical properties of the photopolymer material are important factors to be
considered. For applications such as the fabrication of holographic optical elements,
despite the high diffraction efficiency offered by the material it ilas to be
environmentally stable so that the recorded hologram persists for a long time. The
optical quality of the layers is also an important physical property of the material. Good
quality layers can be obtained by different coating methods, spin coating, dip coating
and gravity settling. Dip coating produces layers with low thickness, which is not ideal
for most of the applications unless lower values of diffraction efficiencies are required.
Gravity settling is reported [52] as an ideal method to produce thicker layers. This

method was used to prepare the photopolymer layers.
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3.7.3.2 Environmental Stability

The acrylamide based photopolymer layer composition contains a water soluble
binder. Humidity has an effect on the rate at which the recorded hologram disappears
from the layer. The diffraction efficiency of the recorded gratings decreases with an
increased humidity. This is due to the decrease of refractive index modulation due to the
diffusion of the polymer chains through the more permeable binder. The addition of
cross linker to the monomer reduces the degradation of the diffraction efficiency [52]. It
forms cross linked polymer chains which can not easily diffuse into dark fringe regions.

A detailed study of the environmental effects is given in reference 52.

3.7.3.3 Recording Mechanism

The photopolymer recording material [53] consists of a monomer, binder,
initiator, and sensitizing dye. A hologram is formed in a photopolymer material due to
the refractive index modulation arising from several photochemical and photophysical
processes taking place in the photopolymer material.

When a dye molecule is exposed to light of suitable wavelength it is excited to a

higher energy singlet state.
Dye+ hv—'Dye’

The excited singlet state dye molecule can return to ground state by
radiationless transfer. This process is known as fluorescence quenching. The singlet
state dye molecule may undergo inter system crossing; this will lead to more stable and

long lived triplet excited state.

'Dye” = Dye + hv (Fluorescence)

'Dye” —*Dye’ (Intersystem crossing)
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The excited triplet state dye molecule reacts with an electron donor to form free

radicals.

Triethanolamine donates an electron to the triplet state dye leaving the dye

molecule with an unpaired electron having a negative charge.

*Dye’ + (HOCH,CH,),N .= Dye*” +(HOCH ,CH,),N"*

The triethanolamine becomes an uncharged free radical by losing a proton.
(HOCH,CH,);N" - (HOCH,CH,)NCH'CH,OH + H*

The triethanolamine radical produced in the above reaction is the initiating
species for the polymerization process. Hydrogen is extracted from the triethanolamine
radical to form dihydro dye and an unstable triethanolamine intermediate containing a

carbon-carbon double bond.

(HOCH ,CH,)NCH"CH,OH + H*(Dye)"” — (HOCH ,CH,)NCH = CHOH + H,(Dye)

The unstable product is rearranged
(HOCH,CH,),NCH = CHOH — (HOCH ,CH,),NCH,CHO

In brief, the excited triplet state of the dye abstracts two hydrogen atoms from

the triethanolamine molecule (TEA).
*Dye’ + TEA — H,(Dye)+TEA,,

The free radical triecthanolamine reacts with acrylamide monomer (ACR) and

thus free radical polymerization will be initiated.

TEA* + ACR > TEA — ACR' (initiation)
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The rate of growth of diffraction efficiency depends on several physical and
chemical factors. The main factor is the rate of polymerization, which in turn, depends
on the rates of initiation, propagation and termination. The three steps (initiation,
propagation and termination) depend on the concentration of the monomer and the
exposure intensity. The local concentration of the monomer also depends on the
diffusion of monomer from unpolymerized dark fringe regions to polymerized bright

fringe regions.

3.7.3.4 Holographic characteristics of the photopolymer material

Holographic characteristics of the material are sensitivity, resolution and
maximum achievable diffraction efficiency. These parameters have been studied in

detail [53].

Holographic sensitivity of a material is defined as the exposure energy required
to record a hologram with specific diffraction efficiency under fixed illumination
conditions. The material is said to be more sensitive than other materials if it requires
less exposure energy under fixed illumination conditions to produce the same
diffraction efficiency. In the current photopolymer material exposure density of 65
ml/em? is required to achieve a diffraction efficiency of 50% at 3000 I/mm spatial

frequency.

The reciprocity law states that the same exposure always leads to the same
diffraction efficiency regardless of incident intensity. For an ideal recording material
the reciprocity law holds good. There is a linear relationship between the gfating
growth rate and incident intensity up to an incident intensity of 30mW/em? for
photopolymer material and greater intensities produce non-linear holographic recording
[53]. A possible reason for this is the rate of polymerization and diffusion rates will not

increase indefinitely with an increasing supply of photons.
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The modulation transfer function of the material can be found by plotting the
diffraction efficiency against spatial frequency of the recorded interference pattern. For
an ideal material the diffraction efficiency has to be flat over a range of spatial
frequencies. For most materials this graph is flat up to certain cut off spatial frequency,
which is characteristic of the material. This photopolymer material has an optimum

spatial frequency response at 1500 I/mm.

Photopolymer recording materials are low cost, yield high diffraction
efficiencies and are easy to prepare but it is their self developing property that makes
them very suitable for use in holographic interferometry and the preparation of

holographic optical elements.

Holographic and electronic speckle pattern interferometry both depend on the
phenomenon of interference. A discussion about interference, fringe formation and

different types of classical interferometers is given in the next chapter.
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4. Interferometry

Introduction

Precise measurement with high accuracy is an essential and prime requirement
in metrology applications. Optical interferometers provide the measurements with high
accuracy, Measurement accuracy of the optical techniques is of the order of the
wavelength of light source. Since the wavelengths of laser sources used in
interferometry are precisely known and highly stable, the measurements obtained are
extremely precise and accurate. An interferometer can be considered as a measuring

ruler with the wavelength of light as the measuring scale.

4.1 Interference of light

Consider two beams of light described by

Al S @18 oot e bttt 4.1
where a,,¢ are amplitude and phase of the first wave and

Ay = @08 oo sttt 4.2
where a,,4, are the amplitude and phase of the second wave.

The resultant field created at the overlapping region is given by the summation
of the two individual wave fields [2].

The intensity distribution at the plane of summation is given by

! =|A|2 =|A1 +A2|2 = af +a§ +2a,a, cos(¢, — ¢,)

I =14y F 23 11y COSAG et e 4.3

where Ag = ¢, — ¢, and /|, 1, are the intensities of the two waves.
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The third term in equation 4.3 i1s an interference term 2m cosAg,
interference fringes are produced in accordance with the variation of the phase
difference Ag between the two waves,

The intensity 1s maximum when the two waves are in phase with each other:

A¢ =2nx for n=0,1,2..

The intensity is minimum when the two waves are out of phase with each other:
Ap=(2n+ D for n=012..

In a special case if the two waves are of equal intensity /, = I, = I, the intensity

distribution at the plane of interference is given by

[=21,[1+cosAp]=4I, cosz[%‘ﬂ ..................................................................... 44

The intensity varies between the maximum and minimum values of 0 and4/;.

The variation of intensity is observed as bright and dark fringes.

4.2 Types of interferometer

An interferometer is an optical instrument which uses the interference of light
and fringe patterns that result from optical path differences in a variety of ways to
measure length, surface irregularities and index of refraction.

Interferometers are classified by the number of interfering beams, either two
beam or multiple beam and the method used to split the beams.

Separate beam interferometers

In a separate beam interferometer incident light beam is divided into separate
beams. If the radiation from the source is passed through one of several apertures then
the interferometer is said to be a “division of wavefront™ type. If the division of the

beam is effected by a beam splitter the interferometer is said to be of the “division of
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amplitude” type. The Michelson interferometer is the oldest and best known division of

amplitude type of interferometer.

4.2.1 Michelson interferometer

Michelson interferometry [3] is a well known technique used for precise
distance measurement. A beam splitter divides and recombines the two light beams. A

schematic of the interferometer is shown in Figure 4.1.

/ Compensator

Incident light beam |
— = —
Beam splitter I

Detector

Figure 4.1 The Michelson interferometer

Light from an extended source is split by a partially reflecting beam splitter. The
two separated beams in the interferometer are reflected by the mirrors M; and M; and
they are recombined at the beam splitter to interfere with each other. A detector placed
in the path of the recombined beams detects the interference signal. The path length
difference in the interferometer is changed by moving one of the mirrors (M2). A

compensator plate is inserted in order to make the optical paths in glass traveled by two

78



beams to be the same. The intensity of the interference fringe pattern at the detector

plane is given by
4mx
I(X)y=2I1+ COS(T)] ........................................................................................... 4.5

where x is the distance moved by the mirror M2. 4 is the wavelength of light.

When the two mirrors are not making any angle with each other, the fringes
observed at the detector plane are concentric and of equal inclination. The fringes
represent contours of equal path length difference.

The Michelson interferometer is used to measure the wavelength difference
between two closely spaced spectral lines. The wavelength difference between two lmes
such as the components of the sodium D line is determined from their average wavelength

and the visibility of the fringes [4, 5]. Two sets of fringes are formed at the plane of
observation corresponding to two slightly different wavelengths (4,1') of the sodium

line. At certain positions of the mirror M2 fringes are sharp and at intermediate
positions the fringes are not sharp. These two states of the fringe pattern correspond to
fringe visibility maximum and minimum. The separation of the positions of the
maximum (or minimum) visibility determines the wavelength difference. The

wavelength difference is calculated using the formula

where d, represents a point where two sets of fringes form a maximum

visibility and mirror M1 is translated from maximum visibility to next maximum

visibility and this position is d, .
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4.2.2 Mach-Zehnder interferometer

The Mach-Zehnder interferometer [6] is a variation of Michelson interferometer.
It is used for comparing optical paths in two separated beams. The separation of the
beams is large compared to that in a Michelson interferometer. A schematic of the
Mach-Zehnder interferometer is shown Figure 4.2. An incident beam of parallel light is
divided into two beams (B, C) at BS. Each of the beams is totally reflected at M1, M2.
The two beams (D, E) are again made coincident by the beam combiner (BC).
Superposition of the two beams produces the interference fringes.

Because of its relatively large and freely accessible working space and the
flexibility of location of the fringes, the Mach-Zehnder interferometer is most suitable
for study of the density vanations in gas-flow patterns, heat transfer, and the
temperature distribution in plasmas. 1t is useful in aerodynamic research to study the
geometry of air flow around an object in a wind tunnel. A windowed test chamber is
placed in one arm of the interferometer, into which a steam line flow of air is
introduced. An identical empty chamber is placed in the other arm of the interferometer
to maintain the equal optical paths. The air-flow pattern is revealed by 7thc fringe

pattern.

Ml

D

B ﬂ\ A

/M2
A Beam splitter (BS!)

Figure 4.2 Mach-Zehnder interferometer
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4.2.3 Fizeau interferometer

The Fizeau interferometer is used for testing optical components. Interference
fringes of equal thickness are formed between two flat surfaces separated by an air gap
when illuminated with a collimated beam of light. Optical components are tested using
one flat reference surface in the interferometer. The irregularities on the test sample
create the path length difference and interference fringes formed are the contours of the

errors on the test surface. A schematic of the interferometer is shown in Figure 4.3.

Beam splitt .
Light source %{ \ >

Reference flat

Test surface
|

Detector

Figure 4.3 Fizeau interferometer

4.2.4 Fabry-Perot interferometer

The Fabry-Perot interferometer is used for precision wavelength measurement,
analysis of hyperfine spectral line structure and to determine the refractive index of
gases. The interferometer uses the multiple reflections between two reflecting surfaces
aligned precisely parallel. If the distance between the mirrors is fixed it is called a
Fabry-Perot etalon. The Fabry-perot etalon is also the basis of a laser resonant cavity.
The inner surfaces of the mirrors are coated to give high reflectance. An incident light
beam is partly transmitted by the first mirror and partly reflected at the second reflecting

surface. This process continues and a large number of rays are generated due to the
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multiple reflections within the cavity. A schematic of the interferometer is shown in
Figure 4.4. Interference is created between the multiple beams due to the multiple
reflections from the semi-silvered mirrors. The fringes formed in a Fabry-Perot
interferometer are sharp with high contrast compared with fringe patterns obtained with

Michelson interferometer |7, 8].

i f,®
4

S F——;“i'/ Fabry-perot etalon

Light source

Figure 4.4 Fabry Perot interferometer

4.3 Advantages of optical interferometers

Optical interferometers are used for precision measurements such as the length,
wavelength of light sources and profiles of a surface with precision of the order of
wavelength of light used, but they are only applicable to highly polished surfaces of
optical quality. There is a need for whole field techniques such as holographic
interferometry and electronic speckle pattern interferometry able to work with rough
surfaces with high precision and accuracy.

The interferometers described in this chapter are useful instruments for high
precision measurements using the wavelength of light as the scale of measurement,
however only high optical quality surfaces with simple shapes can only be tested. In the
next chapter the practical use of holographic interferometry is described. 1t is seen that

wavelength scale measurements can be made even on an optically rough surface using
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holographic interferometry. The self-processing ability of the photopolymer material

allows the use of live fringe technique in holographic interferometry.
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S. Holographic interferometry using photopolymer recording

material

Introduction

Holographic interferometry is a non-contact, whole field non-destructive
evaluation technique [1]. It is a valuable tool for measuring displacements of optically
rough materials and components under static and dynamic loading conditions with
sensitivity of the order of the wavelength of the light used. Unlike in the conventional
interferometers described in the previous chapter, in holographic interferometry one of
the wavefronts is generated from a hologram. Live fringe and double exposure
techniques are used in holographic interferometry. These techniques are described in
section 5.2. The main theme of this chapter is the use of photopolymer recording
material in holographic interferometry. The self processing ability of the photopolymer
recording material eliminates the chemical processing involved in using conventional

recording materials such as silver halide emulsions and dichromated gelatin.

3.1 Fringe formation

Holographic interference fringes are formed as a result of the interference
between the light wavefronts scattered from identical surfaces placed at slightly
different positions in space {2]. The wavefronts interfere on a common plane; the
fringes can be seen by an observer or they can be photographed.

Let y be the phase of light scattered from a given point on the undisplaced
object. y' is the phase of light scattered from the object in its displaced position. Both
wavefronts can be observed from the same point of observation in the viewing plane.

The phases of the two wavefronts are related by the equation
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w‘:w+[—2f][no—n_,]0d ...................................................................................... 5.1

d = displacement of object point.

ny,n, are unit vectors in the directions of illumination and viewing the object point.

The amplitude of light arriving at a point in the viewing plane before displacement can

be written as

fa .
Ul =8y €Y7 ittt s 52
p=l

where », = amplitude of light scattered by an individual scattering point in a resolution

element (assuming all points scatter the same amplitude).
w, = phase of light scattered by p™ point. The resolution element has n points.

Amplitude of light at the same point after the object displacement is given by

L] o
Uy =g 9,8 7™ tieinirmneascnsreesssseecsst e sttt esenen s 5.3
p=1

2
where ¢, = (—/:E)[n0 —-n]ed,

The resultant intensity at the plane of interference is given by [2]

1=(U, +U,)\U; +U;)

v, - WD) m L N e 5.4
=uy .y e g ey +2COS(I/IP + @, —wq)
P g

The value of I varies across the viewing plane. The mean value can be found by
separating the summation of equation (5.4) into terms with p = q, and terms with p # q.

The mean value of the intensity is given by
(1) = 2u§n(1+ cos¢p)+ CFOSSIEFIS ov.vvniiivrrieicnintira e nn st vss ittt easttn e 5.5

Equation 5.5 is averaged over many speckles, the cross terms cancel out during

the average process. The final intensity value is
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(1) = 2u2nll +cos ¢p) ................................................................................................. 5.6
Intensity is maximum when ¢p =2nx withn=0, 1, 2,
Intensity is minimum when ¢$p =(2n+ 1) withn=0, 1, 2,

The variation of intensity distribution between the maximum and minimum values

results in a bright and dark interference fringe pattern.

5.2 Different techniques of holographic interferometry

Double exposure, live fringe are two techniques used in holographic
interferometry. Time average holographic interferometry is a technique used to study

the vibration modes of object.

5.2.1 Double exposure technique

In this technique a hologram of test object is recorded twice on a photosensitive
medium [3]. The first hologram is recorded when the object is in an un-displaced
position. A second hologram is recorded on the same recording medium with the object
displaced from the initial position. Thus the hologram effectively contains the
wavefronts of the object in two different states. Upon reconstruction, the hologram
reproduces two wavefronts, one corresponding to an un-deformed position of the object
and the second corresponding to a deformed position of the object. The two wavefronts
superimpose and produce the interference fringes. The image of the test object is
covered with dark and bright fringes due to the object displacement. A schematic of the

technique is shown in Figure 5.1.
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Figure 5.1 Double exposure holographic interferometry

The object wavefront in two different states is given as U,,,U,,. The reference

wave U, and the two object wavefronts interfere on the photosensitive medium.

The intensity distribution recorded in the hologram is given by the equation
similar to the equation (2.6), except with two complex amplitude distributions of the

object wavefront.

12U +Us| +|Url + U WUo +U) + Up(Usy 4 Up) covvveresrevcvrerreessccrinenn 5.7

* denotes the complex conjugate of the function. When the hologram is
illuminated with the reference wave, the reconstructed wave contains the

term (U, +U ;)
U, 0 (U + Ugs ) creeevoieeieeeseeseeeeeieesseces st sssssssse st assss s 5.8

The complex amplitudes of the object wavefront in two states are expressed by

— I (x.p)
U, = Age
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and

Uy = Ag™® P ettt sttt 5.9
A small displacement causes the phase of the object wavefront to alter.¢,, and
¢,, are the phases due to the object in its un-displaced and displaced positions.

The intensity distribution of the reconstructed image is given by
2 2
L =1U)" o 204y {4+ cos(yy = By )} -oovvverenrencrecmmeccnmmermmeercsnsneccrensecensescsessesserssesenenns 5.10

(¢ , @ I) is the direct measure of the additional path length introduced due to

the object displacement.

A bright fringe is produced whenever the phase difference is 2n 7, with n=0, 1, 2

A dark fringe is produced whenever the phase difference is (2n+1) 7z, withn=0, 1, 2
Double exposure holographic technique has been used in many areas as a non-

destructive evaluation tool. Some of the application areas include the behaviour of the

human chest during free and forced inhalation [4], vibration study of engineering

structures and flaw detection [5] and detection of detached regions in ancient paintings

[6].

5.2.2 Live fringe or real time technique

In the live fringe technique [3] a hologram of an object is recorded, after
development the hologram is placed exactly in the same position where it was before.
The hologram has to be replaced in its original position with accuracy of the order of the
wavelength of light used in order to ensure that no fringes are produced due to phase
differences between the object wave and the reconstructed wave. Any fringes seen must
be due only to the displacement of the object. Usually the laser wavelength is around
0.5 um so the replacement accuracy required is difficult to achieve. The hologram is

illuminated with the reference beam; at the same time the object is also illuminated with
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the same beam as when the hologram was recorded. The reconstruction from the
hologram is thus superimposed on the object. The object is subjected to change and the
interference fringes are generated between the wavefront reconstruction from the
hologram and the new state of the object wavefront. The fringe pattern is seen by the
observer or recorded with a CCD camera, in real time. A schematic of the technique is

shown in Figure 5.2.

Displaced position

Un-displaced position Illumination

/ Hologram

Observer

e e . - ————— -

Reference beam

Figure 5.2 Live fringe holographic interferometry

This technique is advantageous compared with the double exposure technique
because there is no need to make a hologram of the object when it is subjected to a
change. The change in object is observed in real time. Dynamic and static motions are
measured using this technique.

The complex amplitude distribution of the reconstructed image is given by

equation 5.8
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Here U, is the complex amplitude of the object wavefront reconstructed from
the hologram when the object is at rest. U, is the complex amplitude of the wavefront

scattered from the object when it has undergone a change.

The intensity distribution of the reconstructed image is given by
I, o8 A {4 COS(By = B1)} rerverreremmeeccmreesreessss s stsssessssesse s 5.11

The equation 1s similar to equation (5.10) and bright and dark fringes appear as
stated for double exposure technique. The only difference between the two techniques is

the way the two object wavefronts are obtained.

5.2.3 Time average technique

In this technique the hologram of an object is recorded while it is subjected to
vibratory motion. The hologram recording time is long compared to one period of
vibration. An assembly of images corresponding to all positions of the object during its
vibration is recorded. Upon illuminating the hologram with the reconstruction beam,
interference takes place among the assembly of wavefronts. A fringe pattern
corresponding to the vibration of the object is formed [7].

The complex amplitude of an object vibrating with a frequency @ and
amplitude “a” is given by

U = Ag@ 87 5™ oottt st st s st 5.12

where k is the wave number.
The hologram is recorded for every position of the object when it is vibrating.
After taking time averaging and applying the Bessel integral the intensity distribution of

the reconstructed image is given by [8]

I oc]Aoiz.foz[i;Ea] .................................................................................................. 5.13
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The intensity distribution of the reconstructed image is a zero order Bessel
function with an argument containing amplitude of vibration “a”. The areas with
maximum brightness in the fringe pattern vibrate with zero amplitude and are also
known as nodes of vibratory motion. The areas vibrating with maximum amplitude are
known as anti nodes. With increased fringe number the intensity of the fringes decreases
as the square of the zero order Bessel function. Stetson and Powell used this technique
for vibration analysis of diffuse objects for the first time soon after the invention of off-
axis holography [9].

In vibration analysis the real time technique is very useful because it is essential
to record a series of holograms successively in order to achieve the right excitation,
frequency and the amplitude of the vibration modes. Real time technique reduces the
time and labour to record the hologram for each excitation frequency to find the

vibration mode of interest [7, 10].

5.3 Sensitivities

Holographic interference fringes are generated due to the phase shift caused by
the change of path length as a result of object displacement. The displacement of the
object is measured by analyzing the fringe pattern. The displacement can be resolved in
two directions; along the direction normal to the surface of the test object (out-of-plane)

and in the direction parallel to the object surface (in-plane).

5.3.1 Out-of-plane sensitivity

In an out-of-plane sensitive system the object surface is illuminated along the
surface normal and it is viewed along the surface normal through the hologram during
reconstruction. The fringe equation with this type of optical geometry is given by [11]

NAZ 2 i e s 5.14
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d = out-of-plane displacement, N = number of fringes counted (appearing or
disappearing) in the field of view, 4 = wavelength of laser light.

In reality it is impractical to meet the above condition because it is not possible
to illuminate and view the object along its surface normal. The object is viewed at an
angle & to the object surface normal (Figure 5.3). In this case the equation is modified
to read

NA = A4 COSO) orvvoooeoeneeeeeeeessseeeee oo s st ssesnes 5.15

& 1s angle between the illumination and observation directions.

Test surface

Observation Illuminaticn

Figure 5.3 Geometry of out-of-plane sensitivity

5.3.2 In-plane sensitivity

Holography is more sensitive to out-of-plane motion, because the object surface
is displaced more or less normal to the directions of observation and illumination. In in-
plane motion the component of the displacement is parallel to the object surface, or the
component of the displacement and surface normal are perpendicular to each other. A
schematic of the in-plane sensitivity is shown in Figure 5.4. In-plane motion of the

object can be measured by illumination and/or observation at an angle to the surface

normal [12].
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Figure 5.4 Geometry of in-plane sensitivity

The in-plane displacement, d; is calculated using the equation [11].

R A 5.16

‘" sina +sin 8

where a,f are the angles of illumination and observation with respect to the
surface normal.

N is the number of fringes counted in the field of view due to the object
displacement. It is assumed here that there is only in-plane displacement. In general the
configuration described is most suitable when the test object is flat. If the test specimen
is not flat, some parts of the object will be in shadow. To overcome this problem when
measuring in-plane displacement on non-flat objects the geometry of an in-plane
sensitive interferometer (Figure 5.4) has to be modified. The test surface is illuminated
at an angle from two sides to the surface normal (Figure 5.5). The fringes can be viewed
along the direction of the surface normal. The in-plane displacement is calculated by

modifying the equation 5.16 with @ = 8

2 a is the angle of separation between the two beams. The direction of maximal

sensitivity will be in the plane of the two illuminating beams and normal to the bisector.
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Figure 5.5 Modified geometry for measurement of in-plane sensitivity

5.4 Live fringe technique using photopolymer recording material

The repositioning problems which usually occur when using conventional
recording materials such as silver halide emulsions and dichromated gelatin are
completely eliminated by using this self-developing photopolymer. The fringes are scen
while a change is applied to the object. The advantages with live fringe technique using
self developing photopolymer over double exposure technique include: no delay
between recording and viewing the hologram, ability to measure under dynamic and
static loading conditions and no need to record a number of holograms.

An acrylamide based photopolymer formulated and developed at the Centre for
Industrial and Engineering Optics [13] was used as a recording material in holographic
interferometry. The holographic characteristics of the material are explained in chapter

3 (section 3.7.3.4).

5.4.1 Photopolymer material preparation

Photopolymer layers were prepared in the laboratory the day before conducting

the experiment. The layers have to be dried at least for 24 hours. The laboratory was
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equipped with facilities such as an accurate humidity controller, completely dark
environment and electronic balance. The humidity in the laboratory was maintained at
60 to 70% using a humidity controller. The layers were coated on clean glass plates
5 cmx5 cm. It is highly recommended to level the surface on which the glass plates
were placed because the layers were dried by gravity settling and any degree of tilt
produces layers with variable thickness. The polymer coated glass plates were placed on
a finely polished granite slab, which was accurately leveled to one millimeter over its
dimensions (120 cm x 50 cm).

Polyvinyl alcohol (PVA) was used as the binder. 17.5 ml of 10% PVA solution
was prepared and 2 ml of triethanolamine (electron donor) was added to the binder. The
dye solution was prepared by dissolving 0.11 grams of erythrosin B in 100 ml of water.
4 ml of dye solution, 0.6 gm of acrylamide and 0.2 gm of bisacrylamide were added to
the mixture of PVA and triethanolamine. The mixture was stirred well. 4 ml of the

solution was used to produce layers of approximately 180 pm.

5.4.2 Experimental measurement of radial strain measurement in a thick polyvinyl
chloride pipe using live fringe HI

The live fringe technique was used to characterize a thick walled polyvinyl
chloride pipe of inner and outer diameters, 31.2 cm and 37.2 cm respectively and 28.3
cm length. 1t was closed at both ends with steel rods bolted through flat steel plates and
vertically supported (Figure 5.6). A pump was attached to the top to pressurize the pipe.
The pressure gauge attached to the pump could read the pressure value up to 2 x 10°

N/m’. The experiment was carried out at a room temperature of 20° C.
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Figure 5.6 PVC pipe test object

As a result of applied pressure the pipe experiences strain. Using holographic
interferometry the strain was measured and its Young’s modulus of elasticity was
calculated.

Theory:

When a thick cylinder is subject to internal pressure (P), the tangential stress

(o ) at the outer surface is given by [14]

_ 2PR}

Lo e T wulE U OO OO SO O OO USRI OUPTOPN 5.18
" (R} -R))

R, and R; are intemal and external radii of the pipe respectively. P is the internal

pressure. A schematic of the top view of the pipe is shown in Figure 5.7.
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Figure 5.7 Top view of the pipe

The Young’s modulus of elasticity of the material is calculated using the

formula whose derivation is given in references 14, 15.

2 —
o R 5.19
(R2 —-R; )Et

v = Poisson’s ratio = 1/3, P= Pressure, €, = radial strain

When the pipe is pressurized internally it expands radially. It will have
maximum radial displacement normal to the surface, i.e. out-of-plane displacement.

The radial strain is the change in length per unit length in a direction radially
outward due to the applied change and it was calculated in the present situation using

the formula [15]

AR
RZ

£, T (FoE) ettt et bt 5.20

AR, is the change in outer radius of the cylinder due to the applied pressure. It was

calculated using equation (5.15).
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Experimental description

The experiment was conducted on a 3 m x 1.3 m Newport research tabletop
with pneumatic isolation on all four support legs, in order to minimize the transmission
of vibrations from the floor to the table. Newport magnetic stands were used to hold the
optical components in position. The laser (Coherent) with power output of 5 Watt CW
operating at 532 nm, operated with a water-cooling unit (Thermostat). The polarization
state of the laser light was vertical. The laser light was spatially filtered with a 20X
microscopic objective with a pinhole diameter of 20 um. The PVC pipe was placed in
the path of laser light and some of the light was made to fall on a mirror beside the pipe.
An area of 10 cm x 10 cm on the surface of the object was illuminated with the laser
light. The scattered light from the pipe and the light reflected from the mirror were
made to interfere at the recording plane where a polymer coated glass plate was placed

as shown in Figure 5.8.

Laser

CCD camera Mirror

Recording
medium

Figure 5.8 Experimental setup

The exposure time was controlled by an electronic shutter system (Uniblitz T132
timer and VS 25 shutter). Repeated recordings showed that the optimum exposure to

obtain interference fringes with good contrast was 20 mW/cm® with 45 seconds
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exposure time. The experiment was carried out when the laboratory environment was
free from outside disturbances such as mechanical disturbances. The holographically
reconstructed image of the pipe was seen with the naked eye by blocking the object with
black cloth. This exercise was required to make sure that a good quality hologram was
recorded. The pipe was then pressurized and fringes were generated by the interference
between the reconstructed wavefront of the object and wavefront from the object itself,
in real time. Circular fringes were seen at the centre of the hologram, expanding
outwards from the centre. A letter H was marked on the object surface with a permanent
marker pen. Holographic reconstruction of the object wavefront was easily observed by
finding the image of the letter H with the object covered with block cloth. Also the
position of the letter was used as reference point to count the number of holographic
interference fringes crossing through the point. The number of fringes passing through
the letter H (Figure 5.9) appearing in the field of view were counted. The fringes were
also captured with a CCD camera. An example of the live holographic out-of-plane
displacement fringe pattern for a pressure of 0.5 x 10° N/m?is shown in Figure 5.9. The
fringes are contours of constant optical path difference in the interferometer, created due
to the pressure change. The fringes grew outward from the centre of the field of view as

the cylinder expanded radially.

Figure 5.9 Out-of-plane displacement holographic interference fringes
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In an out-of-plane sensitive interferometer the observation direction should be
along the direction of illumination in an ideal situation but this is often not possible can
be seen from Figure 5.8. In the present interferometer the angle between the observation
and illumination directions was made as small as possible. The angle between the
directions of illumination and observation (measured by using the geometry shown in
Figures 5.3 & 5.9) was found to be 19°.

The pipe was inflated to different pressures in the range from 0to 2 x 10°
N/m®. The number of fringes appearing was counted for each increment of pressure.
Experimental results are shown in table 5.1. The radial strain value was calculated using
equation 5.20 for four different pressure increments. It was observed that the fringe
count was the same for equal increments of pressure. From this it can be concluded that
the radial strain is proportional to applied pressure and it was assumed that the

expansion of the pipe is linear over the range of pressure used.

Table 5.1 Results radial strain measurement

S| | pane e | a0 s
0.5 13.39 49 72.03
1.0 26.79 98 144.07
1.5 40.19 147 216.11
2.0 53.59 196 288.14

The Young’s modulus of elasticity of the material was calculated using equation
5.19. The value was found to be 2.74 GN/m?. This value is close to the value quoted by

the manufacturer which is 2.80-3.2 GN/m? [15].
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5.4.3 Error sources

The value of Young’s modulus of elasticity calculated using holographic
mterferometry does not fall within the range of values quoted by manufacturer. The
reason for this could be due to error in the angle between illumination and observation
{8) and error in counting the number of fringes (N).

Error due to angle between illumination and observation (& ):

Out-of-plane displacement was calculated using the expression

B m e 521
{1+ cosB)
Error in out-of-plane displacement due to the angle € in the above expression is

calculated by taking the partial derivative with respect to€.

% — NA(L+0080) 2(=sin0) =S o e 5.22

(1+cos0)*
Usually an error of + 0.5° would occur in measuring the angle.
Using the values 8 = 19°, 4 =0.532x 10, N =49, A8 = + 1/2 degree in equation 5.22
the error in out-of-plane displacement is found to be + 0.02um. The error due to angle

produces an uncertainty of = 0.1% error in the Young’s modulus of elasticity.

Error due to fringe counting (N):

The error due to the fringe count is calculated by taking the partial derivative of

equation 5.21 with respect to N

_612( A }AN .................................................................................................. 523
ON 1+cos®

Usually an error of + 0.5 would occur in the fringe number (N)
Using & = 19°, A = 0.532x 10°, AN = 0.5 in equation 5.23, error in out-of-plane
displacement is found to be = 0.14 um. The error due to fringe number produces an

uncertainty of £1% in the Young’s modulus of elasticity.
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The root mean square error is found to be 0.14 pm. So the uncertainty in fringe number

is the greater source of error.

5.5 Conclusions

The acrylamide based photopolymer formulated and produced in the Centre for
Industrial & Engineering Optics was successfully used in holographic interferometry.
The self processing capability of the recording material reduces the time required for
testing. Tedious chemical development procedures are completely eliminated. The
interference fringes were seen in real time while the change was applied to the object.
These advantages make the material useful in industrial applications. Although HI is a
useful non contact and whole field measurement technique, the measurement capability
of the technique is limited by the ability to resolve the interference fringes. In the
present experiment it was possible to count the fringes up to a pressure of 2x 10° N/m?
and after that the fringes were too close together and it was not posstble to count them.
This drawback can be overcome by using the alternative technique known as ESPIL. In
the next.chapter optical testing using ESPI is described. This technique has been in use
since for more than three decades. The advance presented in this thesis is the use of a
photopolymer HOEs to make the ESP] system simple and compact. The HOE is used as
the key element in an ESPI system. This is discussed in detail in the following chapters.
It will also be seen that in this type of optical system, both holographic interferometry

and ESPI techniques can be implemented at the same time.
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6. A simple ESPI system using holographic optiéal elements

Introduction

Holographic interferometry [1] is a useful tool developed for measurements on
optically rough surfaces. The advantages of holographic interferometry include: ability
to measure displacements with sensitivity of the order of the wavelength of light, whole
field measurement, and non-contact. Despite its advantages, the primary requirement for
vibration isolation confines its use to research laboratories only. Also the extensive,
tedious chemical processing and the requirement for high spatial frequency of the
recording medium to resolve the finely spaced fringes formed between object and
reference beams limits the application potential of holographic interferometry. ESPI [2]
is the chief competitor to holographic interferometry. In this chapter the modification of

ESP1 systems using HOES is described.

6.1 Electronic speckle pattern interferometry

Speckle interferometry is an alternative technique to overcome the
disadvantages associated with holographic interferometry [3, 4]. Displacements parallel
and perpendicular to the test surface are measured by utilizing the speckle effect.
Speckle was regarded as a noise in holography and later it was realized that it is
sensitive to movement; this effect is used to measure the surface displacement [5].
Speckle photography and speckle interferometry utilize the properties of speckle to
measure displacements. Speckle photography utilizes the positional changes of speckle,
whereas speckle interferometry is based on the irradiance change of the speckle [6]. The
image processing is done electronically and a CCD camera is used instead of a
photographic recording medium in electronic speckle pattern interferometry (ESPI) [7].

In the past 15 years, the application potential of ESPI has increased enormously due to
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the availability of high performance image processing and computing technologies. The
ESPI system consists of a CCD camera, computer with frame grabber, a laser and
optical elements such lenses, mirrors and beam splitters. Use of the camera instead of a
conventional photographic recording medium, makes it superior to holographic
interferometry. ESPI is also called TV holography or electronic holography.

The sensitivity of the camera is much higher when compared with holographic
recording media and shorter exposure times are enough to record the images. The
operational costs are low for electronic speckle pattern interferometry because it does
not require holographic recording plates and chemicals for development. It is easy to
operate the system because of lower positioning accuracies. The results are displayed on
the computer instantaneously with the availability of high performance computing
techniques [8]. At the same time, ESPI has some drawbacks: the spatial resolution of
the camera is much less than that of a holographic recording medium; the quality of the
images is poor compared with that of holographic interferometry. The initial setup cost
for ESPI is expensive because it requires a computer with a frame grabber and a CCD
camera, whereas in holographic interferometry initial system setup cost is cheap
because it does not require expensive computer hardware.

The advantages of speckle techniques over conventional film based techniques
include: ability to measure large deformations with in-plane and out-of-plane
sensitivity, ability to measure displacement derivatives. Displacements ranging from
0.25 to 100 pm for in-plane and 0.25 to 30 um for out-of-plane sensitivity can be
measured using speckle techniques [9]. ESPI is widely used to measure displacements,

strain, thermal and mechanical stress [10, 11, 12].
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6.1.1 Principle

When a test object is illuminated with a coherent light source, light is scattered
by the object surface (object beam). A reference beam is combined with object beam;
they produce a speckle interference pattern or specklegram upon superposition. The
specklegram is imaged with a CCD camera and transferred to a frame grabber on a
computer where it is saved in memory and displayed on a monitor [13]. When the
object under investigation is deformed, the phase of the specklegram changes as a result
of a change applied to the test object and a second specklegram is transferred to the
computer and subtracted from, or added to, the one previously stored. The resulting
interferogram on the monitor is a pattern of dark and bright fringes. The intensity
distribution of the interference pattern depends on the phase difference between the two
individual specklegrams. It is possible to grab the frames with the object in different
positions while undergoing deformation. In this way real time formation and the
progressive changes of the fringe pattern related to the deformation of the investigated

surface are observed.

6.1.2 Fringe formation

Formation of the fringes is explained by considering the intensity distribution in
the image plane, of the interfering object and reference wavefronts before and after
displacement.

The intensity distribution of the specklegram at the image plane with the object

in its un-displaced position is given by

Tondsptaced = 1+ Iy #2311, COSW) wevvvranecrieresiceneree e sists s 6.1

where  (x, y) is the phase difference between the object wavefront in its

undisplaced position and the reference wave, I; and I, are the intensities of the two

waves. The intensity distribution with the object in its displaced position is given by
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Lymaced = 1y + 1y + 211, COSQW + AB) et eceniseseesssssninsen 6.2

A¢ is the phase change introduced due to the object displacement.

The subtracted signal is given by

V.=411, sin(w + ézﬁ)sin(%é] ........................................................................... 6.3

This signal contains both positive and negative values. The negative signal is
displayed on the monitor as an area of blackness. To avoid loss of signal, the subtracted

signal is rectified before displaying on the monitor. Brightness on the monitor is given

by
1
2
B=4K|11, sinz(w ; M)sinz(éﬂ) .................................................................. 6.4
2 2
If the brightness is averaged along a line of constant Ag , it varies between Bpay
and B

The brightness will be maximum whenever the phase A¢g = (2n+ D)z . n=0,1, 2

B_,. =2K /1,1, ; this condition corresponds to a bright fringe.
The brightness is minimum whenever A¢ =2n7 n=0,1,2

B, = 0when A¢ = 2nr , this condition corresponds to a dark fringe.

6.2 Configurations

6.2.1 Out-of-plane sensitivity

ESPI can be used to measure the component of the displacement vector in both
in-plane and out-of-plane directions. Uniform reference wave and speckle reference
beam configurations are commonly used to measure the out-of-plane displacement. In a
uniform reference wave system the test object is illuminated at an oblique angle. The

reference beam is brought to the image plane of the CCD camera lens. The reference
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beam must appear to originate at the centre of the aperture stop in order to minimise the
spatial frequency of the specklegram. The geometry of the uniform reference wave is
already described in chapter 1 (refer Figure 1.5). The geometry of a speckle reference
wave system is shown in Figure 6.1.

It is similar to the Michelson type of interferometer [14]. In this setup two
mirrors in the Michelson interferometer are replaced by scattering surfaces. One of the
surfaces is the test object. The two surfaces are illuminated along their surface normal.
Scattered light from the two surfaces is made to superimpose at the image plane of the
camera lens using a beam splitter [6].

Reference surface

L |
)\ )\
Test object
Imaging lens
1 J} CCD camera
Beam splitter
|
4 Lens ,‘L
Laser beam

Figure 6.1 Out-of-plane ESP! system using a speckle reference wave

The phase change due to the object deformation in an out-of-plane sensitive
system is calculated using the geometry shown in Figure 6.2. The object wavefront after
deformation is shown by dotted lines. & is the angle between surface normal and the
observation direction. The path length in the interferometer is (abc). The path length
after object deformation is (def).

The change of the optical path length due to the object deformation is given by
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Al = Z(LHCOSOY Y ettt sttt st s e 6.5
Y =d_ sind,
d, = in-plane displacement, d, =out-of-plane displacement.

Phase change is given by

Ag = (%’ii)[dz (14€0SO)+d, SINB] coooeee e 6.6

A = wavelength of the laser.

If the angle of illumination is chosen to be very small, the above expression is

4
approximated to (7”}1 .......................................................................................... 6.7

z

In practical situations it is not possible to attain this condition because the
illumination and observation directions cannot be collinear except in the Michelson
interferometer set-up with a speckled reference beam.

It is possible to choose the illumination direction close to the surface normal and
the system is sensitive mainly to out-of-plane motion. The object deformation is

calculated from the phase change given by [15]

Ag= (‘%”sz (1HCOSO) oottt 6.8

Displacement position
initial position

Figure 6.2 Phase calculation in an out-of-plane sensitive ESPI system
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6.2.2 In-plane sensitivity

The optical configuration for in-plane sensitive ESPI requires two illumination
beams [16, 17, 18]. A schematic of the in-plane sensitive system is shown in Figure 6.3.
The two illuminating beams subtend equal and opposite angles with respect to the
object surface normal. A CCD camera positioned along the surface normal collects the
scattered light from the object. The optical path length of each beam changes due to the

object displacement.

Al =d_ (1+cos@)+d, sind,

Al =d (1 +cosB)~d_ sing

The effective path length is the sum of path length change due to each beam [18].

Phase change is given by

2x 4rx .
Ag = (TJ[Ml - A12]= (—;de SINE ot 6.9

where dy = in-plane displacement along the x axis.
A = wavelength of laser, A/, = path length change in beam 1, A/, = path length change

in beam 2, 28 = angle between the two beams

Object

[llumination |

[Numination 2

CCD camera

Figure 6.3 In-plane sensitive ESPI system
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6.3 A new approach — ESPI system using a holographic optical element

6.3.1 Conventional ESPI system

New directions for making compact electronic speckle pattern interferometers
using holographic optical elements were investigated. This allows us to greatly reduce
the number of components without affecting the system performance. A single HOE can
replace a beam splitter/combiner and mirrors as well as producing a speckle reference
wavefront. A conventional ESPI system is described before describing the new
technique to show the number of optical components used in the system and the
complexity to align the optics.

A conventional practical out-of-plane sensitive ESPI system using a uniform
reference wave is shown in Figure 6.4. The laser beam is split into two beams using the
beam splitter (BS1). One beam illuminates the object under test and the second serves
as the reference beam. The two beams meet at the image plane of the CCD camera by
using the beam-combining device BS2 in front of the camera. Alignment of a smooth
reference beam with the object beam can be difficult [ref 10, p182]. A speckle reference
wave is used to minimize the alignment difficulties and also to match the intensities of
the object and reference beams to obtain a good quality interferogram. So a speckle
reference wave obtained by inserting a ground glass plate between M2 and BS2 (Figure
6.4) 15 used to make alignment easier. A much simple system using a speckle reference
wave (Figure 6.1) is used instead of the system shown in Figure 6.4. This system

contains two lenses and a beam splitter.
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Laser

Figure 6.4 Conventional out-of-plane sensitive ESPI system

The geometry of the above ESPI systern is made simple using a hologram in the
system. A holographic element is incorporated in the above system to replace BSI,
BS2, M1, M2, L1, and L2 in the system (Figure 6.4), to replace two lenses, the beam
splitter in the system shown in Figure 6.1. This hologram generates the speckle

reference wave when it is tlluminated in an ESPI1 system.

HOEs have not been used much in ESPI systems. Holographic lens elements
have been used in speckle photography for measuring in-plane displacement and
rotation [6]. An ESPI system using holograms recorded on thermoplastic and silver
halide media to study in-plane displacements has been reported [19]. This system is
more complex than the system reported in this thesis. A holographically reconstructed
master object wave recorded on thermoplastic material has been used to compare object

surfaces using comparative ESPT [20].

For the first time holograms recorded in the acrylamide based photopolymer
material are used as HOEs in an ESPI system. The self processing ability makes the

material superior when compared to the holographic optical elements recorded in
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thermoplastic and silver halide materials which were used in the work reported in the
previous references.

Recording the hologram is not a complicated procedure; geometry similar to the
one described in chapter 2 is used (section 2.6) to record the holograms. Either a
transmission or reflection hologram is used in the ESPI system. It is important to note
that the hologram need not be of the test object. Its purpose is to produce a speckle
reference wavefront. Any object which gives a diffuse reflection can be used to record
the hologram. This is an important advantage because the hologram recording can be
made in the laboratory and the HOE later taken to the test location.

For this work a transmission hologram was used because the photopolymer
recording medium had only enough spatial frequency response to record transmission

holograms but not reflection holograms.

6.3.2 Experimental

Acrylamide photopolymer transmission HOE recording

The main reason for incorporating HOEs in the ESPI system is to.make the
system simple and compact. A transmission HOE was used in the in the first ESPI
system. Transmission HOEs were fabricated using an acrylamide based photopolymer
material. Layer preparation is presented in section 5.4.1. A schematic diagram of

transmission HOE recording is shown in Figure 6.5
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Laser

Mirror

Recordin
medium

Figure 6.5 Setup for recording a transmission HOE

The object was illuminated using a diverging beam of laser light. A plane mirror
was placed beside the test object. Scattered light from the object and reflected light from
the mirror reach the photographic recording medium and interfere with each other. A
transmission hologram of an object was recorded. The object or the hologram is
deliberately moved from its existing position so that the holographic fringes completely
disappear. The object is ready for testing using HOE based electronic speckle pattern

interferometry.

6.3.3 Radial strain measurement using HOE based ESPI system

A thick polyvinyl chloride pipe manufactured by Wavin Ireland Ltd was tested
for radial strain measurement using the transmission HOE based ESPI system. A

schematic of the pipe is presented in the previous chapter (Figure 5.6).
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Laser

CCD camera Mirror
HOE

Figure 6.6 Transmission HOE based ESPI system

Figure 6.6 show the schematic of the HOE based ESPI system. The experiment
was carried out on a Newport vibration isolation table. The HOE was recorded using a 5
Watt CW Nd-YVO, laser operating at 532 nm from Coherent Inc. The photopolymer
layer was exposed for 40 seconds with exposure intensity of 20 mW/cm®. The HOE was
illuminated with the reference beam without altering its position. The object wavetront
was reconstructed and it was used as the reference speckle wavefront in an electronic
speckle pattern interferometer. The efficiency of the transmission HOE is higil, thus the
brightness of object reconstruction is more than that of the object beam. The effect of
emulsion shrinkage was not taken into account. A photograph of the reconstruction is
shown in Figure 6.7. A letter H was marked on the test object. Two images of H, one
corresponds to holographic reconstruction and the second original letter marked on the
object surface was imaged using the CCD camera. It was easy to align the object
wavefront with the reference wavefront by placing the two H’s one exactly on top of the
other while looking at the two images carefully on the computer monitor in real time.

ESPI frame subtraction was carried out while inflating the pipe.
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Figure 6.7 Photograph of the reconstruction from the hologram and of the illuminated

object

A LabVIEW program was used (LabVIEW version 6.0) to generate ESPI fringe
patterns using a National Instruments IMAQ-1407 frame grabber card. No image
processing filters were used in the fringe generation. Fringe patterns are shown in
Figure 6.8. The fringe pattern obtained with a pressure of 0.5 x 10° N/m? is shown in
Figure 6.8 (a) and the fringe pattern for a pressure of 1 x 10° N/in? is shown in Figure
6.8(b). The fringes are contours of constant optical path difference in the interferometer,
created due to the pressure change. The fringes grew outward from the centre of the

field of view as the cylinder expanded radially.

(a) Pressure =0.5 x 10° N/m® (b) Pressure =1 x 10° N/m’

Figure 6.8 ESPI Fringe patterns obtained using the HOE based ESPI system
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The pipe was inflated to different pressures. Radial strain was measured for
pressure values of 0.5, 1, 1.5 and 2 x 10° N/m’®. The pipe expanded radially outwards
with maximum displacement in the direction perpendicular to the surface. The angle
between the illumination direction and the CCD camera optical axis was 14°, This gave
greater sensitivity than the 19° angle used in the last chapter. This could be achieved in
the current set up because of the increased flexibility of the optical arrangement in

ESPI. The experimental setup is shown in Figure 6.9.

. Mirror
Object

HOE

CCD camera .
Laser light

Figure 6.9 Laboratory experimental setup using a transmission HOE in ESPI system

The transmission HOE based ESPl system consisted of the following
components: a plane mirror, test object, CCD camera, HOE and a laser. The only optical

component used in the HOE based ESPI system was the plane mirror, which was used
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to provide the reference beam for recording and reconstructing the hologram. The
results are shown in table 6.1. The out-of-plane displacement d was calculated using
equation 5.15. Young’s modulus of elasticity and radial strain were found using

equations 5.19 and 5.20.

Table 6.1 Results Radial strain measurement

Fringe
Pressure d(pum) Number(N) Radial strain
(x 10°N/m?) (micro strain)
0.5 13.49 50 72.57
1.0 26.99 100 145.15
1.5 40.49 150 217.73
2.0 54.05 200 29031

The radial strain values obtained are in good agreement with those obtained
using holographic interferometry and the Young’s modulus of elasticity of the material
was calculated using equation 5.19 to be 2.72 GN/m”. This value is close to the
manufacturer’s value which is in the range of 2.80-3.2 GN/m?. This demon;trates that
despite the simplicity of the ESPI system, the results obtained are as accurate as those
obtained by Holographic Interferometry.

The errors discussed in section 5.4.3 are considered to calculate uncertainty in
out-of-plane displacement. The errors can occur due to the error in the angle between

illumination and observation (&) and error in counting the number of fringes (N).

Error due to angle between illumination and observation (6 ):

An error of + 0.5° would occur in measuring the angle. Error due to the fringe
count is calculated by using equation 5.22. Using 6 = 14°, A = 0.532x 10'6, N = 50,

AD =1 0.5 degree, error in out-of-plane displacement is found to be + 0.014 pm. The
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error due to the angle produces an uncertainty of +£0.1% in the value of Young’s
modulus of elasticity.

Error due to fringe counting (N):

Error due to the fringe count is calculated by using equation 5.23. An error of £
0.5 can occur in the fringe number (N). Using the values 8 = 14°, A =0.532x 10, AN
= (.5 error in out-of-plane displacement is found to be = 0.14 pm. The Root Mean
Square error is found to be 0.136 pm. The error due to the fringe number produces an
uncertainty of +£1% in the value of Young’s modulus of elasticity.

In the calculation of radial strain, the in-plane displacement component is not
taken into account in this instance. This would introduce an error in the value of
Young’s modulus of elasticity of the pipe. In section 6.5 preliminary results obtained
using phase shifting techniques include consideration of the in-plane component of

displacement.

6.4 Phase shifting techniques

Optical measurement techniques such as electronic speckle pattern
interferometry provide the mesurand data in the form of bright and dark fringe patterns
{21]. Fringe counting measurements do not produce complete phase information
associated with the object deformation. Phase shifting methods are used to measure the
phase of the object wavefront in an interferometer relative to that of the reference beam
at every pixel. Usually a camera is used to record the interference fringes in an
interferometer. The phase of the wavefront is calculated by measuring the changes in
the recorded intensity at each pixel with the introduction of a known phase difference
between the object and reference beams. A number of frames are grabbed while the
phase difference between the object and reference beams is changed in a known

manner. Using phase shifting techniques the displacement at each pixel in the image of
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the object is measured so that a complete displacement profile of the object can be
obtained.

Phase measurement techniques are of two types, temporal phase modulation and
spatial phase modulation. In temporal phase evaluation methods phase information is
separated into a time sequence of interferograms. In spatial phase measurement
methods, the phase information can be obtained from a single frame. They are also
known as Fourier methods. Spatial phase modulation techniques are a useful alternative
to the temporal phase modulation when dynamic events are investigated. The advantage
of spatial modulation techniques is that the phase measurement is possible in adverse
conditions such as vibration because only one frame of data is needed. Due to the high
immunity to environmental disturbances spatial phase modulation techniques are more
suitable for industrial applications [22]. Temporal phase modulation techniques offer
accurate results when compared with spatial modulation techniques when a stable

enviromment is available.

6.4.1 Phase modulation methods

Phase shift in an interferometer can be introduced by methods such as moving a
mirror, tilting a glass plate, moving a grating [23], rotating a half-wave plate or analyzer
[24, 25, 26], or using an acoustic or electro-optic modulator. A common technique to
introduce phase shift is to move the mirror in the reference beam path by means of a
piezoelectric transducer [21]. Phase shifting devices produce either continuous or
discrete phase shifts between the object and reference beams in the interferometer. The
intensity of the interference pattern is measured at different relative phase shifts. The

intensity of the each frame is given by [22]

[=To[14 VEOS(P + Q)] oot e 6.10
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I, = background intensity, V = visibility of the interference fringe pattern or fringe
contrast, ¢ = wavefront phase, @ = known relative phase shift between the object and

reference beams of the interferometer.

There are three unknowns (V,¢,I;) in equation 6.10. At least three
measurements are required to determine the phase (¢ ).

In a general case, N measurements of intensity are recorded as the phase is
shifted. The phase shift is assumed to change during the detector integration period, but
the change is assumed to be the same from data frame to data frame.

The intensity of one frame of recorded intensity is written as [22]

[r

I.(x,y)= (ﬂ II,} (%, YL+ V(x, y)cos[o(x, y) + () IA) oererreeirreeerceer 6.11

“2
A = change in relative phase, a(r) = relative phase between the test and reference

beams, «, = average value of the phase shift for the i exposure

Integration for a single frame of data over a phase shift A makes equation 6.11
applicable for any phase shifting technique. Integrating equation 6.11 gives the

following expression

I.(x,y)=I,(x, y){l +V(x,y)sin c(%] cos[o(x, y) + ai]} ......................................... 6.12

Simplifying equation 6.12 further results in the following equation

L% y) = L YL+ Vo (X, ) cos[0(X, )+ 0 [t 6.13

s1n(~)
Where V, = detected fringe visibility, sin c[%} = 2

g
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Equation 6.13 is used as the basic equation to find the phase of the interferogram using

different algorithms.

6.4.2 Phase shifting algorithms

Three-frame technique
A mimmum of three frames are required to solve the three unknowns in equation

6.13. Using the three frame technique the phase is calculated with a, =
m/4, 3m/4, 574 with a phase shift of 90° per frame [22].

The phase of the interferogram is calculated by substituting these values in

equation 6.13; the phase value at each detector point is given by

¢ = tan™ LR B 6.14
1, -1,

I, = Intensity of the interferogram with phase step a =z /4
I, = Intensity of the interferogram with phase step a@ =37 /4
I, = Intensity of the interferogram with phase step a =57 /4
Four-frame technique
The four frame technique is a common technique used to calculate the phase.

Phase step values of a, =0, %—, 7, %’5 are used [22].

The phase is calculated using equation 6.13 by substituting the phase values

mentioned above. The phase at each detector point is given by

| e £ 6.15
11 —]3

where

1, = Intensity of the interferogram with phase step a =0
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. . . 7
I, = Intensity of the interferogram with phase step a = —

2

I, = Intensity of the interferogram with phase step a =«

I, = Intensity of the interferogram with phase step a = Ezz

4-frame algorithm is widely used and simplest algorithm. The major problem
with this algorithm is that it is more susceptible to errors due to the miscalibration of the
phase shifting device.
Five-frame technique:

This technique was developed to minimize the phase calibration errors [27, 28].
It also uses phase shifts of 90 degrees. This algorithm also avoids the possibility of the
numerator and denominator in equation 6.15 being both zero. Using phase shifts

b2

a; =—Jr,—5,0,5, 7z in equation 6.13 the phase at each point on the detector is

calculaled.

The phase is given by

¢ =tan™ e 1) B 6.16
21, -1, -1,

where

I, = Intensity of the interferogram with phase step a = -7
1, = Intensity of the interferogram with phase step a = —%
I, = Intensity of the interferogram with phase step a =0
I, = Intensity of the interferogram with phase step a = %

I, = Intensity of the interferogram with phase step a =7
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Phase extraction algorithm insensitive to laser power change-6 frame technique:

When a laser diode is used as a light source in phase shift interferometry,
measurement accuracy is degraded by intensity modulation of the interferogram due to
the laser power change associated with variations in current. A phase extraction
algorithm, which is insensitive to laser diode power changes, was developed by
Onodera and Ishii [29]. The phase of the interferogram is extracted using six frames. An
un-balanced Twyman green interferometer was used to measure the phase of the
interferogram.

The phase of the interferogram is given by [29]

¢=tan‘[ 34 =51, +31; =31 ] ............................................................. 6.17

-1, =31, +41, +41, =31, - I,
The phase value calculated using the above phase shifting techniques lies

between - m,+ 7 and the signs of both numerator and denominator in the above

expressions have to be examined in order to make the phase lie in the range 0-2 7.

6.4.3 Phase unwrapping - removal of phase ambiguities

Due to the nature of the arctangent used to calculate the phase of the
interferogram, 27 phase steps occur in the phase map. It is essential to remove the
phase steps to obtain a smooth phase map of the object deformation. Removal of 27
phase steps is known as phase unwrapping or integrating the phase [30]. The most
common method of removing the 2 7 phase ambiguities is by adding or subtracting an
offset of 2 7 at each pixel if a phase jump greater than 7 is detected between that pixel
and the previous one examined. Starting from the top of any column in a phase map, the
offset is set to zero. By scanning downwards, the phase jumps are checked by

examining the phase difference between the adjacent pixels. When a phase jump greater
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than 7 is detected the offset is incremented either + or - 27 depending on the sign of

the jump.

6.5 Transmission HOE based ESPI system using a near infrared diode laser

A transmission HOE fabricated at 532 nm was used in the ESPI system. To
make the ESPI system still more compact a diode laser was used, as these are cheaper,
compact and reliable for use in interferometry [29]. The laser is a Hitachi 50 mW diode
laser operating at 784 nm. It can be operated in constant current and power modes by
using a diode laser controller LDC-202 (Optische Systeme GmbH). The experimental
setup is similar to the one shown in Figure 6.9. The HOE was reconstructed using the
diode laser. The angular orientation of the HOE was changed to obtain a bright
reconstruction because the reconstruction wavelength has a different Bragg angle. The
contrast of the holographic reconstruction is less when compared with the

reconstruction at 532 nm. A photograph of the reconstruction is shown in Figure 6.10.

Figure 6.10 Photograph of the reconstruction from the hologram using a diode laser

The experimental arrangement using a diode laser in the HOE based ESPI

system is shown in Figure 6.11. A fringe pattern is shown in Figure 6.12. The fringes
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are contours of constant optical path length difference in the interferometer created due
to the pressure change, appearing from the centre of the field of view as the object is

pressurized.

CCD camera HOE  Laser diode Object  Mirror

Figure 6.11 HOE based ESPI system using a laser diode

Figure 6.12 Fringe pattern obtained with the HOE based ESPI system using the diode

laser

The important advantage of using diode lasers is that they can be modulated for

implementing phase shifting in an ESPI system.
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6.5.1 Phase shifting with laser diode

Phase shifting techniques are used to obtain the complete 3D displacement map
of the object deformation. In an ESPI system the phase shift is introduced by changing
the optical path difference between the reference and the object beams. Phase shifting in
this compact ESPI system was introduced by modulating the wavelength of the laser
diode by changing the drive current. The modulating voltage was supplied from a
National Instruments D/A PCI-1200 board. During the modulation of the diode laser
drive current the power of the laser is kept constant. Power changes due to current
modulation are neglected. The source modulation of the diode laser is used for the first
time. In chapter 7 source current modulation is explained in detail to study the vibration
mode patterns of test object. The wrapped phase map was obtained using the ESPITest

software developed by the Joint Research Centre (JRC), Ispra, Italy [30].

6.5.2 ESP1Test Software

ESPITest software uses a Windows based program “Framegrabber” for
acquisition and post processing of images [30]. A 5-frame algorithm was incorporated
in the software. This software is hardware independent and supports various frame
grabber boards and D/A conversion boards. Three different modules are provided, for
standard static ESPI, phase shifting ESPI and vibration ESP1. A phase shifting device
has to be controlled for phase shifting ESPI and the software is equipped with a phase
shifter calibration module. In the standard static ESPI a first specklegram is saved as
reference and all subsequently acquired images are subtracted from the reference
specklegram. The phase shifting device is controlled using the output voltage from the
D/A board. Changing the out put voltage modulates the phase difference between the
reference and object beams, resulting in a sinusoidal intensity change of each of several

pixels on the CCD camera which is displayed in the calibration window. The voltage
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change corresponding to a complete cycle is taken by clicking the cursor on two crests
of the selected curve. The values are stored in the .INI file. The wrapped phase map is
generated in a separate phase shifting window. The unwrapped phase map is generated

by removing the 2 7z ambiguities.

6.5.3 Phase calculation - experimental

The phase value from the wrapped phase map was calculated using Scion
Imaging software version 6.0. A rectangular selection tool was used to select an area in
the wrapped phase map. The coordinates of the two extreme ends within the selection
were noted (P&Q) (Figure 6.13). The software generates the phase jumps within the
selection. The number of phase jumps was counted within the selection and used to
calculate the phase.

In this experiment both the out-of-plane and in-plane components of
displacement were taken into account because the illumination direction was not along
the test surface normal. The phase change between the points P and Q (Figure 6.13) was
measured.

Total phase change due to (out-of-plane + in-plane) displacement components is given

by
O :|:AR(1 —cos@)(l +cos 9)[—2%J+ ARsin¢sin 6’(%]} ........................................ 6.18

@ is measured from the wrapped phase map by counting the number of phase
jumps taking account of their signs.

Change in radius AR was found by rearranging the equation 6.18 and it is given
by

AR = AD
 27[(1 — cos @)1 + cos @) + sin ¢sin 4]

............................................................... 6.19

The radial strain was calculated by dividing the above expressing with radius R.
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AR AD

—= o ———————— 6.20
R 2aR[(1 —cos@d)(1+cosB) +singsinf]

¢ = angle between the surface normal and the in-plane displacement component

- & (Figure 6.13).
PO

The distance between the two points P and Q (_P__Q) was calculated using the
coordinates obtained from Scion Image software. The distance was converted into the
corresponding distance on the imaging window on the computer screen by multtplying
by a factor of (15/512). (The imaging window has a length of 15 cm and it has 512 x
512 pixels)

6 = angle between the CCD camera position and the laser axis (calculated using

trigonometry to be 17.2°.)

Figure 6.13 Phase calculation from the phase map

The wrapped and un-wrapped phase maps of the cylinder are shown in Figure
6.14. The wrapped fringes have considerably less noise than the ESPI fringe pattern.

The fringes are no longer sinusoidal in nature but they resemble ramp waves. The gray
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level value at any point in the wrapped fringe pattern represents the surface
displacement. A grey level of 255 in the wrapped fringe pattern represents a phase shift
of 27 and in the unwrapped image the phase shift represented by a grey level of 255

depends on the number of 27 phase shifts in the wrapped phase pattern. This number

can be easily be obtained from the visual observation of wrapped fringe pattern.

(a) - Wrapped phase map (b} - Unwrapped phase map
Figure 6.14 Wrapped and un-wrapped phase maps obtained using ESPITest software.

The radial expansion of the cylinder was found to be 13.17 pm for an applied
pressure of 0.5 N/m®. The Young’s modulus of the elasticity of the pipe was found to be
2.8 G.N/m?. This value is in good agreement with the manufacturer’s value (2.80-3.2
G.N/Inz) [33], and closer than that in section 6.3.3 because the in-plane displacement

was also taken into account.

6.6 Conclusions

The acrylamide based photopolymer material was used to record transmission
HOEs. Compared to the ESPI system of Figure 6.4, the transmission HOE based ESPI
system is simple and compact. lncorporating a HOE in an ESPI system makes the
system simple. The only additional optical component in the HOE based system (Figure

6.6) is a plane mirror.
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Using a HOE in an ESPI system has the following important advantages when
compared to a conventional ESPI system. The system is simple, compact and low cost.
The alignment difficulties are minimized because it is easy to superimpose the
holographically reconstructed image and the test object. In addition, to obtain good
quality ESPI fringes it is important to match the intensities of the two beams precisely,
in a simple ESPI system this can be done easily by rotating the HOE so that it is no
longer illuminated at the Bragg angle. The use of holography can also allow the two
techniques (holographic interferometry and ESPI) to be used in the same optical
arrangement.

Preliminary results show that phase shifting can implemented by modulating the
laser source. In this way a full field displacement map is obtained using a simple and
compact ESP! system [34, 35].

Results obtained using transmission holograms are encouraging, but a carefully
designed refllection hologram could allow the simplest possible system to be
constructed, i.e. that including only a laser, HOE and camera.

In the next chapter an ESPI system using a reflection HOE is discussed and

experimental results are presented.
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7. Reflection HOEs in ESPI systems

Introduction

A conventional ESPI system (Figure 6.4) was made compact by using an
acrylamide based photopolymer transmission holographic optical element. The ESPI
system contains one plane mirror (Figure 6.6). The transmission HOE based ESPI
system contains the following components: plane mirror, transmisston HOE, CCD
camera, the laser and a test object. The presence of the mirror is essential to record and
reconstruct the HOE. The system can be made more compact by eliminating the plane

mirror.

7.1 New directions in designing the ESPI system

If a reflection HOE is used instead of a transmission HOE (Figure 6.6), the plane
mirror can be eliminated. Incorporating a reflection HOE in the ESPI system makes the
interferometer more compact. Unfortunately, this photopolymer material was not able to
record reflection holograms with high diffraction efficiency due to its poor spatial
frequency response. (During the period of this work, research was in progress to
improve the spatial frequency response of the photopolymer material by other
researchers in the Centre for Industrial and Engineering Optics). It is essential to
balance the intensities of the scattered light from the test object and the speckle
reference wave generated from the HOE to obtain a good quality interferogram. This is
possible if the reflection hologram has reasonably high diffraction efficiency. This
implies that the recording medium must have high spatial frequency response to record
a reflection hologram with high efficiency. Alternative materials which can record
reflection holograms are silver halide emulsions. Even though they require chemical

processing to make a simple and compact ESPI system these materials were chosen to
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record reflection HOEs as they are capable of recording reflection holograms with high

diffraction efficiency.

7.2 HP series silver halide emulsions

Silver halide holographic recording plates [l, 2] produced in the Central
Laboratory for Optical Storage and Processing of Information (CLOSPI), Bulgarian
Academy of Sciences, Sofia, Bulgaria were used to fabricate the reflection HOEs. They
have high resolution (greater than 6000 lines/mm), which is due to their fine grain
structure. The optimum diameter of the developed silver grains is about 30 nm. In the
experiments original size of the grains in the silver halide emulsions is 10 nm and after
development the size of the grains grew to 30 nm. The analytical and experimental
results confirm the possibility of obtaining high diffraction efficiencies in volume
reflection holograms without bleaching [2]. The high resolution of the material makes it
very attractive for art holography and for scientific applications such as holographic
interferometry and for making holographic optical elements. The plates can be made
sensitive to record holograms at 490 nm or 784 nm by adding an appropriate sensitizer
(3, 4]. The spectral sensitivity at near infrared wavelength (784 nm) is less than its
sensitivity at 633 nm. Quantitative description of the spectral sensitivity is presented in

section 7.9.1.

7.3 Necessity for reconstruction of holograms at 784nm

The HP-650 plates are very promising materials for formulation of holograms
with very high diffraction efficiency. These materials have a sensitivity of SOO;,[J/(:m2
[2]. One of the main aims of this research was to incorporate phase shifting techniques
in a simple ESPI system so that the complete displacement map of the object under test
can be generated. Results from chapter 6 showed that phase shifting in the compact

transmission HOE based ESPI system can be done by modulating the drive current of
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the laser diode. In the present system silver halide HOEs were used, to implement phase
shifting by source modulation in the system either of the following conditions has to be
satisfied. The hologram has to be recorded using the near infrared diode laser or
hologram recorded at different wavelength has to be reconstructed using the diode laser.
CLOSPI emulsions are particularly sensitive at 635 nm so the reflection HOE is
recorded at 635 nm and the hologram emulsion was swollen so that the image could be
reconstructed at 784 nm, the wavelength of the laser diode which is current modulated
for phase shifting. The only practical way to implement phase shifting in this system is
by current modulation of the laser. The swelling and reconstruction procedure at 784

nm is discussed section 7.7. The swelling technology was developed at CLOSPI.

7.4 HP-650 Plates at CLOSPI

The emulsion fabrication and development procedures are well established at
CLOSPI. HP-650 emulsions are produced in a manner similar to Lippmann’s
technology [2]. The advantages of using the HP series emulsions are:

High diffraction efficiencies are readily achieved and the technique of swelling
holograms recorded in these emulsions at 635 nm is well established and enables them
to be used at near infrared wavelengths. The emulsions have already been used

successfully in the fabrication of HOEs for infrared communications systems [6].

7.4.1 Procedures before developing

Before recording the holograms the following steps were taken;

s A plate was removed from the box/envelope and immersed, emulsion side up, in
water at 20° C for approximately 2 minutes. This has to be done in low intensity

scattered safelight, whose wavelength should be in the range of 570-590 nm.
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» The plate was removed from water and excess water removed using a wet soft
towel.

o The plate was dried in horizontal position (with the emulsion side up) at a
temperature of not more than 25° C

¢ The glass surface on the side opposite to the emulsion layer was cleaned with a
dry towel.

¢ The plates were ready for recording and they had to be used within 2 hours after

the above process was started.

7.4.2 Developing procedures

Modified GP-9 was used to develop the holograms recorded on HP-650 plates [1].
The composition of the developer solution is;

Nay803-100 g,

Phenidone-0.2 g,

Hydroquinone-5.0 g,

KOH-3.8 g,

NH4CNS-24.0 g,

H,0- up to 1 litre.

The developer was diluted 1 in 10 parts of 15% aqueous solution of Na;SO4
before using. The development time was 4-4.5 min at 20°C. 1 litre of developer was
usually sufficient to develop the plates with an area of 1 square metre.

After developing the hologram, the normal white light could be turned on and
the hologram had to be washed in running water at 20°C for 5 to 10 minutes in the
horizontal position. The excess water from the hologram surface could be removed by a

wet soft towel. The hologram was dried with emulsion side up at 20-25°C.
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7.5 Recording HOEs

Reflection HOEs were recorded on HP-650 silver emulsions with a 30 mW He-
Ne laser operating at 633 nm. The geometry of the hologram recording is shown in
Figure 7.1. The laser was on a stable rectangular granite slab, which in turn was placed
on four vertical legs positioned at the four corners of the slab. It was allowed to run
continuously for at least 4 hours before recording the holograms, to ensure thermal

stability.

Laser

Plane mirror

Spherical mirror

Figure 7.1 Reflection hologram recording setup

The spatially filtered laser light was made to fall on a spherical convex mirror.
The reflected light from the spherical mirror was made to fall on a plane mirror (20 cm
x 20 cm) placed at a height of approximately 70 cm above the table. The plane mirror
was clamped in such way that the light reflected from it was directed onto the table. A
square aluminum plate 10 cm x 10 cm was used as an object. The plate was coated with

matt white paint for better reflection. The object was placed on the table and clamped
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tightly in a purpose made mechanical holder to avoid mechanical vibrations. The
distance between the object and the recording plate was approximately 1 cm. The
recording plate was also firmly fixed. Exposure encrgy density of 1 mJ/cm® was used
for recording [1]. At the recording plane a total intensity of 0.0033 mW/cm? was used
with an exposure time of 300 seconds. Longer exposure times were used because of the
low intensity laser power available. After processing, the image was reconstructed from
the hologram and displayed on the monitor using the CCD camera. The image

reconstruction from the hologram is shown in Figure 7.2.

Figure 7.2 Photograph of image reconstructed from the hc;logram

7.6 Reflection HOE based ESPI system

The laser illuminates the holographic optical element and the CCD camera is
placed in front of the HOE to capture the reconstructed image; at the same time the
camera images the test object through the HOE.

The geometry of a reflection HOE based ESPI system is shown in Figure 7.3.
The diverging beam of light from the laser illuminates the HOE; the light transmitted
through the hologram falls on the surface of the object under test. The path length
imbalance in the interferometer can be varied by varying the distance between the

object and the holographic optical element. The laser is positioned in such a way that

141



the angle between the camera axis and laser beam axis is approximately 30 degrees. The
angle is chosen in order for the CCD camera to be able to view the object normally

through the HOE while avoiding the influence of reflected light from the HOE.

HOE

CCD camera Object

Figure 7.3 Reflection HOE based ESPI system

7.7 Reconstruction of Hologram at 784nm

Holograms were recorded on HP-650 plates using the He-Ne laser. A reflection
hologram recorded at the visible wavelength can be reconstructed at 784 nm by swelling
the holographic emulsion [5]. In order to find the optimum swelling time for maximum
intensity in the reconstructed image, six holograms were recorded using the He-Ne laser
with similar exposure energy and time of exposure. Developed holograms were
immersed in swelling solution (prepared at CLOSPI) for different times ranging from
30 minutes to 3 hours. It was found that the holograms swelled for 150 minutes have

good efficiency. Swelling procedures are already well established at CLOSPI and they
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were used to enable the hologram to be reconstructed at 784 nm by changing the
thickness of the emulsions [1, 5]. Swollen holograms are practically insensitive to
humidity and there is no need to seal the hologram [5].

Before using the holographic optical element in the laser diode based ESPI
system, it was tested using the He-Ne laser based ESPI system before swelling the
hologram. The out-of-plane displacement of duraluminium plate, clamped around its
periphery and connected to a vacuum chamber and pressurized uniformly, was studied.
This exercise was carried out to make sure that the HOE was working satisfactorily. A

typical fringe pattern obtained is shown in Figure 7.4.

Figure 7.4 ESPI fringe pattern obtained using He-Ne Laser

Quantitative data from the ESPI fringes can be extracted by implementing phase
shifting techniques in the interferometer [7]. In the present ESPI system phase shifting
was implemented by varying the laser diode current in steps. The 5 frame phase shifting
algorithm was used and the phase shifting errors can be minimized using this algorithm.
Phase steps can differ from n/2 as long as they are equal [8]. From the experimental
data, the phase step can be correctly calculated and used for correct phase map
calculation. At the minimal current increments, experimentally estimated for this set-up,
the influence of diode laser power variations could be neglected. The phase is calculated

by using 5-frame algorithm given in equation 6.16.
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Modulation of the diode laser current introduces a phase difference between the
reference beam, (in this ESPI system which is, in fact, the reconstructed beam from the
HOE) and the reflected beam from the object surface.

Suppose the geometrical path difference in the ESPI interferometer with a
reflection HOE is d (approximately. twice the distance between reflection hologram and
object). Then the phase difference is given by (2r d/ ), where A is the wavelength of
the laser.

If the laser wavelength is changed by 8A the phase difference in the
interferometer changes by (—2m 8 d /A%) [9]. The value of diode current required to
shift one full fringe was determined accurately by observing the ESPI fringes on the
computer monitor. This value was divided into 4 equal steps to obtain five drive current

values corresponding to phases of 0, 90°, 180°, 270° and 360°.

7.8 Experimental

The experimental arrangement using the diode laser and HOE is shown in
Figure 7.3. The test specimen was a circular duraluminium plate of 1.5 mm' thickness
with a diameter of 46 mm. The plate was clamped around the periphery, connected to a
vacuum chamber and uniformly pressurized; approximately 0.1 x 10° N/m? of pressure
was applied. The test object 1s shown in Figure 7.5. ESPITest software [10) was used to

generate ESPI fringe patterns.

Figure 7.5 Photograph showing the test object
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A Pulnix monochrome CCD camera with 0.75 c¢m interline transfer CCD and
imager size of 752(H) x 582(V) was used to capture the fringe patterns. The camera
has a resolution of 470 horizontal television lines. Five frames with a constant n/2 phase
shift between each of them were obtained by changing the diode laser drive current. The
laser diode current change required to shift one full fringe was measured and divided
into four equal increments to obtain five drive current values corresponding to phases of
0, 90°, 180°% 270% and 360°. Fringe patterns were obtained at each of the diode current

settings and are shown in Figures 7.6 (a) to (e).

(c) 180° (d) 270°
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(e) 360°

Figure 7.6 Fringe patterns phase shifted by (a) 0° (b) 90° (¢) 180° (d) 270° (e) 360°

The 5-frame algorithm with phase shift not equal to —725[11] was used to

minimize calibration error. The 27 ambiguities were removed by an adaptive
unwrapping method [12] applied to the calculated phase map. The wrapped and

unwrapped phase maps are shown in Figures 7.7 and 7.8.

Figure 7.7 Wrapped phase map obtained using 5-frame algorithm
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Figure 7.8 Unwrapped phase map

Mean value filtration with a 31 x 31 window was applied to reduce noise. In
mean value filtration 31 x 31 pixels were averaged and the result is placed in the mid-

window pixel. A 3D displacement map of the object was obtained using MATLAB and

is shown in Figure 7.9. The out of plane displacement was found to be 1.26 pm.

" Disptacernant pim]

Figure 7.9 3D displacement map of the object deformation obtained from Figure 7.8

using MATLAB
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Digital phase shifting for static loading has been implemented in a simple
reflection HOE based ESPI system by modulating the drive current of the laser diode. In

the next section vibration modes of objects are studied using the simple ESPI system.

7.9 Vibration studies

Electronic speckle pattern interferometry is a valuable tool for vibration analysis
[13, 14, 15]. It possesses the unique advantages such as whole field, real time, fast and
non-contact when compared with the conventional transducer based technologies used
for vibration analysis. The quality of the interferogram obtained using ESPI is not good
when compared to that of its chief competitor, holographic interferometry. This is due
to the low resolution of the TV system. But for practical applications this drawback is
outweighed by the high sampling rate of the TV system. A new interferogram is
recorded every 1/25 s. Stetson and Powell gave a detailed explanation of time-averaged
holographic recording of an object undergoing sinusoidal vibration [15]. The same
explanation is valid for ESPI as well. Demand for non-contact measurement tools such
as ESPI is growing, especially in industry, for vibration analysis. Even though it has got
good application potential in industry its use is limited due to the requirement of
extremely stable environment and complicated optical alignment. The second
requirement can be overcome by using the compact system described in section 7.6
(Figure 7.3). When using the system (described in Figure 7.3), tedious chemical
development is required to produce the reflection HOE which can be reconstructed at
near infrared wavelength. A new improvement was made to produce the reflection HOE
by recording the HOE with the diode laser (784 nm) to eliminate the swelling
procedures. This step minimizes the chemical development procedures involved to

produce the near infrared HOE.
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7.9.1 Near infrared reflection HOE

The hologram was recorded using the diode laser operating at 784 nm. But the
HP-650 plates have maximum sensitivity at ~650 nm and are almost insensitive at 784
nm. To record holograms at 784 nm HP-690 plates were used, having a different grain
size. These emulsions have maximum absorption at 690 nm. To get the maximum
diffraction efficiency 2 J/cm? of exposure energy was required at 784 nm. This value is
more than 1000 times higher when compared with the exposure energies required by the
normal HP-650 emulsions (for maximum diffraction efficiency the exposure is ~1
mJ/cm? at 633 nm wavelength). Under extremely stable conditions reflection holograms
were recorded on HP-690 emulsions using a near IR laser diode with exposure times
ranging from 5 to 30 minutes. Holograms were recorded using the experimental setup
discussed in section 7.5 (Figure 7.1). This avoids half of the chemical development

procedures by eliminating the swelling procedures.

7.10 Time average ESPI

The basic concept of time average ESPI is that a sinusoidally vibrating object
will phase modulate light reflected from it to an extent that is proportional to the
vibration amplitude.

Consider a test object whose surface is sinusoidally vibrating. The out-of-plane

displacement of the object is described by

Where a, is the amplitude, @wis the angular frequency, ¢,is the phase of the

vibration.
For simplicity normal observation and normal illumination is used. The phase

change due to the object vibration is
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¢ = (%ir—]ao cos(wt + ¢v) ....................................................................................... 7.2

The object is vibrating out-of-plane in an out-of-plane sensitive ESPI system and
the intensity distribution at the image plane of the CCD camera is given by (from

equation 6.2)

. e ——————— 7.3
1 4r
=1 +1,+2y1, 1, — |cos|| — |a, coslax + t
1742 112 77 I ( 1 ]ao ( ¢, )}d
Applying a high pass filter removes the background intensity and with

rectification equation 7.3 becomes

T 2
4151 2{315 jcos[[i}]ao cos(at + ¢, )]dt} ................................................................. 7.4

0
Using the Bessel-function definitions, the interference term contains the

information about the object vibration amplitude in the following form
41,1,J? [i;iao] ........................................................................................................ 7.5

The time averaged interference term contains useful information about the

vibration amplitude (a,). The fringe pattern is different in appearance from the fringe

pattern produced with static deformation. From the characteristics of the J; function it

is seen that the brightest fringe corresponds to an argument of zero. The brightest fringe
corresponds to the nodes of the motion. The brightness of the fringes decreases with
increased amplitude of vibration. Time-average fringes themselves do not give
information about the vibration phase of the object. The phase is completely lost
because the averaging process during the exposure covers many vibration cycles [16].

The phase of the object vibration is obtained by modulating the reference beam in the
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interferometer [17-22]. The reference beam can be reflected at a mirror vibrating with
the same frequency as the object, with an amplitude a, and phaseg,. The Bessel

component of the intensity distribution of the time averaged interferogram displayed on

the monitor, is [23],

|
2
J? {(—2—”}[(13 +a’ —2a,a, cos(p, — @, ]} ................................................................. 7.6

where a,,¢, are the amplitude and phase of the reference beam path modulation.

The argument of the Bessel function originally contained the amplitude of the
object vibration; with reference beam modulation the argument is replaced by the
vectorial difference between the object and reference movement vectors.

The Bessel function will have maximum value whena, =a,,¢, = ¢, .

With this condition, the fringe attains the maximum brightness. It is easy to
detect the zero order fringe in the interferogram as its intensity is much higher than that
of other order fringes. The significant intensity difference between the zero order and
higher order fringes make it easy to assign the phase and amplitude to the points on the
interferogram [23].

The zero order fringe can be shifted to any desired location on the object by
changing the amplitude of the reference beam modulation. In this case the zero order
fringe no longer represents the areas with zero amplitude of vibration but the areas
vibrating with the same amplitude as that of the optical path difference in the
interferometer. The phase of the vibration can be mapped by setting the amplitude of

vibration of the object g,at a constant value and the region of maximum brightness is

noted by varying ¢, . The fringes with maximum brightness represent the areas with the

phase of the path difference modulation.
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7.11 Comparison between transmission and reflection HOE based ESPI systems

for vibration studies

A reflection HOE based ESPI system was used for mapping the phase and
amplitude of vibration modes. A compact reflection HOE based ESPI system (Figure
7.3) was used for vibration analysis except that the HOE in the system was recorded at
784 nm.

Before describing the experimental work done on vibration analysis using the
reflection HOE based ESPI system, comparison of the two systems (reflection &
transmission) is made by introducing a transmission HOE based ESPI system with the
piezoelectric transducer.

The geometry of the transmission HOE based ESPI system is shown in Figure
7.10. The laser beam is split into two using a beam splitter. Transmitted beam is
deflected onto mirror M3 through M1 and M2, M3 is mounted on a piezoelectric device
to produce the phase shift in the interferometer. Reflected beam from mirror M4
illuminates the test object. Reflected light from the piezo driven mirror M3 illuminates
the transmission HOE to produce a speckle reference image. Object beam (1) scattered
from test object and the speckle reference beam (2) are imaged using the CCD camera.
When the test object is subjected to vibration, the vibration modes are seen on the
computer monitor. This system is more complex than the transmission HOE based ESPI
system used for static measurements (Figure 6.5), because of the incorporation of the

piezoelectric transducer for phase mapping of the vibration modes.
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Figure 7.10 Transmission HOE based ESPI system for vibration measurements

The transmission HOE based ESPI system consists of the following optics:
Mirrors (M1, M2, M3, M4) and a beam splitter. A He-Ne laser 632 nm wavelength with
maximum power output of 25 mW was used in this experiment. The experimental setup

is shown in Figure 7.11.
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Figure 7.11 Transmission HOE based ESPI system - experimental setup

Vibration mode patterns of thin aluminium circular sheet clamped around its
edges excited with a loud speaker were studied using the setup shown in Figure 7.11.
Vibration mode patterns at frequencies 2950 Hz, 4400 Hz and 5500 Hz are shown in
Figure 7.12. No image processing filters were used. The brightest areas in the fringe
pattern represent the areas on the object surface which are not moving and are the nodal

areas.
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(c) 5500 Hz

Figure 7.12 Vibration mode patterns of thin aluminium circular sheet clamped around
its edges excited with a loud speaker obtained using transmission HOE based ESPI

system a) 2950 Hz, b) 4400 Hz, ¢) 5500 Hz

The above results were obtained using a transmission HOE based ESPI system.
These results show that the vibration modes can be studied using the transmission HOE

based ESPI system but the system is complex due to the incorporation of the
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piezoelectric transducer to implement phase shifting. The aim of the work is to make the
system simple and compact without affecting the performance. Preliminary results
(section 6.5.3) indicated that in a reflection HOE based ESPI system phase shifting can
be implemented by modulating the current in the laser, To study the amplitude and
phase of the vibration modes a reflection HOE based ESPI system is used with a current
modulated laser diode.

The reflection HOE based ESP1 system only has four elements; HOE, CCD
camera, the laser and test object. The path length can be varied in a reflection HOE
based ESPI system by moving the test object towards or away from the HOE thus
allowing easy implementation of phase shifting. The experimental setup of the
reflection HOE based ESPI system is shown in Figure 7.13. Compared to the system in
Figure 7.11 this system is simpler. This system was used for mapping the amplitude and
phase of the vibration modes, phase shifting is done by modulating the current of the

laser diode (described in the following section 7.12).

) . CCD Laser
Test object Reflection HOE camera  diode
3 ] A

Figure 7.13 Reflection HOE based ESPI system for vibration studies
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7.12 Experimental work using reflection HOE based ESPI system

Phase shifting techniques [5, 9] were used to get the information about the
amplitude and phase of the vibration. Phase shifting was implemented by direct
modulation of the diode laser wavelength at the vibration mode frequency. The laser
diode frequency response was studied using a Michelson interferometer; this tells us the
upper limit of vibration frequency that could be mapped using this technique. The laser
drive modulation voltage needed to shift one full fringe for a particular path length
difference in the interferometer was also measured.

The theory of laser diode current modulation in phase stepping interferometry
has been reported elsewhere [24-28]. Wavelength modulation of a laser diode source via
injection current modulation has been used in a speckle shearing interferometer for

vibration analysis [29].

The following are the two important conditions used to map the amplitude and

phase of the vibration modes.
Amplitude mapping of the mode pattern:

The amplitude of vibration of the object can be mapped by applying the

following condition (equation 7.6) in the interferometer.

Fix ¢, = ¢@,, and vary the amplitude of reference beam modulation; in this case

the brightest fringe visible is where the object vibration amplitude equals the amplitude

of oscillation of the optical path difference in the interferometer.
Phase mapping of the vibration:

The amplitude modulation of the path difference is fixed and the phase

difference between object and reference beam is varied in steps. The brightest fringe in
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the interferogram has the phase of the difference of phase between the object and

reference beam paths.

7.12.1 Laser diode calibration

The laser diode was calibrated using a Michelson interferometer. The change in
drive current need to shift one complete fringe was measured. Different path length
imbalances (ranging from 5 c¢cm to 20 cm) in the interferometer were used. It is very
~ important to employ a laser diode with a flat frequency response including the vibration
frequencies of interest. The laser diode frequency response was also obtained by using
the Michelson interferometer. The experimental arrangement used for laser diode

calibration is shown in Figure 7.14.

Mirrior |

Laser Mirrer 2

¥
r
3

Beam splitter

O Detcctor

Figure 7.14 Laser diode calibration using a Michelson interferometer

The diode is operated at low power levels to avoid saturation in the images. The
laser light is split using a beam splitter with beam ratio 1:1. The length of one arm of the
interferometer is fixed and the other arm path length varied by changing the position of

the mirror 2. The Michelson interference fringes are projected onto a screen using a 20X
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microscopic objective and imaged using a CCD camera (Figure 7.15). A plot of the
fringe order Vs modulation voltage is shown in Figure 7.16. There is a linear
relationship between the fringe order and modulation voltage for each path length

difference in the interferometer.

The experimental setup is slightly altered and one of the mirrors in the
interferometer is replaced with a piezoelectrically driven mirror to study the frequency
response of the diode laser. The voltage of the modulation signal applied to the diode
laser is chosen such that the amplitude of oscillation of the optical path difference does
not exceed one fringe order. A Texas instruments TSL 250 photodiode was used to
detect the interference signal. It has the peak spectral response at 800 nm with
frequency response of 10 MHz. A plot of photodiode voltage vs frequency of the drive
signal was obtained. The laser exhibits a flat frequency response up to 1200 Hz and
after that its frequency response decays, see Figure 7.17. Vibration modes of the object

up to 1.2 kHz can therefore be studied.

Figure 7.15 Photograph of Michelson interference fringes obtained using laser diode
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Figure 7.17 Frequency response of diocde laser
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7.12.2 Vibration mode pattern studies using HOE based ESPI system

The HOE based ESPI system shown in Figure 7.13 was used to map the
amplitude and phase of the vibration mode patterns. The interferometer was setup on a
Newport vibration isolated table. A 20X microscope objective was used to expand the
beam of light. The laser beam fell on the HOE, which diffracted a speckle reference
beam to the CCD and the light transmitted through the HOE illuminated the test object.
The light reflected by the object was transmitted through the HOE to the CCD. The test
object was a square brass metal sheet, | mm thick, firmly attached to a square shaped
Mylar cone loudspeaker of 100 mm x 100 mm. The front face of the metal sheet was
coated with matt white paint to improve reflection. A National Instruments frame
grabber card IMAQ-1407 was used. A LabVIEW program was used for subtraction of
specklegrams of two time averaged specklegrams from one another. A second
LabVIEW program was developed to generate two ac signals from the computer by
using the National Instrument’s PCI-1200. The amplitude of each signal can be altered
independently and there is a provision to introduce a predefined phase between the two
signals. One of the signals 1s used to drive the loud speaker and the second- is used to

modulate the laser drive current.

Initially the distance between the HOE and test object was set at 10 ¢m, which
gave an effective path difference of 20 cm in the interferometer. From the calibration
curve of the diode laser it is known that modulating the laser diode by 43 mV
modulation voltage produces 1.5 fringe shift. The amplitude of vibration of the object
can be obtained from the fringe pattern. Initially the brightest regions on the image are
the areas where the object vibration amplitude is zero. The bright fringe region on the
surface of the object can be moved to different locations by increasing the modulation

voltage. The phase mapping of the vibration modes can be done by introducing a phase
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difference between the two signals. The amplitude and phase maps of the vibration
mode at 975 Hz are shown in Figure 7.18. The brightest fringe represents zero
amplitude of the vibration when there 1s no modulation in the interferometer. The time
average fringe pattern with zero modulation of the path difference in the interferometer
is shown in Figure 7.18(a). The brightest fringe has moved to edges of the test surface

with a laser modulation voltage of 23mV in (7.18(b)).

a) modulation voltage 0 mV

(b) modulation voltage 23 mV (c) 180° phase

A phase difference of 180 degree exists between 7.18(b) and 7.18(c). The
brightest fringe in Figure 7.18(b) is vibrating with zero degrees phase. It was shifted

towards the centre of the object by applying a phase of 180 degrees between the two
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signals driving the loud speaker and the laser diode. The bright fringe in Figure 7.18(c)
is vibrating with 180 degree phase. The phase difference between the two signals was

varied to 90 and 270 degrees.

d) 90° phase ¢) 270° phase

Figure 7.18 Vibration mode pattems obtained at a) OmV modulation, b) 23 mV and 0°

phase, ¢} 23 mV and 180° phase, d) 23 mV and 90° phase, ¢) 23 mV and 270° phase

The bright fringe, located at the center of the fringe pattern in 7.18(d) is

vibrating with 90 degree phase and with 270 degree in 7.18(¢).

The amplitude of the vibration was calculated from the roots of Bessel function

(equation 7.5).
4
Jo( ’f“): - S et e e 7.7

The first root of R for J,(R,)1s equal to 3.9624.

The amplitude of vibration is evaluated using the equation

The brightest fringe (Figure 7.18(b)) is vibrating with amplitude of 0.247 pm.
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The amplitude map of the time averaged ESPI fringe pattern of a circular thin
aluminium sheet of diameter 10 cm clamped around its periphery vibrating at 500 Hz is
shown in Figure 7.19. Initially the brightest fringe is at the periphery with no
modulation voltage, which is shown in Figure 7.19(a). The brightest fringe moved
across the object as the modulation voltage was increased. Fringe patterns obtained with
modulation voltages of 43, 86, 129 mV are shown in Figures 7.19(b) to 7.19(d)
respectively. With 129 mV of modulation voltage applied to the diode laser the

brightest fringe was brought to the centre from the periphery.

a) 0 modulation voltage b) modulation voltage 43 mV

c) modulation voltage 86 mV d) modulation voltage 129 mV

Figure 7.19 Amplitude map of the vibrating object a) modulation voltage 0 mV, b)
modulation voltage 43 mV, ¢) modulation voltage 86 mV, d) medulation voltage 129

mV
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7.13 Conclusions

A sir\nple and compact phase shifting ESPI system that has good potential for
practical applications is reported. The HP series silver halide emulsions are of particular
interest because they are able to produce HOEs with good diffraction efficiency at near
infrared wavelength when swollen. This compact ESP] system, which has the phase
shifting facility, is possible with an infrared reflection HOE. When compared with a
transmission HOE based ESPI system (described in chapter 6) using a reflection HOE
produces the most simple system. Use of a plane mirror (Figure 6.6) is eliminated. The
major concern with this system is that recording HOEs on silver halide emulsions
requires tedious chemical processing during the development and the swelling
procedure involves more chemical processing. Advantages of the simple and compact
system are partly outweighed by the tedious procedures of development.

To minimize the chemical development involved, the HOEs were recorded using
a near infrared laser diode (784 nm) with long exposure times. This eliminates the
swelling procedures. The tedious chemical development still exists during HOE
fabrication and it is a drawback associated with this system. This drawb:;ck can be
overcome by using materials, which do not require chemical processing for hologram
recording. The materials with self processing ability are a possible alternative to
overcome this difficulty. At the same time it is more challenging and difficult to
develop photopolymer materials which possesses high spatial frequency response to

record reflection HOEs.

A simple ESP! system using a reflection HOE has been tested in static and
dynamic loading conditions. The results are encouraging but the problem with silver
halide recording materials is that they require chemical processing. This problem is

eliminated by using a photopolymer recording material to fabricate reflection HOE.
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Research is still in progress to improve the photopolymer material spatial frequency

response for reflection holography and significant advances have been made [30]. In the

next chapter use of a reflection photopolymer HOE in an ESPI system is discussed and

preliminary results are presented.
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8. ESPI system using a photopolymer reflection HOE

8.1 Photopolymer reflection HOE

Reflection HOEs recorded in silver halide emulsions were used in the ESPI
system (chapter 7). The most compact ESPI system was used to measure the out-of-
plane deformation of an object in a static loading condition and to map the amplitude
and phase of vibrating object under dynamic loading. Phase shifting was implemented
using current modulation of the diode laser.

Acrylamide based photopolymer matertal was used to fabricate reflection
holographic optical elements [1, 2, 3, 4]. Work is under progress at the Centre for
Industrial and Engineering Optics to improve the spatial frequency response of the
photopolymer to record reflection holograms. The material’s spatial frequency response
has been increased and the material is now capable of recording reflection holograms.
The details about the material characteristics have yet to be published by the other
members of the group. In this chapter the reflection holographic characteristics are not

discussed in detail. The material was used to fabricate the reflection HOE.

8.2 Experimental work using photopolymer reflection HOE

A reflection HOE was recorded in acrylamide based photopolymer layers using
an Nd-YVOy laser at 532 nm. The photopolymer layer preparation procedure was
explained in section 5.4.1. The experiment was carried out on a Newport vibration
isolation table. The schematic of the HOE recording is shown in Figure 8.1. The laser
was switched on and allowed to run for 1 hour before recording the hologram, which
enables the laser to thermally stabilise. The laser light was spatially filtered. A lens of

2.5 cm diameter with focal length of 25 cm was used to collimate the laser light.
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Figure 8.1 Reflection HOE recording geometry

A hologram of a 5 cm x 5 cm thick aluminium plate was recorded with the plate
placed 1 ¢m apart from the recording medium. Light intensity of 40 mW/cm? with an
exposure time of 60 seconds was used in fabricating the HOE.

The vibration mode patterns of a thin circular sheet of aluminium of 4 cm
diameter attached to a paper cone loud speaker 4 cm in diameter were studied. The HOE
was mounted on a rotational stage and illuminated by 532 nm laser light. The HOE was
rotated and positioned in such a way that a bright reconstructed image of the original
object was imaged with a CCD camera. The test object was placed behind_the HOE.
The CCD camera viewed the test object through the HOE. A LabVIEW program was
used for subtraction of two time averaged specklegrams from one another [5]. The
vibration mode patterns at frequencies 1000 Hz, 2600 Hz, 6400 Hz are shown in Figure

8.2.
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(b) 2600 Hz

(2) 1000 Hz

(c) 6400 Hz
Figure 8.2 Time averaged vibration mode pattern

8.3 Conclusions

A photopolymer reflection HOE was used in the ESPI system. Fabrication of
HOEs in the photopolymer has eliminated the cumbersome and lengthy development
procedures usually required by the other conventional recording materials such as silver
halide emulsions. For the first time, a reflection HOE recorded in photopolymer was

used as the sole optical component in a compact ESPI system.
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Conclusions

The purpose of this research work was to develop a simple and compact
electronic speckle pattern interferometer using holographic optical elements.
Photopolymers and silver halide emulsions were used to record the holographic optical
elements. The self processing ability of the acrylamide based photopolymer was
exploited in holographic interferometry and the chemical processing of holograms was
eliminated.

The self processing capability of the recording material also reduces the time
required for testing. The material is inexpensive and easy to prepare. The radial strain of
a thick walled polyvinyl chloride pipe closed at both ends and vertically supported when
pressurized was measured using holographic interferometry. Young’s modulus of
elasticity of the material (PVC pipe) was measured and it was in good agreement with
the manufacturer’s value.

A simple ESPI system was developed which incorporated a single HOE to
generate a speckle reference wave. The final system does not contain any other optical
components.

Use of transmission and reflection HOEs in the ESPI system was demonstrated.
The radial strain of a thick PVC pipe was measured using the transmission HOE based
ESPI system. Young’s modulus of elasticity was measured. The results were compared
with those obtained using holographic interferometry. Both were in good agreement
with the manufacturer’s value. For the first time both holographic interferometry and
ESPI have been used in a single system. This is one of the key achievements in this
work. The object can continue to be tested using ESPI when it is no longer possible to

resolve the holographic interference fringes.
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A HOE recorded at 532 nm was reconstructed using a near infrared diode laser
operating at 784 nm. There are two advantages using a laser diode in an ESPI system;
one is phase shifting by modulating the source wavelength and the second is the
compactness of the laser diode. ESPITest software was used to generate the phase map
of the thick PVC pipe. Young’s modulus of elasticity of the pipe was in good agreement
with the manufacturer’s value.

An even simpler ESPI system was implemented by using a reflection HOE. The
out-of-plane deformation of a circular thin duraluminium plate of 1.5 mm thickness
with a diameter of 46 mm pressurized uniformly by connecting to a vacuum chamber
was measured using this system. A 5-frame technique was used to calculate the phase.
The amplitudes and phases of the vibration modes of an object were mapped by using
direct modulation of the laser diode current in a near infrared reflection HOE based
ESPI system.

The final ESPI sysiem only contains the following components: laser diode,
reflection HOE and CCD camera. This system has the disadvantage of tedious chemical
development because the HOE was recorded in silver halide. .

This drawback was overcome by using materials, which does not require
chemical processing. A reflection HOE was recorded in the photopolymer at 532 nm.
Vibration mode patterns of a thin circular sheet of aluminium of 4cm diameter attached

to a paper cone loudspeaker 4 cm in diameter were identified.

The following objectives can be considered for future work on reflection
photopolymer HOEs in an ESPI system.
A HOE could be fabricated using a 532 nm diode laser whose current can be

modulated. Alternatively the material spectral sensitivity could be extended to record
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the HOE at near infrared wavelength because at these wavelengths, powerful laser

diodes are available which can be current modulated.

As a final summary, incorporating a HOE in the ESPI system has the following unique

advantages

1. A simple and compact system

2. Noneed of expensive optical components.

3.  Minimal alignment procedures.

4.  Easy to match the intensities of object and reference beams.

5. Complexity involved with conventional phase shifting devices is eliminated by
modulating the source wavelength.

Due to the above advantages this type of system is ideal for use in industrial

applications.
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