CHAPTER 1: INTRODUCTION
1.1

General overview

Photo thermal methods have been developed over the last 30 years to measure the
properties of thin films or different samples. The film thickness can be measured knowing
the thermal diffusivity of the film and the substrate on which the film has been deposited.
Alternatively the thermal diffusivity of a thin sample may be measured knowing the
thickness of the sample. These techniques are sometimes referred to as using the
principles of “thermal interferometry”. In general the concept of thermal decay having
wavelike behaviour is not widely understood and indeed the concept of thermal
interferometry is only valid when the thermal diffusion length is greater than or comparable
to the dimension (thickness) of the sample being measured. In such cases where the
system under consideration has length scales much shorter than the thermal diffusion
length, then the damping is relatively less important and the theory of scalar waves may be
accepted to describe the wave nature of thermal diffusion.
Thermal interferometry has been an interesting area of photo thermal research in the past
due to its complexity and potential applications in the automotive and health industries.
However unlike optical interferometry it has not yet been successfully applied in industry.
A number of optical interferometers including the Michelson Interferometer and Young’s
Interferometer have been developed and used for various applications, but no success has
been achieved so far in developing a thermal interferometer.
There has been considerable achievement on optical interferometry in the past,
suggesting development of a Thermal Interferometer to test thermal properties of different
materials, which are sensitive to optical radiation. The concept of thermal wave
interference (termed as thermal wave interferometry) originates from the measurement of
thermal diffusivity or thickness of thin films using the photo-acoustic effect, which is
described as follows:


In a photo-acoustic cell, a film sample absorbs a modulated light beam and
converts it into thermal energy, which propagates in the sample as a complex
thermal wave which decays quickly due to its highly damped nature. But in thin
samples these thermal waves can travel forward and backward striking the rear
and front surfaces of the sample many times before significantly decaying.



This leads to periodic temperature variations on the sample surface, heating and

Page 9 of 75

cooling the air layer in immediate contact with the surface. This air layer expands
and contracts periodically, resulting in the formation of acoustic waves in the cell,
which are detected by a pressure sensitive microphone.


By comparing the phase lag between the modulated light beam and acoustic
signals, the thermal diffusivity of the film sample can be worked out provided the
thickness of the sample is known or vice-versa.

In the experimental set up a light source (say tungsten halogen), a thin film sample (such
as copper) in an enclosed cell and an audio signal detector is used as a photo acoustic
spectrometer. When the chopped incident light through an optical chopper is incident on
the sample, a heat flow takes place and thermal waves travel from the inner surface to the
outer surface of the sample resulting in temperature variations at the boundary gas layers
inside the sample cell. This thin gas layer works as a piston, creating a pressure variation
that generates acoustic waves in the cell. These acoustic waves can be detected by a
sensitive microphone. In this process as heat takes a little time to diffuse from the front
surface to the rear surface of the sample, a phase lag is produced between the incident
chopped light (i.e. modulated light beam) and the detected acoustic signals and this phase
lag will depend on thermal diffusivity and the thickness of the sample. There is an
additional acoustic phase lag (say  a ) due to the finite distance between the sample and
the microphone, which is usually ignored as the acoustic wavelength is much greater than
this distance. By utilising the phase lag, measurement of thermal diffusivity is done in the
photo-acoustic effect.

The phase lag between the incident radiation and the generated acoustic waves is termed
as, ‘thermal phase lag’ (say T ) in photo-acoustic spectroscopy. To derive equations
relating thermal phase lag to the thermal properties of a material, two different approaches
are usually adopted:
The first involves deriving thermal diffusion equations considering different boundary
conditions, which accounts for the relationship between the temperature variation and the
thermal properties for the front surface technique, as established by the RosencwaigGersho theory (RG theory) [2] and further expanded by Charpentier [7] for the rear surface
technique.
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In the second approach Bennett and Patty [5] formulated the thermal response as a
superposition of thermal waves on the sample surface using interference theory and recast
the R-G theory.
The first approach is applicable to all cases, where boundary conditions are defined
mathematically; however in the second approach the mathematical expression is simple
but appears to be applicable only to special cases. Since then, several researchers have
discussed thermal-wave interference and diffraction, such as Mandelis [16, 17]. Thus the
concept of thermal wave interference can be applied to illustrate the thermal response of
samples in the Photo acoustic cells.
The technique has potential commercial applications. For example, there have been
earlier attempts by some researchers to use the photo acoustic technique to measure
thickness and thermal properties of thermal barrier coatings using the variation in the
reflection coefficients [25]. Also there is further scope for development of a commercial
instrument for use in the health industry for the detection of protein, biomass etc. A
deposited biomass or protein on back of a metal surface will change the reflection
coefficient for thermal waves, which will result in an extra phase lag in the acoustic signals
to be recorded. Thus using these parameters the thickness of deposition can be worked
out. This example has been shown in the diagram below.
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Figure 1.1 Schematic diagram of a device showing detection of biomass attachment
Due to the interface contacting the biomass, the thermal effusivity of the substrate would
change and it has been theoretically proved and experimentally established [5, 24, and 25]
in the measurements of thermal diffusivity for thin films. This device transforms the
temperature variation into a measurable acoustic signal, which is detected and recorded
by a microphone and lock-in amplifier. The additional phase lag of the acoustic signal with
respect to the modulated light accounts for the thickness of the deposited material or
biomass.

1.2

Objective and scope of the project

The aim of the project is to design and develop a laboratory prototype of a thermal
interferometer, which can be applied to testing of metals and coatings by a non-destructive
inspection of the material. This device may be used to determine the diffusivity of different
metals or it could be used to determine the thickness of a coating on a metal by measuring
the phase lag created. This application could be developed further and would be very
useful for measuring thickness and thermal properties of thermal barrier coatings.
Thermal interference can be measured using a surface temperature measuring device,
usually a pyrometer. This method of measuring the thermal interference is more expensive
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than the use of a microphone to measure the photo-acoustic effect. The aim is to measure
the phase lag between interfering thermal waves to calculate the thickness or thermal
diffusivity of a sample. The phase lag also depends on the reflection coefficient of the
thermal waves and the phase lag introduced by converting the temperature variations at
the surface of the sample into sound waves. A photo-acoustic cell may be illuminated from
one side, or both sides of the sample. The standard one sided photo-acoustic cell suffers
from an unknown phase lag, due to the microphone circuit and the phase lag introduced
by the heat transfer from the sample surface to the gas in the photo-acoustic cell. Since
the heat transfer conditions may vary with the sample and heat flux, a two sided photoacoustic cell has been designed and used in the work reported here. The advantage of the
two sided cell is that the unknown phase lags due to the acoustic part of the cell are
eliminated. The experimental procedure developed for the two sided cell, illuminates both
sides of the sample with the same frequency of modulated light. The phase shift of the
modulation is altered to find a minimum response of the photo-acoustic cell. It is this
minimum response phase shift that enables the thermal diffusivity or thickness of the
sample to be determined. Since the measurement of a phase shift can be made very
accurately, the method developed here might be used as a rapid and relatively cheap
method for the accurate determination of thermal diffusivity or thickness of thin samples.
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CHAPTER 2: LITERATURE REVIEW
2.1

History and background

The concept of thermal wave interference has been generated from the photo acoustic
effect. In 1880, Alexander Graham Bell [1] discovered that when a periodically interrupted
sunlight falls on a solid surface in an enclosed cell an audible sound could be heard by a
hearing tube attached to the cell. Motivated by Bell’s discovery Tyndall [3] and Rontgen [4]
found that an audible sound is also produced when the chopped light passes through the
cell filled with a gas. Subsequently, Bell experimented with a variety of gases, solids and
liquids and created some interest in the photo acoustic effect.
After about fifty years, the photo acoustic effect became an established technique for gas
analysis and is well interpreted; photons (the light particles) are absorbed by the gases
and are converted into kinetic energy of gas molecules resulting in fluctuations within the
cell leading to a production of acoustic signals.
In the mid seventies Rosencwaig and Gersho [2] observed the photo acoustic effect in
solids and condensed matter leading to spectroscopic measurements, later known as
photo acoustic spectroscopy. The theory given by them, predicts dependence of the
acoustic signals on the absorption coefficient of the solid, thereby giving a theoretical
foundation for the technique of photo acoustic spectroscopy. Based on this theory, optical
absorption spectra can be obtained for optically opaque materials.
Later in 1981, Bennett and Patty [5] recast the Rosencwaig-Gersho [2] equation for the
photo acoustic signals in such a manner which clearly emphasized the importance of
thermal wave interference in the production of the photo acoustic signals. This formalism
was used to extract thermal properties of many solids. The dependence of acoustic signals
on chopped frequency was noticed, hence the technique adopted to extract the thermal
information from structure of the material was to vary the wavelength of thermal waves by
varying the frequency of modulated incident light and normalising the photo acoustic
signal, which is done by using a signal from a thermally thick sample of the same material
to remove the effects of cell resonances and the microphone response etc. In this way the
structure revealed from thermal wave interference may be studied unambiguously, and the
analysis of these data would yield the properties of the thermal waves and of the medium
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in which they travel. This further supported the property of thermal waves being damped
very quickly in the sample and thermal wave interference manifesting itself most
predominantly in very thin thermal samples.
In 1987 Hasimoto, Cao and Takaku [8] dealt with the applications of photo acoustic effect
for the measurement of thermal diffusivity in thin film samples. Also, the effect of sound
wave interference inside the photo acoustic cell was observed and discussed. While
studying thermal diffusivity and its measurements using the photo acoustic effect, they
found that due to interference of thermal waves, an additional phase lag is observed
between the resultant sound waves and the modulated incident beam. A theoretical
expression has been developed between this phase shift and frequency of the modulated
incident beam. Simulation results of the theoretical expression show good agreement with
the experimental results. Furthermore some theoretical relations between the phase lag,
the chopping frequency and thermal diffusivity of a sample have been reproduced
following Rosencwaig-Gersho (R-G) theory.
In 2000, Cao [6], based on the Bennett and Patty [5] and R-G theory [2], extended the
theory to cover the photo acoustic effect in multi-layered cells. The R-G theory accounts
for the relationship between the temperature variation and the thermal properties for the
front surface technique, which was expanded by Charpentier [7] to include the rear surface
technique; however Bennett and Patty had formulated the thermal response as a
superposition of thermal waves on the sample surface using interference theory and recast
the RG theory.
Basically Cao in his mathematical formulation of the thermal response in a two layer photo
acoustic cell, depicted the inter layer and intra layer interference of thermal waves
explaining the origin of the phase lag in addition to an extra phase lag introduced due to
thermal wave interference in various cases [6].
In Cao’s experiment, a multi layered structure (glass window layer, sample layer and air
layer) is placed in a PA (photo acoustic) cell. The thermal waves generated by a
modulated light beam striking the front surface travel to and fro hitting the rear and front
surfaces of the sample resulting in interference of the many reflections of the thermal
waves. The periodical variation of temperature on the sample’s surface leads to
contraction and expansion of adjacent gas layers accordingly creating sound waves in the
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cell. The sound output being detected by a sensitive microphone mounted on the rear side
of the sample, is known as the rear surface technique. Normally the microphone is
installed on the same side as incident beam of light, called the front surface technique.
The phase lag of the acoustic signal with respect to the modulated light signal is more
useful in calculating the thermal diffusivity of a sample than acoustic amplitude. The total
phase lag introduced between the sound signal and the chopped light signal is dominated
by two components, one due to the travelling time of heat waves from one surface to the
other surface of the sample and vice versa, and the other due to the delay in converting
temperature fluctuations of the surface of the sample to sound waves that travel to the
microphone. Thus the phase lags between the temperature variation on the surfaces of the
sample and the modulated light may be termed as a ‘thermal phase lag’; and the phase
lag between temperature variation and the sound signal can be termed as, ‘acoustic phase
lag’. Though in a photo acoustic experiment the sum of the thermal phase lag and the
sound phase lag is measured, Cao [6] and [8] addressed only thermal phase lag in his
studies considering acoustic phase lag much lower compared to thermal phase lag due to
long wavelength nature of acoustic waves.
It is the various techniques and theories of thermal wave interferometry carried out by
earlier researchers that have led to the idea of developing and commissioning the two
sided photo-acoustic cell to observe thermal wave interference in physical reality, which is
the subject of this thesis.

2.2

Other approaches to this subject

a) Sensitivity of thermal-wave interferometry to thermal properties of coatings:
application to thermal barrier coatings, Bendada 2004 [25]
In this paper the author has tried to estimate the sensitivity of thermal wave interferometry
while applying it for the analysis of thermal properties of coatings. Several data sets were
recorded from experiments on plasma sprayed yttrium-stabilized zirconia coatings to
illustrate the accuracy and the limitations of thermal wave interferometry (TWI) for the
evaluation of thermal properties of thermal barrier coatings.
It was found that this technique provides reliable thermal diffusivity values for larger values
of the reflection coefficient but the best effusivity measurements are possible for low
values of reflection coefficient. And the characterization procedure is also influenced by
signal to noise ratio. At low frequencies for thermally thick coatings accurate effusivity
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measurements are very difficult to make, but diffusivity can still be accurately determined.
This is because TWI is very sensitive to effusivity at thin thermal thicknesses, and to
diffusivity in the high thermal thickness region. The same was confirmed using three
different thicknesses of coatings of plasma sprayed yttrium-stabilized zirconia on a copper
substrate.
b) Theory of photo thermal-wave diffraction and interference in condensed media,
Mandelis 1989 [15]
Mandelis has described thermal wave diffraction in condensed media deriving the thermal
wave diffraction integral, thermal wave diffraction in the small aperture approximation and
has explained photo thermal wave interferometry. He has presented several examples of
photo thermal excitation apertures. These include the spatial impulse function, a Gaussian
laser beam, a circular aperture, and an expression for the interference field generated by
two Gaussian laser beams.
Thus a photo thermal wave diffraction formulation describing the temperature field
dependence on arbitrary diffracting aperture geometries was developed and used to
examine special cases of experimental importance, including source geometries leading to
constructive or destructive thermal wave interference.
c) Photo thermal wave diffraction and interference in condensed media:
experimental evidence Aluminium, Mandelis and Kwan 1991 [16]
In this study, using spatially resolved scanning by photo pyroelectric detectors, the
optically generated thermal wave fields have been measured. Similar to Young’s optical
wave experiment thermal wave patterns have been produced by two laser beams
interfering coherently, also diffraction profiles from a single laser beam have been
produced. The diffraction and interference images have further been shown to be in
excellent qualitative agreement with a Laplace thermal wave propagation formalism, which
treats thermal wave diffraction in the small aperture approximation. A mechanism for
quantitative agreement was obtained when the finite size of the metal detector tip was
taken into account, in mapping thermal wave fields.

A good agreement was found

between photo pyroelectric experimental scans from thermally thick homogeneous
aluminium sample of finite thickness and previously developed photo thermal diffraction
and interference theory valid for semi-infinite solids.
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d) Technique, application and noise analysis of purely thermal-wave photo
pyroelectric Interferometry (PPEI), Mandelis and Wang 2001[17]
This is a new purely thermal wave interferometric technique which is based on spatial
interference of thermal waves within the body of the pyroelectric transducer, independent
of the sample. Unlike other conventional photo thermal interferometric schemes, this
technique is based on monitoring thermal waves resulting from direct optical interference
patterns, such as those generated by two appropriately modulated laser beams (for
example intensity, phase or polarisation modulation). In the present coherence scheme
thermal waves interfere as they are induced by two intensity modulated beams, split of a
single laser source and with a fixed phase shift relationship between them. The usually
large instrumental PPE (photo pyroelectric) baseline signal and a significant portion of the
noise can be efficiently suppressed within the PVDF (polyvinyl dene fluoride) detector if
the two laser beams are collinearly incident on opposite surfaces of the thin pyroelectric
film, and with 180 degree relative phase shift. In this fashion, much higher signal sensitivity
and dynamic range PPE measurements than with the conventional single beam PPE
configurations are expected. This paper has presented a generalized theory of a purely
thermal wave interferometry and applications which have been implemented for different
research aspects including measurement of optical properties of solid laser crystals and
the design and development of a novel H 2 gas sensor. In addition noise suppression and
detectivity enhancement of the system is also discussed in this paper.
e) Thermal diffusivity measurement of polyethylene melt by a new temperature wave
method, Hashimoto and Tsuji, 1993 [9]
This method used a new technique of measuring thermal diffusivity of high density
polyethylene by a.c. Joule heating. The diffusivity was determined at various temperatures
between room temperature and above the melting point in heating and cooling processes.
This method also used the typical measurement of phase shift against the square root of
frequency of temperature waves across the film sample.
It was found that the thermal diffusivity changed drastically at melting and crystallizing
point at which obvious structural changes occurred. The main advantages of this method
are: i) small temperature gradient, ii) wide temperature range including melt state, iii) small
sample size ,iv) short measurement period and v) high resolution for temperature.
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f) Thermal wave interferometry: a potential application of the photo acoustic effect,
Bennett and Patty, 1982 [5]
This work was based on Rosencwaig-Gersho (R-G theory) [2], in which the equation for
photo acoustic signal is a recast in a manner that emphasizes the crucial role played by
thermal wave interference in the production of photo acoustic signals, as thermal wave
interference effects manifest themselves most predominantly in samples that are very thin
thermally. For this range of sample thickness and modulation frequencies, the thermo
elastic stress waves are expected to contribute negligibly to the photo acoustic signals and
hence the R-G theory was used as a foundation to this formalism by Bennett and Patty.
They developed a theory and used it to suggest a technique for extracting thermal
information from the structure in the photo acoustic signal resulting from thermal wave
interference. It was stated that this technique is potentially a powerful and straightforward
application of the photo acoustic effect in condensed phase.
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CHAPTER 3: THEORY
3.1

Theoretical approach

3.1.1

Thermal Waves

The approach adopted here will be similar to that of Almond and Patel [26]. Heat is
assumed to obey the diffusion equation within the sample:

T
   2T  0 .
t

(1)

T is the temperature of the sample at point (x, y, z) at time t, with  being the thermal
diffusivity of the sample. The boundary conditions at the surface of the sample are

Q  kT ,

(2)

where k is the thermal conductivity of the sample and Q is the heat flux entering or leaving
the sample’s surface.
In the one dimensional case, Equation (1) has solutions:

T  A exp x   B expx expit  ,

(3)

where A and B are complex constants and  is the circular frequency (radians per
second) of the waves. The solution (Equation 3) looks like a propagating wave that is
damped. It is usual to take the value of B to be zero for waves propagating in the positive x
direction, as this ensures a finite solution as x tends to infinity. The value of σ is given by
the dispersion relation for the diffusion equation:

i   2  0 ,

(4)

where  is the wave number of the propagating thermal wave and is complex, meaning
that the wave is damped:
1

  2
  (1  i )  .
 2 

(5)

The expression for the complex wavenumber is often written as

  (1  i)

1



,

(6)

where μ is called the thermal diffusion length (a real number):
1

 2  2
   .
 

(7)
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Here  is the thermal diffusivity of the material and is given by   

 c p , where  is

the density, c p is the specific heat capacity and  is the thermal conductivity of the
material.
Thus it can be seen that thermal waves decay to 1/e of their surface amplitude one
thermal diffusion length below the surface. It is for this reason that some people are not
comfortable with the oscillatory solutions of the diffusion equation as being wavelike. This
is to some extent a question of semantics. If the system under consideration has length
scales much shorter than the thermal diffusion length, then the damping is relatively small
and the theory of scalar waves may be adapted to describing these solutions. In this
sense, it is convenient to talk about “thermal waves”.
When light hits a surface and some is absorbed at the surface, then the absorbed light is
converted to heat. Thus a modulated light source striking a surface acts as a modulated
heat source. Using the boundary condition at the surface, it is easy to see the phase
relationship between the thermal waves generated at the surface and the phase of the
modulated light source.
Substituting the wave solution

T  A exp x  expit 
into the boundary condition (Equation 2), we find:

Q  kT  kT 
Q 

 
x
x  
A exp  exp i t    

 4 

 
k

 
T exp  i 

 4
k

(8)

Thus a phase difference of 45º exists between the modulated light and the temperature
waves at the surface of the specimen. This phase difference is in addition to any phase lag
that might occur when converting the temperature fluctuations at the surface into sound
waves.
3.1.2

Sound wave generation by thermal waves

In the photo-acoustic cell shown in Figure 3.1 light passes through the transparent window
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and strikes the sample on the far side of the cell. The cell is gas tight and the microphone
responds to pressure changes caused by the gas being heated and cooled by the sample
surface. The heat flux arriving at the surface will have the form Q expit  . In the equations
below the time variation will be dropped for clarity.

Microphone
Laser beam

assembly

Backing glass

Brass cell

Sample

Glass

Optical chopper

window

Figure 3.1 Schematic diagram of a simple photo-acoustic cell
The temperature difference between the surface of the sample and the gas in the cell will
cause the gas in the cell to heat up. The heat flux being absorbed by the gas from the
surface of the sample can be written

Qgas  H T  Tgas  ,

(9)

where Tgas is the bulk gas temperature (not the boundary layer next to the surface of the
sample) and H is the heat transfer coefficient. As the bulk of the gas heats up, so its
temperature will rise according to

Q gas  mcv

Tgas
t

,

(10)

where m is the mass of the gas enclosed in the cell and cv is the specific heat of the gas at
constant volume. Heat loss from the gas to the cell’s walls has been ignored. Since the
system is being driven at frequency  , Equation (10) becomes:

imcv Tgas  H T  Tgas  ,

(11)
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which means that the bulk gas temperature can be expressed in terms of the sample’s
surface temperature.

Tgas 

T

1  i  ,

(12)

gas

where  gas 

mcv
.
H

(13)

It is very likely that the time constant  gas associated with converting the sample’s surface
temperature into sound waves will depend on the frequency and the amplitude of the
surface temperature fluctuations, as well as the mean temperature of the surface. This is
because the convection cell set up in the cell will be driven by natural convection (gravity).
Thus the boundary layer thickness that dictates the Nusselt number and therefore the heat
transfer coefficient will depend on the period of the oscillation as well as its amplitude. The
amplitude dependence comes about because the modulated light beam does not cool the
sample in the negative part of the cycle, but consists of a fluctuating component plus a
mean value. The mean value (or zero frequency) heat flux will drive the convection cell,
thus the larger the amplitude of the modulated light beam, the larger the mean
temperature difference between the gas and the sample’s surface. In natural convection,
the higher the temperature difference, the greater the heat transfer coefficient.
Consider the perfect gas law

P

nR
Tgas .
V

(14)

The volume of the gas is constant and so the relationship between the gas pressure and
the heat flux from the modulated light beam can be derived using Equation (8) and (12).

Q  kT 

Q 

 
Tgas 1  i gas exp  i 

 4
k

k PV
1  i gas exp  i  
 nR
 4

(15)

This leads to the phase relationship between the pressure of the gas (sound picked up by
the microphone) and the modulated light incident on the sample’s surface.

P
1
 

exp i 
Q 1  i gas 
 4

(16)

Equation (16) has two obvious limits. At very low frequency  gas  1 , the phase lag
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between the sound and the modulated light will be 45º and at high frequencies  gas  1 ,
the phase lag between the sound signal and the light will tend to 135º.
A more sophisticated model of the generation of the sound is possible, but this simple
model seems to encapsulate the most important feature. That is the added phase lag in
producing the sound. It is this uncertainty in the knowledge of the gas time constant  gas
that means that any measurements of phase lag on a single sided cell (Figure 3.1) will
need to be calibrated against a standard that reproduces the same phase lag associated
with the generation of sound.

3.2

Theory of a single sided photo acoustic cell

Using the wave analogy as described in Section 3.1, the thermal wave interference for a
single sided photo thermal cell can be described as follows:
A thermal wave (primary wave, W) is generated instantaneously as soon as a modulated
light impinges on the front surface of the sample in substrate form (S 12 in Figure 3.2). The
thermal wave travels towards the rear surface of the substrate (S 23 in Figure 3.2), reflects
and arrives on the front surface again, forming the so called secondary wave. The
travelling and reflecting back process of the thermal wave continues between both
surfaces S 12 and S 23 until it is damped completely. The temperature variation on the front
surface is the superposition of the primary, secondary and higher waves (Figure 3.3).
While there is no phase lag between the primary wave and the modulated light given that
the time for energy conversion from light to heat is less than 10 9 second [6], there is a
phase lag existing between the modulated light and the overall temperature variation on
the surface S 12 as expressed in Equation (8).
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Figure 3.2 Superposition of thermal waves [6]
Note: Φ is written as  in Section 3.2.1 for convenience.
3.2.1

Interpretations of the thermal phase lag in the front-surface technique

The temperature variation on the front surface of the substrate has been formalized by
Cao [6]. For the front-surface technique, by considering layer 1 as an air layer and
assuming it to be thermally thick, the interference effect from the thermal waves reflected
from the interface, S01, can be neglected. Summing up all of the thermal waves on the
front surface of the sample, which form a geometric series, leads to the expression of the
temperature variation on the front surface of the sample
I = T 21 R 23

1



1  R23 R21 exp  2 2



,

(17)

where:
I is the total intensity at the front surface.
R ij =

1  bij
1  bij

T ij = 1  Rij
b ij =

ej

ei

---- Reflection coefficient
-----Transmission coefficient
------Ratio of effusivities
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e   .c p 

------Effusivity

where  , c p and  are the density, heat capacity and thermal conductivity of the gas
layer, respectively.

 2  represents the complex thermal diffusion length and is given by
 2  = 1  i  2 = 1  i 


l2 ,
2 2

(18)

where  is the modulation frequency of the light source, and  2 and l 2 are the thermal
diffusivity and the thickness of layer 2 (the substrate), respectively.

Figure 3.3: Schematic showing how the superposition generates an additional
phase lag  in the front surface of the sample [6]

The above explanation can be further illustrated by using Figure 3.3 and by explicitly
defining the various contributions to the total observed phase lag  T between the optical
and acoustic signals:

 T   pt   ta   ,
where  pt is the “photothermal” phase lag (equal to 45º according to Equation (8)),  ta is
the “thermoacoustic” phase lag (defined by Equation (16)) and  is an additional
“thermal interference” phase lag due to the interference between the primary, secondary
and higher thermal waves. The first thermal wave, which is generated upon the absorption
of the modulated light by the sample, should have no thermal interference phase lag due
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to interference of thermal waves. It is the second thermal wave and the higher `waves that
show the phase lags ( 2 2 , 4 2 , ... ) after their multiple travels between the interfaces, S12
and S23.
The temperature variation on the surface of a sample is the superposition of the first,
second and higher thermal waves. The origin of the thermal interference phase lag (  )
in a front-surface arrangement lies in the intra-layer interference effect. Thus for a
thermally thick sample, the second and higher waves are so damped that little contribution
to the superposition could be anticipated. The thermal interference phase lag approaches
zero. Similarly, as the modulation frequency  increases, the thermal diffusion length 
decreases according to Equation (7) and the thermal interference phase lag for the frontsurface technique will tend to zero.

3.3

Theory of a double sided photo acoustic cell

To explain the phenomenon of thermal interference in a double sided photo acoustic cell,
the mathematical treatment below has been developed.

L

Sample

Laser beam

y
0

x

Figure 3.4 Schematic diagram for a double sided cell system
The problem is to determine the response of a thin planar sample irradiated on either side
by modulated laser beams of (roughly) equal intensity. The area irradiated has a diameter
greater than the sample thickness (L), so we shall treat the sample temperature as a
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function of one spatial variable (x) only. The boundary conditions are assumed linear and
time-invariant, so that the system as a whole is LTI, and we can solve for each of the
Fourier components of the temporal response independently, at least in the steady state.
Outside the sample the 1-D approximation will break down for the DC component, but
should be reasonably accurate for time-varying components; we shall assume so for now
at any rate.
If the thermal flux density at x at time t is J ( x, t ) , and U ( x, t ) is the corresponding thermal
energy density, then, for 0  x  L

  J ( x, t ) 

U ( x, t )
 P ( x, t ) ,
t

(19)

where P( x, t ) is the density of power absorbed from the laser beam. The usual
assumptions:

J ( x, t )  kT ( x, t )

(20)

and

U ( x , t )   c p T ( x, t )

(21)

(which should be valid, at least for small perturbations about the DC values), lead to the
well known heat flow equation, which forms the effective starting point of our analysis:

 k 2T ( x, t )   c p

T ( x, t )
 P ( x, t ) .
t

(22)

Suppose the laser modulation is periodic, so that

P ( x, t )   Pn ( x)e int

(23)

n

and, in the steady state,

T ( x, t )   Tn ( x)e int

(24)

n

gives the temperature distribution. The equation for the n th harmonic is

k

d 2Tn ( x)
 i n  c p Tn ( x)  Pn ( x) .
dx 2

(25)

Now define

 n  (1  i)

n  c p

(26)

2k
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where  n the complex wave number is associated with the thermal diffusivity  at
frequency  n and is given by

 n  (1  i )

n
. Then, in the region 0  x  L , the
2

general solution to Equation (25) can be written in the form

Tn ( x)  An e  n x  Bn e n x   ( x)

 ( x) 

1
2 n k

L

e

 n x  x

(27)

Pn ( x )dx 

0

If the sample is a good conductor, then we should be able to write


1
Pn ( x)   P0 n e   P1n e

2x

2( L x )




,



(28)

where δ is the penetration depth of radiation at the laser wavelength and P0 n and P1n are
proportional to the n th Fourier components of the modulated laser intensity incident on the
x = 0 and x = L surfaces respectively.
The integral in (27) is easily evaluated. For convenience define:
2 x

L

1
 n x  x  
hn ( x) 
e
e dx 
2 n k 0

e

2
k  n  



2

  L 
 n x
 n ( L  x )

e
e
e   



 4  2k n  n  2 2k n  n  2 



2
  x
 

(29)



In terms of hn(x) Equation (27) becomes

Tn ( x)  An e  n x  Bn e n x  P0 n hn ( x)  P1n hn ( L  x)

(30)

The constants An and Bn are determined by the boundary conditions at x = 0 and L. For the
DC term,  0  0 , these are likely to be complicated since the solution of the heat
conduction equation in the outer region results in linear x dependence, and the x  
conditions are essentially undetermined. In reality the 1-D approximation must fail on the
outer region and this would take us beyond the simple model. Fortunately the non-DC
terms have non-zero frequency and the solutions are exponential in x and the natural nonDC condition at infinity, Tn ( )  0 , leads to plausible 1-D solutions. Also, the low thermal
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conductivity of the surrounding air suggests that a null flux condition at x = 0 and x = L may
be adequate for the oscillating component. This may be preferable as an approximation
since the actual coupling at 0 and L may not be correctly modelled as simply conductive.
In any event we shall assume that a simple matching of conductive heat fluxes across the
boundaries is sufficient for now, and will usually take the limiting null-flux conditions for
analytical calculations.
Thus if the thermal conductivity of the outer region is k0, and the other outer medium
quantities are similarly subscripted, then the boundary conditions at x = 0 and L become

T0 ( x)  T ( x ) when x  0, L

(31)

and

 k0

T0
x

 k
x 0, L

T
x

(32)
x 0, L

where

T (0)e  0 n x
T0 ( x)  
 0 n ( x  L )
T ( L)e

; x0

(33)

; xL

and (27) and (31) have been used with P = 0, together with Tn ( )  0 to determine the
outer solutions.
Substituting for T and T0 in Equation (32) at the two boundaries yields

  0n k0  
 k

 1
1 
 
 (0)  0 n 0  (0) 

A



k
n k
n

  n   n

 0n k 0
  0 n k 0   n L   Bn    1 
 ( L) 
 ( L) 
1 
e 




k
n k 
n
 n




  0n k0 

  1 
 n k 


   0 n k 0   n L
e
 1 
 n k 
 

(34)

This is easily solved for An and Bn .
Note that in practice

 0n k 0
 1 and the penetration depth δ is also very small. In the limit
n k

in which these two terms are taken to zero it can be shown (after some tedious but
straightforward algebra) that at x = 0

Tn (0)  P0 n

cosh(

L)  re i
2 n k sinh( n L)
n



(35)
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where re i 

P1n
.
P0 n

(36)

The phase lag,  (more precisely called a ‘laser phase shift’, which is the phase difference
observed between the two incident laser beams on the sample from opposite directions) at
which the amplitude of the fundamental of the temperature variation is a maximum or
minimum, can be derived from Equation (36), and maximum phase lag is given by

tan  max  tanh(L) tan(L) ,
where  

(37)

 c p

(38)

2k

This is the same result as quoted in Almond and Patel’s book on page 211 [26].
It is important to note how accurate the measurements would be for a given error in
determining the phase shift. In the double sided photo acoustic cell, it is preferable to find
the minimum in the temperature variation by measuring the minimum amplitude of the
acoustic signal, as the maximum acoustic amplitude is varying slowly. The laser phase lag
for which the temperature variation is a minimum is related to the maximum phase lag by
the relationship

 max   min   .

(39)

The measurement of the minimum amplitude starts at 180º, when the product γL tends to
zero. The measurement then apparently decreases from 180º as the frequency rises or for
thicker samples. A plot of the solution to Equation 37 is shown in Figure 3.5.
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Figure 3.5 Shape of the measured laser phase shift for the minimum amplitude of
the temperature variation in a double sided cell
For the convenience of the reader, Figure 3.5 is split into two charts: Figure 3.6a shows
the variation of the laser phase shift plotted against the laser modulation frequency when
the thickness of sample is constant, while Figure 3.6b shows the variation of the laser
phase shift plotted against the thickness of the sample when the modulation frequency is
constant.
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Figure 3.6a Phase shift variation against modulation frequency (constant thickness)
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Figure 3.6b Phase shift variation against thickness of sample (constant frequency)
Figure 3.6b helps us to see a physical explanation for the dependence of the signal
minimum on sample thickness. For a sample of zero thickness a signal minimum is
expected when the laser beams on the two sides of the sample are 180º out of phase.

Page 33 of 75

When the sample has a finite thickness, the minimum temperature variation occurs when
the thermal phase lag through the sample plus the laser phase lag equals 180º.
The measurement of phase will have an error independent of the value. So the error in
measuring the product γL will depend on how accurately the phase shift can be measured.
From Equation (37) it is easy to show that:

 L   min

tanh

L   1tan 2 L   1
tanh 2 L  tan 2 L   1
2

(40)

where δ represents the error in the measurements. Figure 3.7 shows Equation (40) plotted
out as a percentage error in γL for an error in the phase measurement of one degree.
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Figure 3.7 Percentage error γL per degree error in phase shift for a double sided cell
This shows that the largest errors will occur in the thinnest samples at low frequencies.
The further the phase shift is from 180º, the smaller the error. Figure 3.7 shows that for a
one degree error in phase shift measurement, errors in measurement of γL will be less
than one percent provided the measured phase shift is less than about 80º (that is the
phase shift is greater than 100º from 180º that would be experienced by an infinitely thin
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sample).
The above discussion suggests that the thermal interference effect in a double sided photo
acoustic cell can be used to study the thickness and thermal properties of thin samples,
while avoiding the complicating factor of the thermoacoustic phase lag  ta , as defined by
Equation (16). The exact phase lag between the modulated laser beams and the acoustic
signal is not required in this approach, as we are only interested in the amplitude of the
acoustic signal as a function of the phase difference  between the two laser beams.
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CHAPTER 4: CONSTRUCTION OF A LABORATORY THERMAL
WAVE INTERFEROMETER
To make a thermal interferometer we have considered the superposition of thermal waves
when the sample is irradiated from both sides, front and rear, by two modulated laser
beams obtained by splitting a single laser beam using a 50/50 beam splitter. These two
beams are synchronised at the same frequency by locking an acousto-optic modulator
(beam1) to the reference of an optical chopper (beam2). A variable phase shift  is
introduced between the two beams relative to each other by moving the same chopper
blade (cutting the beam orthogonally) in the path of the beam. Thus a phase difference 
referred to as the ’laser phase shift’ is created between these two split beams, which leads
to a similar phase lag between the resultant thermal waves inside the sample and their
interference effect is observed through recording the amplitude of the resultant photo
acoustic signals.
Here it is necessary to describe the photo-acoustic technique in short as adopted by us in
the current work. In this technique, an intense beam of light, interrupted at regular intervals
is incident on a metal sheet of micron level thickness through a glass window, inside an
airtight enclosed cell. The light energy incident on the surface is converted into thermal
energy which propagates through the metal sheet. This results in an increase in
temperature of the metal surface and hence the adjacent layer of air. Due to the
temperature rise, the air (or gas) inside the cell expands but as the volume of the cell is
fixed, it creates a pressure inside the cell following the ideal gas law (PV= nRT), which in
turn generates acoustic signals in the range of a few decibels. These acoustic signals are
captured by a sensitive microphone and fed to the diagnostic electronics for recording and
further analysis. The experimental details will be described in following Sections. A simple
pictorial representation is already given in Figure 3.1 for a single cell system irradiating the
sample from one side only. However in this project a double sided photo acoustic cell has
been used and we will now describe its design and details.

4.1

Design and drawing of photo acoustic cell

We designed a special photo acoustic cell to meet our experimental requirements. A
detailed drawing using the software “Auto Sketch” was prepared as shown below in
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Figures 4.1 and 4.2. The photo acoustic cell (PA Cell) is the heart of the thermal
interferometer and its design and construction was very important for the success of the
experiments. To construct this cell, brass was selected as a material as it was easy to
machine and was suitable for this design and purpose. From the sketch shown in Figure
4.1, separate designs for all parts of the cell were worked out and then a solid piece of
brass was machined in the workshop as per detailed specifications within a tolerance of

 1mm. Most important was to make the cell air tight with the flexibility of replacing
samples at times. So we used several rubber O-rings and designed the parts so that they
can hold together tightly. Also to minimise scattering of light, inner surfaces were
blackened by an oxidation process.

Cell Assembly Drawing
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Figure 4.1 Diagram of a two sided photo-acoustic cell
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The photo acoustic cell components drawings are shown in Figure 4.2.

Parts Drawing
Glass window
A

Microphone

B

C

D

Sample Position
O ring

Figure 4.2 Diagram of two sided photo-acoustic cell components
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1. The PA cell contains four parts, A, B, C and D.
2. There are two of part A and one each of part B, C and D. The parts A are at both ends
facing each other, however B, C and D are in the middle in a row. Part A can be
connected to parts B and D from two ends, however part C slides on B and works as a
coupler to join B and D. All the four parts A, B, C and D are made of solid brass in a
cylindrical form with circular hole of same diameter approx. 10mm as shown. All the
parts have threading to tighten to each other. Other dimensions are also shown in the
drawing 4.2. An photograph showing the cell assembly (Figure 4.5) is shown in Section
4.3.
3. Part A has a slot to take up a circular glass window which is to be glued on the circular
annular surface against the hole.
4. Part B has a circular groove at each end on which rubber O-rings are fitted. It also has
a hole drilled from side wall to fix a sensitive microphone. One end of part B, which
joins with D, has actually larger external diameter, which is meant to hold part C, so
that C and D can be tightened to join B and D. Further, parts B and D have grooves for
O-rings to make it air tight with parts D and A. The other end (left end) of part B joins
with A through the threading.
5. Part D is similar to B, but its outer front face joins with the inner front face of part C.
Part D also has a slot facing B to accommodate the sample, which is a circular
substrate of copper. The other end (right end) of part D joins with another part A with
the threading.
6. Thus all the four parts A, B, C and D join each other with the threading and make it an
air tight photo acoustic cell.
7. The samples consist of pure copper discs with a diameter of 14mm and thickness
varying from 100 µm to 3 mm.
8. The glass windows consist of ordinary glass of diameter 14mm and thickness 2mm.
9. The O-rings are approx. 12-14 mm in diameter with a thickness of 1-3 mm matching
the grooves on the blocks.
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4.2 Components and equipments for construction of thermal
interferometer
To perform experiments the following main components were selected:
a) A photo acoustic cell of brass as shown earlier was designed and constructed and
was blackened on the inside by an oxidation process.
b) A dual input phase sensitive lock-in amplifier from Stanford Research Systems,
SR530 was used with mechanical optical chopper SR540. This lock-in amplifier
has the ability to measure amplitude and phase of a locked in signal
simultaneously and hence was quite a useful tool.
c) The optical chopper SR 540 was also used on a translation stage to introduce a
phase shift  in one laser beam relative to the other. The chopping blades used
were of 6 slots and 30 slots, which were capable of producing a frequency range of
4 Hz to 400 Hz and 400 Hz to 3.7 KHz, respectively.
d) A Tektronix oscilloscope was used to record and observe data.
e) A prepolarised ½” diameter pressure diffused microphone 40AD with a preamplifier
26CA from ‘G.R.A.S. Sound and Vibration’, Denmark was used. The sensitivity of
this microphone is mV/Pa, dynamic range is 17 to 146dB, resolution 20 µPa, and
frequency range is 6.3 Hz to 10 KHz.
f)

An air cooled argon-ion gas laser model 163D-02 from Spectra Physics, USA with
multiple line output (488 nm prominent) was used. Initially, two He-Ne lasers of 10
mw and 632.8 nm from Aerotech Inc., USA were used.

g) An acousto optic modulator AOM-40 (from Intra Action Corp., USA ) with light
modulator signal processor ME-40, a photo-diode detector, plane mirrors, a 50/50
beam splitter, translation stage and various mounting posts were also used.
h) The entire set up was made on a vibration isolation optical table from Newport
Corporation, USA.
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4.3

Experimental set up and circuit diagram

The following system design was worked out after several considerations and preliminary
experiments. The complete experimental set up was laid down on a suitable vibration
isolated optical table.

Thermal wave Interferometer set up
PC

Lock in Amplifier

Oscilloscope

Power supply

Sample

Pinhole
AOM

CELL

Acousto optic
modulator control

Beam splitter

mic

PA

Attenuator

Argon Laser

Chopper
controller

Mirrors
Photodiode

Glass windows

Translation
Stage

Figure 4.3 Thermal wave interferometer set up
The components shown in Figure 4.3 were connected by BNC cables and power line as
per Figure 4.4.
In this set up an intense laser beam of mixed frequency (488 nm prominent) from an
argon-ion laser was split by a 50/50 beam splitter and allowed to fall on the sample inside
the PA cell from two opposite directions after passing through steering plane reflecting
mirrors and other optical components as shown in the Figure 4.3.
An acousto-optic modulator (AOM) was used to modulate the front beam driven by the
reference frequency from the optical chopper (on the split beam) to the AOM controller.
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Thus we could obtain perfect frequency synchronisation on both beams and could verify it
on a digital oscilloscope as well. Further, using a photo detector on the split beam, we
could easily measure the phase of the beam falling on the sample from the front. The
waveform generated by the rear beam is also recorded by the oscilloscope and the phase
difference  between the two waveforms was easily measurable. This phase difference
between two beams can be varied by moving the chopper blade on the linear translation
stage. Thus it was possible to introduce a desired phase shift of one beam with respect to
the other. A variable optical attenuator was used on the main beam path going straight to
the cell to attenuate the laser power and hence balancing the beam power with the split
beam. This is useful in controlling the laser power falling on the sample from both sides
equally. This is done by measuring laser power using a ‘Coherent’ laser power meter at
both ends of the cell just before the glass windows. A pinhole is also used to pass only the
first order diffracted beam from AOM and cutting of zero, second and third order beams.
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Figure 4.4 Schematic circuit diagram of thermal wave interferometer
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When the sample is irradiated by the laser beams, acoustic signals are generated inside
the cell, which are captured by the microphone detector and amplified by a preamplifier.
This microphone detector is highly sensitive and prepolarised. It is connected to a power
supply/preamplifier, through which signals are acquired. This signal is fed to the lock-in
amplifier where it is further amplified, and then analysed and recorded by a PC. The
reference signal from the optical chopper is connected to the lock-in amplifier to enable it
to lock-in on particular signals and process them accordingly. The lock-in amplifier
provides both amplitude and phase measurement for these signals. In double beam
experiments, we measured the phase difference of the two resultant waveforms using the
oscilloscope, however in single beam (one side excitation) we used the lock-in amplifier to
measure the phase of the recorded signals.
A photograph of the thermal wave interferometer set-up is shown below mainly showing
the cell assembly and some components.

Figure 4.5 Picture of cell assembly in the experimental set up
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4.4

Selecting the materials for testing

Before explaining the measurements further, it is to be emphasised here that how
important the selection of material was for the samples and the theory behind it. To meet
the requirement of thermal interference occurrence in a sample, a metal having larger
diffusion length was needed. This is due to the highly damped nature of thermal waves.
On working out the geometric length of most of the metals (elements) available on the
basis of Equation (7) and using other characteristic data available from CRC handbook
(1990-91) [34], it was found that for a given frequency calcium, copper and aluminium
have the highest diffusion lengths in descending order.
The thermal diffusion length  of a material, is defined in Chapter 3 by Equation (7),
which is restated here,
1

 2  2
  
 
where   

 c p . For a modulated frequency of 10 Hz, the thermal diffusion length is

therefore given by   0.178 K

 .c  . The values of the diffusion length are listed in Table

4.1 for the range of frequencies used in the experimental work reported in the next
Chapter. Further, due to the unavailability of calcium in specific sizes and its non usability
for all practical purposes copper and aluminium were chosen for the experiments.
Frequency
(Hz)
10

Calcium
(mm)
2.530

Copper
(mm)
1.926

Aluminium
(mm)
1.758

40

1.265

0.963

0.879

100

0.800

0.609

0.556

400

0.400

0.305

0.278

1000
0.253
0.193
0.176
Table 4.1 Thermal diffusion lengths
Hence all experiments were done on the samples prepared from pure Cu and Al metals.
Samples of Cu and Al of diameter 14 mm and various thicknesses such as 100 μm,
500 μm, 1000 μm and 2000 μm were prepared and then polished. The samples were
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coated with a fine carbon coating using a Dynavac coating unit (model CS-300) for heat
absorption and to minimise reflections and scattering of the incident beam of light. In the
final experiments uncoated samples were used to avoid any error due to carbon coating,
although it was in the order of 1-2 μm only, which was verified by an optical microscope.
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CHAPTER 5: MEASUREMENTS, RESULTS AND DISCUSSION FOR
SINGLE BEAM EXPERIMENTS
5.1

Initial measurements of Photo Acoustic Signals (PAS)

Initially the sample was excited from the front side using only one beam from a He-Ne
laser of maximum power 5 mW at 632.8 nm. On thermal interaction inside the cell, we
could trace photo acoustic signals sensed by a highly sensitive microphone and then
amplified by a preamplifier and recorded through a lock-in amplifier and oscilloscope.
However it was almost impossible to record the signals at very low frequencies such as
10 Hz to 20 Hz. In Figure 5.1 different wave recordings are shown for 10 Hz, 14 Hz and
18 Hz. The graph shows the variation of the component RCos2φ from the lock-in amplifier,

Amplitude, scale 0.1
correspondes to 100mv

where R is the amplitude and φ is the phase angle of the waveform.
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Figure 5.1 PAS amplitude waveforms at three different modulation frequencies for a
100 µm thick sample of Cu with ‘front’ excitation by He-Ne laser of power 1.98 mW at
633 nm
The signal to noise ratio was very high on such low frequencies, to overcome this problem
we started using higher frequencies in subsequent experiments. We also replaced He-Ne
lasers with a Class 3B air cooled Argon Ion laser emitting radiations of mixed wavelengths
prominently the blue 488 nm of laser power up to approximately 100 mW, so that the same
beam can be divided and the sample can be excited from both sides with the single laser.
This avoided potential issues with instability in the power balance between the two lasers.
A 50/50 beam splitter was used to split the beam in to two. One straight beam was incident
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on front end of the cell, and the other beam orthogonal to it was steered by three plane
mirrors to strike the sample from the rear end of the cell. Initially optical choppers were
used in the path of both beams to modulate the beams. Using this arrangement a large
number of scans were recorded for samples of copper and aluminium of different
thicknesses. Although this technique helped in controlling the modulation frequencies,
intensity and alignment of the beam, it did not resolve the problem of synchronization of
the frequencies of two beams and measuring the phase difference  between the two
laser beams. However by using this arrangement valuable scans were recorded for either
front or rear excitation for comparing data given by earlier researchers. Some are shown
below in the following Sections. Further, it is to be remembered that phase measurements
shown in Chapter 5 refer to the total phase lag  T , which may include the photothermal
phase lag  pt , thermoacoustic phase lag  ta and thermal interference phase lag  .

5.2

Phase and amplitude analysis of Copper and Aluminium at

different frequency ranges and its application in thermal interferometry
In Figures 5.2 and 5.3 we have shown the response curve of (thermal plus acoustic) phase
lag and amplitude respectively with respect to the square root of modulation frequency for
a copper sample of thickness 877 µm with thin (1-2 µm) carbon coating.
5.2.1

Copper results
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Figure 5.2 PAS phase lag for Cu, 877 µm thick, for front excitation
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Figure 5.3 PAS amplitude for Cu, 877 µm thick, for front excitation
In Figures 5.2 and 5.3 the variation of phase lag and amplitude were recorded in the
modulation frequency range of 100 Hz to 1000 Hz when irradiated from the front with an
Argon laser beam of power 40.5 mW at mixed frequencies (mainly 488 nm).
In Figure 5.2 and 5.3 the value of y has been worked out using the formula for phase lag
(1 i )

 T  45 
L and for amplitude A, Ae i  e
2


T


2

L

,

(41)

which should be valid as long as the sample thickness significantly exceeds the thermal
diffusion length. According to Table 4.1, the 877 m copper can be regarded as thermally
thick for this frequency range above 100 Hz. The results are consistent with the results
obtained by earlier researchers [5], [6] and [8], however they differ from theoretical
predictions, as the phase lag does not increase linearly and the amplitude does not
decrease exponentially with increasing frequency as expected. However similar results
have been obtained by other researchers in the past and it has been explained that the
variation is due to additional phase lag predominantly due to thermal interference and in
addition acoustic phase lag [5], [6], and [8]. It is to be noted that in both charts the slope
(variation) is higher in the lower frequency range i.e. 100 Hz to 500 Hz (10-22 Hz 1 / 2 ). So
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the changes in phase lag in this frequency range could be more useful in calculating
thermal diffusivity.
5.2.2

Aluminium results
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Figure 5.4 Phase lag for Al (Aluminium) samples of thickness 100 µm and 465 µm,
for front excitation by Argon beam of power 18.2 mW
Figure 5.4 indicates that aluminium shows a higher value of phase lag in the 465 µm thick
sample but remains almost constant in the higher frequency range. However in the Al
sample of thickness 100 µm it is rising continuously indicating that the interference effects
are prominent only in this sample. The results for copper will be introduced later in this
Chapter.
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Figure 5.5 Showing variation of amplitude against frequency for Al samples of
thickness 100 µm and 465 µm
In Figure 5.5 two graphs are shown for samples of aluminum of thickness 100 µm and
465 µm in which it is clearly noticeable that the amplitude value drops sharply towards
higher frequencies similar to copper (also see Figure 5.3).
As the amplitude of PAS depends on many external factors other than the sample, such as
laser power, the absorption, reflection and scattering of incident radiation, we concentrated
only on phase measurement to achieve our goal.
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5.2.3

Phase dependence on laser power

The fact that phase does not vary appreciably with respect to laser power is verified in the
following result:
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Figure 5.6 Comparison of phase lag response at different power levels of laser
Figure 5.6 shows the phase lag response of a Cu sample of thickness 950 µm with respect
to the square root of modulation frequency at two different power levels of laser beam in
front side excitation.
This graph shows that the response of phase lag is not affected by power of the laser
beam, unlike amplitude. In this experiment, a Cu sample of thickness 950 μm was
irradiated by Ar-Ion laser beams of power 6.96 mW and 11.9 mW for front side excitation
and then the phase lag response was recorded over the same frequency range. It is
evident that though laser power is almost doubled the response curves closely match each
other.
Thermal interferometry has an important role in explaining the phase lag [5], [6], [8], [25]
and [26]. The following measurements were done to further confirm the theories and
extract useful information relating to this project.
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5.2.4

Phase lag of Copper samples

The following scan is a comparison of the phase lag response of the two samples of the
same material (copper) of different thicknesses measured under the same conditions.
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Figure 5.7 Phase lag for Cu of thickness 100 µm and 950 µm with glass backing and
front excitation, Argon Ion laser power used 18.1 mW

When we tested two samples of copper with different thickness 100 µm and 950 µm, we
found that the phase lag increases as a function of frequency but not linearly as expected,
however the relative increase in the thicker sample (i.e. 950 µm) is much more than in the
thinner sample (100 µm). This graph also shows that phase lag rises faster in the low
frequency range compared to higher frequency range. For both the samples at the higher
frequency range (500-1000 Hz or 22-32 √Hz) the curves are nearly flat. This is the reason
that a very high frequency range is not suitable for our purpose of interference
measurement.
In these scans glass backing was used behind the sample to support it. In the dual beam
experiments in the next Chapter we removed it as the values obtained were affected by
the reflection coefficient of glass and this was an error factor for further measurements in
the dual beam experiments.
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5.3

Phase and thickness relationship in copper samples

Experiments were done with copper samples of different thicknesses in front incidence
and the relationship between phase lag and thickness of the samples was examined.
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Figure 5.8 Phase lag for Cu samples of different thickness at different frequencies
Figure 5.8, shows graphs of five different sample thicknesses of copper irradiated on front
side only in a single cell arrangement and explains that in all samples of Cu the phase lag
increases with an increase in frequency and its values are higher in thicker samples
compared to the thinner sample of 100 µm. However we do not find much difference in the
values of phase lag relatively in samples thicker than 950 µm i.e. the relative phase lags
for each sample 1450 µm, 2000 µm and 2950 µm are very similar. This is quite obvious as
the curves for these three thicknesses are almost superimposed. This happens because
when the actual thickness of the sample L exceeds µ, the thermal diffusion length, the
interference effect tends to zero and hence there is negligible dependence of the phase
lag on sample thickness. This is the reason that thermal interference effect is observed in
thinner samples, where its effect is more significant.
This behaviour can be more easily explained by the following graphs for fixed frequencies
and varying thickness of samples.
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Figure 5.9 Phase lag variation against sample thickness for Cu at fixed frequency
In this Figure phase lag has been plotted against the varying thickness of copper sample
for certain fixed frequencies in the range of 100 Hz to 1000 Hz. The curves show that there
is an increase of phase lag with respect to sample thickness up to 1000 µm and after that
it is almost uniform. Thus it is evident that these techniques (one side laser beam
incidence in a single cell arrangement) are not useful for samples of thickness greater than
1 mm. The photo acoustic effects and interference of thermal waves can be observed only
in thinner samples of a few microns (say 50-100 µm). Although these results are similar to
the results obtained by earlier researchers, they are not very useful to conclusively explain
thermal interference and hence can not be used to determine accurately the diffusivity of
metals, or to measure coating thicknesses in applications like thermal barrier coatings, due
to the uncertainty associated with all of the phase shifts contributing to the observed
results.

5.4

Interpretation of single cell results

As we discussed and observed in this Chapter about the results obtained for copper and
aluminium while measuring the phase lag and amplitude against the square root of the
modulation frequency, we have found that although the results match and are qualitatively
similar to those obtained earlier by other researchers [5], [6], [8] & [14], they do not follow
the theoretical predictions fully. The variation of phase lag is not linear and amplitude
values do not decrease exponentially with the square root of the chopped frequency as
expected; it is believed that this discrepancy is due to many factors which have not been
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accounted for, such as photo thermal response, absorption and reflection components of
the incident beam, the thermal response from the walls of the cell, calibration of the
detector microphone and acoustic phase lag. It is difficult to consistently predict and
account for all of these factors simultaneously. But it is believed that the main contribution
to the error is by acoustic waves, which would take some time to travel to the microphone
and due to acoustic wave interference inside the cell. This discrepancy has been
described by Jinan Cao [6], [8] and Almond and Patel [26] earlier as one of the main
factors contributing to errors in measuring the phase lag of thermal waves by recording
acoustic signals, as an acoustic phase lag is added due to the superposition of acoustic
waves and their interference inside the cell. Other researchers have tried small enclosed
cells and other types of single cells to minimise this effect, however to the best of our
knowledge it has not improved the results considerably. The purpose of observing the
thermal response in isolation has been defeated in the past due to this predominance of
acoustic response in a single cell arrangement. In addition it is to be noted that in all these
single cell experiments only one dimensional heat flow is assumed as the thickness of the
sample is normally many times less than the width or diameter of the sample. Further, we
believe that this aspect also has a bearing on the results and will be discussed further in
Chapter 7.
To overcome the problem of acoustic phase lag, we developed a novel technique and
used a double cell system, as described in the following Chapter. One could still argue that
there would be an acoustic phase lag associated with this double cell arrangement as the
microphone is situated in one of the cells. However, in the dual beam interferometer
arrangement, one is only concerned with the relative phase delay between the two
modulated beams for which a maximum or minimum acoustic signal is received by the
microphone. The acoustic phase is no longer significant. In this way we not only eliminate
the calibration requirement for the detector and cancel out instrument time constants, but
we eliminate the acoustic phase lag as a factor as well. Hence we purely measure the
thermal response. The photothermal response is also negligible as it is believed that the
conversion of optical energy to thermal energy takes place in a period of less than 10 9
seconds [8] and the photothermal phase shift is the same on both sides of the sample.
Therefore the biggest advantage of this technique is that acoustic phase lag is completely
eradicated and thus it can be used to achieve and explore further applications where
accuracy of the thermal response measurement is vital.
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CHAPTER 6: MEASUREMENTS, RESULTS AND DISCUSSION FOR
DUAL BEAM EXPERIMENTS
6.1

Thermal interferometer set up achieving null effect

We used the design of the laboratory thermal interferometer shown earlier in Chapter 4
(Figures 4.3 and 4.4) for the dual beam experiments. In this set up the samples were
irradiated from opposite glass windows of the double photo acoustic cell and acoustic
signals were recorded by a microphone mounted perpendicular to the side wall in one of
the cells. The samples had no coating and were finely polished. As described earlier a
single high power laser beam was split into two beams using a beam splitter and using a
few plain mirrors the beams were steered to the cell from two opposite directions and were
made incident on the centre of the sample. The microphone recorded the acoustic waves
generated after the interaction of thermal waves inside the sample.
The laser power on each face of the sample was adjusted to achieve a ‘null effect’, where
the amplitude of the acoustic signal was approximately zero due to the thermal waves
meeting in nearly opposite phase at a certain phase difference between the two laser
beams. In order to observe the phase shift  of one beam with respect to the other we
used an innovative technique. In this technique we mounted an optical chopper on a mini
translation stage on the optical table, and on moving the chopper blade on this stage in the
path of the beam we could get the desired phase shift of one beam with respect to the
modulation introduced on the other beam by the acousto-optic modulator. The recordings
were done by moving the chopper blade slowly using the translation stage to read zero
amplitude on the lock-in amplifier. A large number of scans were recorded by moving the
optical chopper for the entire width of opening of the chopper blade to cover the maximum
phase difference introduced between the two beams. These scans covered mostly a range
of phase shift  of over 0-180º with a minimum and maximum for the acoustic signal
amplitude recorded at each of the phase shifts. We did this for different samples and at
different levels of laser power as required to excite the samples adequately. These results
are discussed in this Chapter.
Although there was a limitation in the scan range (which was maximised by adjusting the
height and position of the blade) the range was sufficient for our purposes. Figure 6.1
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shows the mechanism of the phase shift introduced by the chopper.

Figure 6.1 Diagram showing phase shift mechanism
In Figure 6.1 for convenience only a 3 slot chopper blade is shown, however in practice a
6 slot chopper blade was generally used.
In this mechanism the optical chopper blade cutting one of the laser beams
perpendicularly is moved horizontally while keeping the beam fixed, so that a phase
difference (or phase shift)  is created in the beam with respect to the beam modulated by
the chopper reference signal at the AOM. Whatever the phase shift, the chopping
frequency remains the same for both beams and this synchronisation is maintained
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through the chopper reference signal. Thus at a synchronised modulation frequency the
amplitude of acoustic signals generated are measured for varying phase shift of the two
incident beams. In this process maximum and minimum values of acoustic amplitude are
recorded and can be compared to theory.

Figure 6.2 was recorded for a copper sample of 100 μm at a modulation frequency of
126.5 Hz. The phase difference between the waveforms of two laser beams was recorded
using the oscilloscope. The synchronization of the modulation frequency for both the
beams was also verified by the oscilloscope. Minimum amplitude resulting in a zero or
near zero value (0.01 - 0.02 µv) was achieved by adjusting the chopper blade position, as
already described. The phase shift measured for the equilibrium condition (achieving ‘null
effect’), is also referred to as the ‘null phase difference’ in the following discussion. This
technique was used to record several scans for samples of different thickness.
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Figure 6.2 Interference curve for Cu, 100 μm thick at 126.5 Hz
The similar graphs recorded for copper samples of 160 µm, 250 µm and 500 µm on a fixed
modulation frequency of 126.5 Hz, are shown in Figures 6.3, 6.4 and 6.5.
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Figure 6.3 Interference curve for Cu, 160 μm thick at 126.5 Hz
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Figure 6.4 Interference curve for Cu, 250 μm thick at 126.5 Hz
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Figure 6.5 Interference curve for Cu, 500 μm thick at 126.5 Hz
One can easily observe the change in phase dependence when sample thickness is
changed. The null phase shift decreases with increasing sample thickness. The data is
analysed in Chapter 7.

6.2

Accuracy and variance in recorded results

In Figure 6.6, we compare values recorded for copper sample of thickness 100 µm for two
scans recoded at different times at the same frequency of 126.5 Hz to show the variance
in results due to limitations in the experimental set up.
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6.2.1

Accuracy
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Figure 6.6 Two interference curves for Cu, 100 μm thick at 126.5 Hz
At two different times of measurement the difference between the response curves is
small. It is to be noted that these scans were taken at an interval of a couple of months
and during that period samples were changed many times and other adjustments were
also done. Further scans reinforced this finding.
6.2.2

Variance

We recorded some more scans using two different samples of Cu obtained from different
sources, but of the same thickness. Graphs were plotted for the two different samples and
are shown in Figure 6.7.
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Figure 6.7 Interference curves for samples of Cu, 250 μm thick, from two different
sources
There is some variance in the maxima, which is due to the varying thermal response from
the two different samples and it could be due to a number of reasons; however at the null
point they are close together which is to be expected as both the samples are of copper
and of the same thickness. On sample was cut from a copper rod as a slice of thickness
250 μm, however the other was cut from a copper sheet of 250 μm thickness and they
were procured from different suppliers. But the copper sheet surface appeared different to
the sliced piece of copper from the rod. Although both samples were polished finely and
prepared to the same geometrical dimensions, but there is a possibility of variance in their
characteristics due to minor changes in purity or other reasons. It further implies that a
more correct analysis is possible by measuring the phase lag in the thermal response
instead of the amplitude, as the amplitude can vary for different reasons.
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Power data analysis
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Figure 6.8 Minimum amplitude versus laser power
Using the double cell system set up, we measured the minimum amplitude for varying
power of the laser beam, which is shown in Figure 6.8.
Both measurements seem to show an exponential dependence on the amplitude as the
data provides a reasonable fit to the expression A = A0 exp(PmW/20) + Anoise. However, the
null phase difference remained fixed within “noise” levels indicating that the phase lag is
independent of laser power. Fortunately it is only the phase difference that is important in
working out the thermal diffusivity of the sample.
The minimum amplitude of the measured sound apparently increases exponentially with
the laser power; however the relationship should be linear as amplitude is directly
proportional to the laser power, according to Equation (15). This can perhaps be explained
in terms of a convection cell that is setup within the device, which cools the sample more
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strongly as the mean temperature of the sample rises. The convection cell will give rise to
a boundary layer next to the sample surface and the thickness of the natural convection
boundary layer depends inversely on the laser power raised to some power (index) or an
exponential function of the laser power. Thinner boundary layers result in better coupling
of the temperature fluctuations on the sample surface to the sound levels produced in the
cell. This might explain the unexpected dependence of sound amplitude on laser power.
There is also a possibility that the laser beams become more unbalanced at higher total
power and this imbalance creates a higher power differential.
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CHAPTER 7: ANALYSIS OF THERMAL INTERFERENCE RESULTS
IN DETERMINATION OF THERMAL DIFFUSIVITY
7.1

Thickness versus phase difference (shift) results
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Figure 7.1 Comparison of sample thicknesses versus null phase shift at 126.5 Hz

In this Chapter the relationship between phase shift and thermal diffusivity is examined in
more detail. Figure 7.1 is plotted using a set of results recorded using the thermal
interferometer set up for different samples as described earlier. The expression developed
in Chapter 3 (Equations 37 and 38) was used to predict the phase required for maximum
and minimum signals from the experiment.
The experimental data may be compared with the theory, using the thermal diffusivity
-4

value of copper as  = 1.16x10

2 -1

m s . Three theoretical curves are plotted using

Equation (37) with different values of the Argument, where Argument  L 


L.
2

The predicted curve shown by the red line (316% Argument) differs from the standard value
for the thermal diffusivity of pure copper, given by the solid blue line showing the 100%
Argument. The best agreement with the data is given by the curve calculated with 553%
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Argument, or 5.53 times the expected value of the Argument based on the published value
for the thermal diffusivity of copper.
In attempting to explain this significant discrepancy, it is to be noted that all of this data
was recorded at a relatively low frequency of 126.5 Hz, at which the signal to noise ratio is
relatively high and signal output is not very stable. Although this may account for some of
the scatter in the data, it does not appear to account for the significant systematic shift
relative to the expected value. The purity of the copper samples was not accurately
specified by the suppliers and was expected in the range of 98-99%. It is not expected that
this level of impurity would account for the large deviation observed in Figure 7.1.We will
discuss some other possible reasons for these variations as follows:
7. 1.1

Interpretations

a) Path length
One possibility is that the setup “sees” a longer thermal path length than just the thickness
of the sample. This could be interpreted as due to misalignment of the laser beams. The
correction factor (parameter multiplying the argument) required to get agreement being the
actual distance between the two beams centres divided by the sample thickness. This
might explain the large amount of scatter exhibited by the fixed frequency data. Every time
the sample is changed, the alignment is slightly different. In contrast, the setup and
therefore the alignment is more stable for data taken from a single sample of fixed
thickness. However repeat measurements with a more precise alignment did not deliver an
appreciable improvement in the results.
b) Varying phase changes at the surfaces
There is also the possibility that the boundary conditions at the surface of the sample are
somehow changed or varying. The theory predicts that a 45º phase change occurs when
the heat flux on the surface produces a temperature field. However there are heat losses
from the surface, so this is not quite true; after all the sound is generated from surface heat
losses. However to explain some of the extra phase needed to explain the variable
thickness experiment, phase lags of over 100º are needed. So this also seems unlikely.
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7.2

Further analysis of data and its interpretations

In order to better understand the discrepancy observed in Figure 7.1, measurements were
made of the phase shift  required to obtain a signal minimum for a single sample of
100 µm thick copper shim. The frequency was varied from 170 Hz to 1232 Hz. The
expression developed in Chapter 3 (Equations 37 and 38) was used to predict the phase
required for maximum and minimum signals from the experiment.

The experimental data may be

Argument  L 
-4

compared with the theory, again using the


L as defined before, with the thermal diffusivity value of copper
2

2 -1

 = 1.16x10 m s . The results are shown in Figure 7.2, with the two sets of experiment;
one used a six slot chopper blade, the other a 30 slot chopper blade, to generate the
frequencies. The theory is plotted using Equation (37) multiplied by factors of 1, 1.3 and
1.7.
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Figure 7.2 Null phase shift versus frequency for Cu, 100 μm thick

Page 67 of 75

In Figure 7.2 it can be seen that the low frequency (six slot chopper) results fit well with the
theoretical prediction with the argument multiplied by 1.7, and the higher frequency data
(30 slot chopper) fits best when the argument is multiplied by 1.3.
In comparison with the results of Figure 7.1, we can see that the results in Figure 7.2 are
in much better agreement with the theoretical predictions. It is to be noted that the best
agreement is in the modulation frequency range of 300 Hz to 1300 Hz in Figure 7.2, while
the data recorded in Figure 7.1 was at a fixed modulation frequency of 126.5 Hz. In the
following Section 7.3, we have tried to explain other possible reasons contributing to errors
in the results recorded during these experiments.

7.3

Effect of spot size on thermal interference experiments

The effect of laser spot size on the phase lag observed in thermal wave interferometry
experiments has been analysed in full by Fabbri and Cernuschi [35]. This analysis shows
that for smaller laser spot sizes the approximation of 1D heat propagation breaks down
and the 3D heat flow leads to phase deformation. The full analysis is complex and beyond
the scope of this thesis.
A simple argument is presented here to estimate the effect of spot size on the phase lags
measured in the thermal wave interference experiments. The spot size in our experiments
is estimated as 4 mm and the sample diameter = 14 mm.

The laser spot will have a 1D phase lag and an additional phase lag from an “edge effect”,
similar to the calculation of the capacitance of two discs. Looking from the top in Figure 7.3
the laser heated region is in red and the “edge effect” region is in pink.
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Figure 7.3 Diagram of edge effect due to finite laser spot size

The laser heated region has an area:

ALaserSpot  rLS2

(42)

Where rLS is the diameter of the laser spot. This contributes a phase lag of  , which for
convenience will be taken as zero in the absence of an edge region. In other words the
phase lag caused by the laser spot region will be taken as the standard.
The edge region will have width beyond the laser spot of about  , the thermal diffusion
length (given by Equation 7). Thus the area of the edge region is given by:
2
AEdge   rLS   2  rLS

(43)

and will be assumed to contribute a phase lag    on average. That is an additional
phase lag of  .
The two areas will contribute to the overall measured phase lag, by interference between
the two signals from each area, thus:

S  ALaserSpot sin( )  AEdge sin(   ) .
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(44)

The condition for a minimum to occur (both areas to destructively interfere) is:

S  0  ALaserSpot sin( )  AEdge sin(   ) .

(45)

This gives a phase lag  of zero, if there is no contribution from the edge effect. This is
the expected correction for no edge effect. This condition yields the relationship between
the additional phase shift and the new phase shift corrected relative to the phase shift
expected without the edge effect:

tan( )  

 sin( )
,
1   cos( )

(46)

where:



AEdge
ALaserSpot



rLS

2
  2 2   2
    rLS2
2
 2 
  2 
2


rLS
 rLS rLS   rLS rLS

2 
.
 

(47)

Below is a plot of the “edge effect” correction for a 4 mm diameter laser spot shining on
aluminium and copper samples. The average phase shift due to the edge effect alone  is
assumed to be 90º.
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Figure 7.4 Additional phase lag plotted against modulation frequency for Cu and Al
for a 4 mm diameter laser spot with θ = 90º
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At 125 Hz the expected additional phase lag is 32º for copper and 29º for aluminium,
which is comparable in magnitude to the errors of approximately 30º observed in case of a
sample of thickness 200 µm in Figure 7.1.
This is a rough analysis and should only be taken as an estimate in place of a full 3D
analysis. However, this analysis suggests that finite laser beam size effects can lead to a
phase deformation that is comparable in magnitude to the discrepancy observed in the
results of Figures 7.1 and 7.2. In general, the 1D approximation is only valid when the
thermal wavelength th  2 in the sample is much smaller than the laser spot size [35].
Consequently by the definition of the thermal diffusion length in Equation (7), the 1D
approximation can be expected to be less accurate at low frequencies.
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS
In this research work a considerable success has been achieved in showing physical
evidence of thermal wave interference’ and a “thermal interferometer” has been used to
explore the characteristics of photo acoustic signals. The phase and amplitude of acoustic
signals from copper and aluminium were recorded for various samples and analysed
accordingly. This research work highlighted the use of a double cell system, which has a
distinct advantage over a single cell system in measuring the thermal response of thin
samples of metal. This technique was also helpful in demonstrating thermal interference
by the “null effect” approach and could be used for the determination of thermal diffusivity
of the materials.
It is evident from the experiments and results that this thermal Interferometer set up is
highly sensitive and there are many constraints which affect the results. Initially it was
noticed that environmental noise such as building vibration, interference of electric fields
and noise from an air conditioner were some of the main reasons for variance in the
recorded acousto-optic signals. These were overcome by using a vibration isolation optical
table and other standard isolation techniques. Other technical difficulties were noticed at
later stages of the experiments and they were addressed accordingly such as alignment of
the laser beam, coating of the samples and instrumental limitations.
We also introduced a technique of moving the optical chopper in the path of one beam to
create a phase shift with respect to the other. We utilised an oscilloscope to measure the
shift in waveforms relative to frequency and also observed the null effect by observing
signal amplitude values from the lock-in amplifier. However it was hard to determine the
exact position of the stage for a maximum or minimum as the shapes of the square waves
were not exactly square and it created an error of at least 2 to 4 degrees while reading the
phase shift. This error also accounts for the variation of data due to a noise in the lock-in
amplifier. Also the change of chopper blades creates some problem as slight variation in
the angle of the blades to the incident beam results in varying frequency of up to 1 Hz. At
the same time the purity of material supplied was also unknown. So there were a number
of reasons contributing to the variation in the values recorded.
Here we would like to describe an important aspect of the experiment, which might be a
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major factor in contributing to the results in this thesis and that is, the assumption of 1D
heat flow. Earlier researchers also have the same consideration of heat flow in one
dimension only. It is very obvious that heat will flow in all directions in the sample as heat
has a tendency to diffuse in a medium. This aspect has been ignored by most of the
researchers on the grounds that the thermal thickness of the sample is many folds less
than the width or diameter of the sample and the diameter of the laser spot. Although it is
certainly known that the assumption of 1D heat propagation breaks down when the
thermal wavelength is comparable to the laser spot size [35], the full theoretical
explanation of 3D flow of heat energy is beyond the scope of this thesis; however we have
tried to explain its 1D effect by a simplified analysis of the effect of spot size on thermal
wave interference in Chapter 7.
Most of the problems have been addressed to an extent; however the most important was
introducing a phase shift on synchronized frequency of both the beams by moving the
chopper blade. The manual process of moving the chopper blade on one of the beams
was found to be an imprecise method and contributed to errors. This problem can be
overcome by using an electronic shifter. This could not be achieved within the scope of the
project, but would be worth addressing in future work.
This study and project outcome reveals that the measurement of thermal interference is
possible and projects a vision for a commercial thermal interferometer in future. Further,
this thesis contributes mainly by the innovative development of a novel technique of phase
analysis using the “null effect” for photo acoustic studies. This technique also highlights the
advantages of using a double cell system with dual optical irradiation over a single cell and
single beam system for the study of thermal wave interference. It also shows that a full
three dimensional analysis will be required unless the spot size can be made much larger
than the thermal thickness of the sample. Effectively the laser beam should cover the
entire sample; however expanding the beam to cover the entire sample creates further
limitations in recording the results. The desired level of laser intensity is drastically reduced
and hence the advantage of using a laser to obtain rich signals even with the moderately
thicker samples (100-1000 µm) is compromised and the signal to noise ratio may degrade.
We foresee a large potential for further research on this topic and expect a commercial
model can be developed in the future, which can be used for research and other industrial
applications.
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