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Preface
Many clinical tests for research or diagnosis are nowadays based on biopsies
or chemical techniques that require the removal of a tissue slab: as an
example, to diagnose prostate cancer a number between ten and twenty
samples of tissue are required to detect and estimate the spread of the
disease; another but less dramatic situation could be represented by glucose
concentration monitoring in diabetic patients, that requires every time an ex
vivo chemical analysis of blood. These techniques, although highly accurate,
are invasive and expensive and could expose the patient to risks, painful
surgery and long convalescence; this is why research is heading to
contactless techniques based essentially on photonics and light-matter
interaction. However, also in this field a certain degree of invasiveness is
present: transmission spectroscopy or transmission imaging may still need
tissue removal or may use ionizing radiation, such as X-rays. Conversely,
reflection mode techniques could be improved to operate in vivo, using less
energetic radiations if there is no need of high penetration depths and so
limiting the need of surgery. A key concept is that many diseases can be
characterized by the presence in tissues of clusters made of unusual
substances: viruses or bacteria release toxins, tumours release the so called
tumour markers and so on, any optical

technique designed to improve

what is called the gold-standard accepted by the medical community as a
reference,

has to be capable of delivering multimodal information, for

example imaging and spectroscopy since it has to detect a substance in a
sample whose refractive index is almost uniform and has
presence in the tissue.
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to map its

Figure 1: absorption coefficient of many biological compounds from UV to MIR [Valluru et al.,
2009].

Nature also provides a hint for the wavelength choice, since most of the
biological compounds have rotovibrational transition in the infrared spectral
range (Figure 1) and this is a very suitable range to be used, since these
radiations are not ionizing.
These considerations lead to the key features of an optical diagnostic
technique that minimizes invasiveness:


reflection mode operation;



spectral sensitivity to the target substance;



non ionizing radiation.

In this work it has been proposed a possible technique exploiting the
sensitivity of semiconductor lasers to optical feedback and it has been tested
on synthetic tissues based on a natural polymer.
Optical feedback interferometry, also called self-mixing interferometry will
be shown in its mathematical model in chapter one: it will be clear that the
this kind of interferometry fulfils the first of the three requests mentioned
above, since semiconductor lasers are perturbed by their own radiation when
it is reinjected into the cavity after a reflection and this perturbation is
measurable, carrying information about the target.
Chapter two will focus on light transport in turbid media, i.e. compounds in
which the propagation of light is affected by a combination of processes
such as reflection, absorption and diffusion. The theory of light transport
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will be merged to that of self-mixing effect in order to design the imaging
method.
Chapter three will explain how to synthetize a tissue phantom, a substance
that reproduces mechanical and optical properties of a biological sample,
and how to tune its optical features: more in detail, agarose, a natural
polymer derived from algae, has been used as a blank matrix while India
ink, IntraLipid, amide and blood have been used to tune the absorption
coefficient. All these compounds will be described in terms of their spectral
properties.
Ultimately chapter four will focus on the experimental set-up, based on selfmixing effect in a Quantum Cascade Laser emitting at 6.2μm, on signal
retrieving and processing and on image reconstruction, discussing
preliminary results and focusing on prospective work to refine the
technique.
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Chapter 1
Optical feedback in
semiconductor lasers

1.0 - Introduction
A laser is an intrinsic feedback device and it is sensitive not only to pump or
cavity modifications but also to the external environment: if even a small
portion of light is back-injected into the cavity and the standing field and the
incoming field are able to couple, their coherent superposition will perturb
the threshold gain, the lasing frequency and the output power. The notable
thing is that such a perturbation is measurable and carries information on the
optical field changes occurred outside the cavity. This phenomenon is
referred as laser self-mixing and the set of its applications is called selfmixing interferometry or optical feedback interferometry. Self-mixing
occurs in most lasers, from solid state to fiber ones and the interferometric
signal can be obtained by monitoring the output power with a detector
located inside or outside the laser package. Laser diodes, together with
Quantum Cascade Lasers (QCLs) display a helpful characteristic: the
interferometric signal can be revealed by measuring the voltage across the
laser terminals. This allows to remove the external detector and to build up
even simpler and more compact experimental set-ups for sensing
applications.
This chapter will focus on the theoretical description of the Lang-Kobayashi
model, which shows how the optical feedback can be included in the
differential equations for the internal field and the carrier density in a
semiconductor diode laser, leading to steady state solutions and to the so
called Excess Phase Equation (EPE), that is the basic equation useful in
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most quasi-stationary scenarios. Although QCLs have a different dynamics
with respect to laser diodes, Lang-Kobayashi model has been applied by
many authors to this class of emitters too, and the same is done in the
present work. The complete derivation of the Lang-Kobayashi model can be
found in Kane and Shore‟s textbook “Unlocking dynamical diversity:
optical feedback effects on semiconductor lasers” (John Wiley and sons,
Ltd, 2005) .

1.1 - Three mirror model: Lang-Kobayashi equations

A powerful and intuitive way to schematize optical reinjection is to place a
third mirror at a finite distance L after the output aperture of the laser.

Figure 1. 1 schematic picture of three mirror model.

The laser dynamics under optical feedback received from the remote
reflective target R3 is governed by a set of two coupled rate equations for the
electric field E(t) and the carrier density n(t). The reinjection field is
modelled by a term which has a delayed time argument with respect to E(t)
but the same oscillation frequency ω0 and is multiplied by the coupling
coefficient ε, i.e. the fraction of the field that is effectively reinjected:
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where ωN (n) is the longitudinal mode frequency given by
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with c the velocity of the light, N is an integer, η is the laser diode refractive
index and l is the length of the laser diode; G(n) the optical gain; Г0 cavity
losses; γ carriers decay rate; J injection current density; e electronic charge;
d active layer thickness.
The first term of equation 1.1 accounts for the shift of the instantaneous
frequency emission with respect to the unperturbed laser frequency ω0. The
second term accounts for the amplification of the optical field: the
stimulated emission raises the optical gain against the cavity losses. The
third term is the only one that differentiates this equation from the classical
rate equation used to describe a laser: it represents the effect of the optical
feedback included by a time delayed electric field. The time delay τ =2L/c
has the form of a round-trip time in an external cavity of length L. The
coupling coefficient ε accounts for the portion of the field which is reinjected into the cavity laser and is related to the laser cavity parameters R2,
η, l and τin (laser cavity round-trip time) and to the target reflectance Rext:
(
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Equation 1.2 models the evolution of carrier density n: J acts as the source
of the carriers, against two types of losses, i.e. spontaneous emission and
stimulated emission.
When the carrier density changes, the refractive index changes together with
the optical gain. Simultaneous variations of the mode gain and the mode
index with external pumping result in a phase-amplitude coupling that
affects many laser characteristics: the most well-known effect of such
coupling is the enhancement of the laser linewidth by a factor 1 + α2 , where
α is called Henry factor and is defined as the ratio between the variation of
the refractive index with respect to carrier density and the variation of the
optical gain.
⁄
⁄

(1.5)

Substituting ωN relative to the solitary laser frequency at threshold (ωN –
ωth) into equation (1.1) gives:
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where nth is the threshold carrier density. By introducing the α factor in the
rate equation for the electric field, the coupling between amplitude and
phase in semiconductor laser is explicitly included in the Lang-Kobayashi
equations.

4

1.2 – From steady state solutions to the Excess Phase
Equation

In order to find the steady state solution of the Lang-Kobayashi equations,
the electric field E(t) is expressed by considering the approximation of
slowly varying envelope:
( )

( )

( )

(1.7)

In this way, with Δ(t) =

(t) –

(t-τ) equation 1.6 splits into two equations

for the real and the imaginary part of the slowly varying field:
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These are still coupled with equation 1.2.
By setting to zero the derivatives and suppressing the time dependencies of
field and carrier densities, it follows:
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(1.10)

Equation (1.9) gives the possible modes that are supported from the three
mirror system and are formed in pairs, one mode and one anti-mode. The
equation for the carrier density (1.10) shows that the optical feedback
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changes the threshold carrier density and hence the threshold gain. For a
fixed coupling strength κ, the optical power depends on the time delay of
the feedback field, or, equivalently, by the optical path length outside the
cavity. This is the first mathematical evidence of the laser sensitivity to
environmental conditions. Multiplying equation 1.9 by τ, rearranging the
terms inside the sine and defining
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it follows that
(

(1.12)
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The last equation is called Excess Phase Equation (EPE) and it is the
starting point of every computational simulation of practical experiment,
since it relates the stationary emitting frequency to the phase shift carried by
the re-entering wave: it can be numerically solved once
providing the necessary value of

to evaluate

is known,

and consequently the

change in the emitted power:
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The need of a numerical solution of equation 1.12 comes from its open form
and the number of solution depends on C. To better understand how the
solutions arise it is useful to rearrange equation 1.12, obtaining
(

( )

)
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(1.14)

If C < 1 the LHS of this equation is monotone and only a stable solution is
possible (figure 1.2a); conversely, if C > 1 multiple solutions arise (figure
1.2b).

Figure 1. 2 : parametric plot of equation 1.12 with C<1 (a) and C>1 (b): red circles correspond to
stable lasing solutions, red crosses to unstable ones.

Once the stable solution are found they can be related to the corresponding
value of the phase stimulus. Stable solutions depend on wether the phase
stimulus is increasing or decreasing, generating a hysteresis process that is
observable also in the interferometric signal.

Figure 1. 3 numerical solutions of equation 1.12: note that the loci of the solutions are different
whether the phase stimulus is increasing (ABC path) or decreasing (DA path): this kind of
hysteresis will be inherited by the power variation and the terminal voltage variation [Kliese et al.,
2014].
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1.3 – Interferometric signal extraction

It has been anticipated that the Self-Mixing (SM) signal in a laser feedback
interferometer (LFI) could be obtained by monitoring the variation of the
output power and of the terminal voltage. The traditional detection scheme
is based on photodetectors, either external or embedded in laser package, to
reveal the output power modulation. An alternative scheme for acquiring
SM signals consists in recording the voltage across the laser terminals. This
scheme, although not the best in terms of signal-to-noise ratio, is the most
suitable with therahertz and infrared sources, because eliminates the need of
expensive and bulky detectors.
The shape of the power modulation can be easily obtained by rearranging
equation 1.13, using the steady state solution for ns and assuming that
κ << τin/ 2τp where τp is the photon life time within the cavity, that is not a
very restrictive request, since most of the applications involving self-mixing
require a very small fraction of the emitted power to be re-injected, up to a
factor 10-8. With these considerations, equation 1.13 can be written as:
(

(1.15)

)

with m proportional to C.
A similar expression can

be derived for the terminal voltage ΔV by

assuming Rext<< R2 . This condition is a special case of κ << τin/ 2τp, if Rext
is smaller than the output mirror reflectivity the number of back-reflected
photons is small compared with the photons confined in the cavity. The
difference between these two formulations is that a constraint on the time
scales is more general, while the other one implicitly assumes that the
feedback parameter and the lifetimes depend only on reflectivities. Changes
in the laser terminal voltage V can be related to the coupling coefficient and
therefore to the optical feedback strength. Under these assumption the
junction voltage variation due to feedback can be expressed as:
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(

(1.16)

)

where K is Boltzmann‟s constant and T is the temperature of the laser
cavity.
According to equations 1.15 and 1.16, optical power and junction voltage
signal are phase shifted by 180°.
Figure 1.4 shows how the terminal voltage shape changes for different
values of the feedback parameter when light impinges on a reflective target
at a fixed distance while modulating the injection current in a triangular
waveform, that has been subtracted:

Figure 1. 4 self-mixing simulated signals for a 850nm laser (α=4.6) impinging on a reflective target
at fixed distance (Lext=1.2cm), injection current modulated at 30Hz: C influences the shape of the
interferometric fringes.
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The typical self-mixing signal has a fringy aspect: the source of information
about the external cavity parameters is the shape of these fringes, since it
depends on C, the parameter conveying information on the external cavity.

1.4 – Feedback regimes

It has been shown that increasing the feedback power, and consequently C,
a wide set of lasers undergoes deep dynamical changes, involving coherence
and spectral properties. The feedback regime classification is commonly
related to the values that can be assumed by C:

I.

The first regime is characterized by weak optical feedback (C
< 1) with a single emission frequency and a narrowing or
broadening of the emission line depending on the phase of
the feedback.

II.

The second regime is characterized by moderate optical
feedback (C > 1) resulting in multiple emission frequencies
and apparent splitting of the emission line due to rapid mode
hopping. The laser under optical feedback remains dependent
on the phase of the feedback.

III.

The third regime is characterized by strong optical feedback
(C>>1) resulting in a return to single emission frequency
under feedback. The laser under optical feedback remains
dependent on the phase of the feedback.

IV.

The fourth regime is characterized by chaotic dynamics and
broadening of the emission line, a state often referred to as
„coherence collapse‟. This regime occurs when the rate at
which the optical feedback is coupled into the laser cavity is
comparable with its relaxation oscillation frequency. The
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laser under optical feedback remains partially dependent on
the phase of the feedback.
V.

The fifth regime is characterized by a return to stability. This
regime occurs when the feedback coupling rate is much
greater than the laser relaxation oscillation frequency. The
laser under optical feedback is independent on the phase of
the feedback.

This partition of the feedback regimes describes well, without loss of
generality, the effect of the optical feedback on several cavity structures of
interband lasers, as Fabry-Perot (F-P), Distributed Bragg Reflector (DBR)
and Multi Quantum Well (MQW) lasers. Recently also QCLs were found to
follow the same transitions and the same operative characteristics, with the
worth noting difference of the change in the vertical scale at which
transitions occur.
Figure 1.5 shows the feedback domains and the transitions lines for a DBR
QCL emitting at 5.6μm and a DFB laser diode emitting at 1.5μm.
The transitions between two different feedback regimes occur for much
higher feedback ratios in QCLs than in diode lasers, therefore the former
are much more stable.
The transitions between the three lower regimes qualitatively show the same
tendency for both kind of laser, while the fourth regime is much narrower in
QCLs than that typically observed in diode laser, especially for long
external cavities. Another important difference is that the boundary line
between the fourth regime, i.e. coherence collapse regime, and the fifth
regime depends on the external cavity length in QCLs and the third and fifth
domain shall merge after a critical value.
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Figure 1. 5: comparison between a QCL and a laser diode (a [Jumpertz et al.,2014 ] and b [Tkach et
al., 1986], respectively) regimes maps: wider ranges in general appear for QCLs, with the only
exception of the coherence collapse regime, very narrow for long external cavities.

Conclusions

The self-mixing effect is a kind of extreme sensitivity to the external
environment showed by laser source, due to the fact that a laser itself is a
feedback-based device. Although historically speaking this phenomenon has
been avoided, recently it has been re-discovered, since it allows precise
sensing in non-contact mode and even without any external detectors. It
follows from the last sections that QCLs display good advantages, i.e.
stability and the ease of extraction of the interferometric signal, that make
this kind of emitters the most suitable to build compact and cheap
interferometric sensors. The theoretical model which efficiently describes
this effect has been explained and leads to the EPE, which is the
fundamental equation for any kind of sensing application, including those
described in this work.
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The next chapter will focus on how to include in the EPE and consequently
in the terminal voltage the physical properties of a medium which shows a
competition of light transport processes.
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Chapter 2
The use of Excess Phase Equation
for phantom characterization

2.0 – Introduction

In the previous chapter Lang-Kobayashi model was derived and it led to the
so called Excess Phase Equation (EPE) and to the mathematical form of the
laser terminals voltage:

(

(2.1)

( ))

(

(2.2)

)

With

C=

(

)√(

⁄

)(

)

A variation in the external cavity properties affects

(2.3)
, therefore the shape

of the voltage signal changes: these are the basics of sensing using selfmixing interferometry, since a shape parameter carries information on the
environment outside the laser.
In this chapter it will be explained how to include in the EPE and in the
signal shape the effect of the variation of scattering and absorption
coefficients of a target that simulates a biological tissue, referred as
phantom. The influence of scattering and absorption on the total reflectance
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and on the phase of the reinjected light has been investigated to understand
how to extract an absorption-sensitive image from a set of self-mixing
signals.

2.1 – Light transport in a nutshell

When light impinges on a turbid medium, three main processes may occur:
reflection, absorption and diffusion; even combinations of these processes
are possible as shown in figure 2.1:

Figure 2. 1, light transport phenomena in turbid media: 1) direct transmission, i.e. no interaction
between light and medium; 2) absorption; 3) diffuse reflection from the second interface; 4)
specular reflection; 5) diffuse transmission; 6) diffuse reflection [www.osapublishing.org].

Reflection
Light propagates back in the same medium: the ratio between the reflected
and the impinging intensity defines the reflectance R. The other important
fact about reflection, beside the energy loss of the input beam, is that the
reflected wave accumulates a phase due to the interaction with the interface
of the two media. The reflectance, as well as the accumulated phase, can be
related to the physical features of the target by the Fresnel‟s equations:
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(
(

)
)
(

(2.5)

)

where next and n are the real parts of the refractive indexes of the two media
and k is the imaginary part of the target refractive index. A key observation
is that Fresnel‟s equation does not take into account the diffusion: this
model alone cannot be used to describe a situation when the scattering has a
decisive role.

Absorption
Energy carried by light is given to the material, causing an atomic or
molecular excitation or an increase of the medium temperature. A classical
way to model this effect is the so called Lambert-Beer law:
( )

(

(2.6)

)

where I0 is the impinging intensity, x is the spatial coordinate in the
propagation direction and μa the absorption coefficient: this quantity refers
to the loss of photons per unity of length, in fact [μa] = [L-1].

Diffusion
Diffusion (or scattering) consists in the change of the propagation direction
of light when it interacts with a particle, such as an atom, a molecule or a
cluster. The difference among diffusion, reflection and refraction, that are
all processes that involve a change in the propagation direction, is the
statistical nature of the first one: in general the relation between the
intensities before and after the scattering event has the following form:
( )

(2.7)

( )
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( ) is a function of the solid angle and a differential cross section: this
formulation is purely statistical since

( ) can be seen as a probability

density. The total cross section will be

∫

(2.8)

( )

A model that claims to describe the interactions at the interface of two
different non-homogeneous media with light has to take into account such a
probabilistic approach to correct Snell‟s theory.
In the following paragraph the cross section will always be multiplied by the
scattering centres concentration to obtain the scattering coefficient

which

has the same dimensions of the absorbing coefficient and represents a new
term of loss.
As already said, the classical Fresnel‟s equation does not provide an
exhaustive description of a turbid medium: a good model has to include the
three characteristic quantities defined above, R, μa and μs. Keeping in mind
this concept the Lambert-Beer equation can be revised:
( )

(

)

(

(

(2.8)

))

The next section will show how to obtain R from μa and μs.

2.2 – Kubelka-Munk theory

A commonly used model to relate total reflectance to absorption and
scattering is the Kubelka-Munk model (KMM): this approach has been
17

widely used to determine the absorption and scattering coefficients of
biological tissues, given that the scattering is significantly dominant over the
absorption. The KMM assumes that incident light on a slab of tissue,
because of the interaction with the scattering media, can be modelled by two
fluxes, counterpropagating in the tissue slab. The optical flux I, which
propagates in the same direction as the incident flux, is decreased by
absorption and scattering processes and it is also increased by backscattering of the counterpropagating flux J in the same direction. Changes in
counterpropagating flux J are determined in an analogous manner. The
fraction of each flux lost by absorption per unit path length is denoted as K,
while the fraction lost due to scattering is called S. This situation can be
modelled with a set of two rate-equation-like differential forms:

(2.9)

The main assumptions of the KMM: K and S parameters are assumed to be
uniform throughout the tissue slab; scattering affects both the fluxes; and the
amount of light lost from the edges of the sample during reflectance
measurements is negligible; another hypothesis is that light emerging from
the sample in the same direction of I is negligible. The integration of eqns.
2.9 can be find in textbooks [Tuchin V., 2007] and papers [Morales et al.,
2007; Dzimbeg et al. , 2011] and it leads to the following relations:
(

(2.10)

)

With:
(

(2.11)

)

The two equations relate the coefficients K and S to the physical quantities
μa and μs.
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Isolating R from eq. 2.10:

(2.12)

√

The last equation gives the first boundary condition of the problem, in order
to get a real value for R, i.e.

.

In the following figure the two branches of R are plotted:

Figure 2. 2: Upper and lower branches of R. R- is the only one that can have physical meaning.

Due to the fact that R is a reflectivity, the only branch that shows physical
significance is R-; in the next section these results are used to obtain values
of R strictly related to scattering and absorbing coefficients. Such a
formulation of R allows to observe the effect of the two coefficients on the
self-mixing signals.
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2.3 – Self-mixing signal simulation for diffusive and
absorbing target

Starting from the algorithm written by Kliese et al. (2014) to synthetize a
self-mixing signal for an absolute distance sensor, many fringes where
simulated in different configurations, corresponding to different values of
scattering and absorption coefficients.
The algorithm requires three local variables:


C, feedback parameter;



Φ0 , roundtrip phase accumulated during the propagation in the
external cavity and in the sample ;



α, Henry factor of the laser.

The last one actually is not constant, it depends on the injection current and
on the feedback, but it can be reasonably considered constant: in this work
the current modulation is very small compared with the threshold current
(the details of the operating parameters will be discussed in chapter 4) and
the C is expected to be below unity with diffusive targets. Conversely, C
and Φ0 have to be extracted from a model. In the previous section it has
been explained how to obtain R and C, but nothing was said about the
roundtrip phase shift. This quantity can be modelled in the following way:

(2.13)

With

(

)
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where

is the external cavity length,

the phantom refractive index,

is its refractive index,

is

is the peak value of the imaginary part of

the refractive index, i.e. the extinction coefficient.
The first two terms of Eq. 2.13 compare the phase accumulated by the
optical wave with half a wavelength during the free propagation in the
external cavity and in the sample, respectively: it has been assumed that
photons re-emerging out of the sample suffer a single scattering event after
an optical path of one scattering length, obtained taking the reciprocal value
of the scattering coefficient; the third term is the dephasing due to the
reflection at the surface of the sample, which comes from the Fresnel‟s law
in absorbing regime: if the extinction coefficient vanishes, the sample acts
as a mirror and the reflected wave gains a phase shift of π.
The exploited code for the simulations is sketched in the following flux
diagram:

The ranges for both μa and μs were chosen according to literature [Spinelli et
al., 2014; Di Ninni et al., 2010; Jacques et al. , 2012; Flock et al., 1992]. The
results of the signal synthesis are presented below:
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-1

Figure 2. 3: fringe shape simulation with constant scattering coefficient (56 cm ). As the
absorption coefficient increases amplitude, positive and negative slope decrease. Also a shift of
the waveform is due to absorption.

-1

Figure 2. 4: fringe shape simulation with constant absorbing coefficient (40 cm ). The scattering
coefficients shifts the waveform and makes the amplitude change, leaving constant both the
slopes.
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The variation of the absorption coefficient affects both the amplitude and
the positive and negative slopes of the fringes, with a little shift of the
waveform; more in detail, as the absorption increases, the amplitude and the
slopes decrease at about the same rate, however the fringe amplitude is a
much simpler parameter to measure experimentally(figure 2.5).

Figure 2. 5 fringe amplitude (a), positive (b) and negative (c) slopes as functions of the absorbing
coefficient; scattering coefficient is kept constant. Every fringe parameter decreases as absorption
increases, the most regular behaviour is that of the amplitude.

A variation of the scattering coefficient involves as well a variation of the
fringe amplitude and the slopes but, as scattering rises the fringes become
higher and sharper. From an intuitive and naïve point of view it can be said
that if the scattering coefficient rises, the probability to find a photon in the
acceptance angle of the laser output facet is higher, resulting in a greater
feedback (figure 2.6).
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Figure 2. 6 fringe amplitude (a), positive (b) and negative (c) slopes as functions of the scattering
coefficient; absorption coefficient is kept constant. Every fringe parameter increases as scattering
increases, the most regular behaviour is once again that of the amplitude.

As it happens in the varying-absorption scenario, amplitude remains the
most easily accessible parameter to be analysed in any experiment as the
scattering coefficient increases.

Conclusions

The performed simulations show that, choosing the right fringe parameter to
be extracted from a signal, it is possible to retrieve information about the
phantom optical features. Imaging is also possible if the position of the laser
spot on the sample is known.

24

These simulations aimed at identifying a shape parameter that can be used
to uniquely extract information about the phantom and lead to the following
observations:


amplitude is sensitive both on absorption and scattering, but, under
the strong assumption that only one of the coefficients varies among
many points of the phantom, information can be retrieved;



the slopes are sensitive absorption and scattering in opposite ways,
as the amplitude but from a data analysis point of view, it is much
more difficult to extract the slopes than the amplitude from a signal;



the shift of the waveform due to the scattering is overwhelming: if
even a small fluctuation of the scattering coefficient occurs, the
information about absorption would be lost. However, due to the
interfering nature of the self-mixing signal, only the back-scattered
photons emerging with the proper phase will couple constructively
to the cavity field mode, the others providing averaged noise floor.

Keeping in mind these three points, amplitude has been chosen to be
analysed in order to identify the position of an absorbing agent cluster inside
a phantom.
The next chapters will both provide the basics for sample preparation and
optical properties tuning, and will show the results of a selective imaging
technique based on fringe amplitude analysis.
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Chapter 3
Agarose based tissue phantoms

3.0 – Introduction

Previous chapters focused on which kind of signal should be expected when
the target of a self-mixing experiment is a material that, at the same time,
reflects, diffuses and absorbs light, and the physical model behind it: this
chapter will provide a description of the material that has been used during
the experimental work and will explain how is it possible to tune its optical
properties and some issues related to the specific use the phantom.
The main goal of the thesis is to set up an imaging technique that could be
developed to detect absorbing clusters in organic tissues in a reflectance and
contactless mode, so it is necessary to synthesize a material with locally
tunable optical properties, i.e. scattering and absorbing power; such a
material is referred as tissue phantom.
As many authors noticed, agarose gel provides a good answer to this
necessity and has been many times used in light transport studies.
Before explaining the preparation procedure and the description of the
phantom, this chapter will focus on the importance of the Mid Infrared
(MIR) wavelength range in tissue optics: such a digression is helpful to
understand some choices made during the experimental work. In this
chapter a unique convention will be adopted and the wavenumber will be
used instead of wavelength: the presented spectra, with the only exceptions
of Figures 3.6 and 3.9 , are retrieved from AIST Spectral Database,
commonly used in a chemistry environment, in which this convention has
an historical and strong motivation.
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3.1 – MIR absorption bands as natural biomolecule
fingerprints

A great difficulty that occurs in imaging experiments involving organic
tissues is that the refractive index is almost constant all over a tissue slab, so
label free techniques are impracticable: the most common techniques
involve coloring methods (Figure 3.1) or fluorescent markers. The concept
behind the experiment performed in this work is that nature provided default
fingerprints for every substance: the absorption bands are characteristic of
every single compound due to the quantum nature of absorption itself,
therefore choosing a limited set of wavelengths one can image only those
substances that are active in the proper spectral region.

Figure 3. 1: mouse skin section image from optical microscope; haematoxylin marks negative
charged molecules, such as proteins inside nuclei (blue), eosin marks positive charged molecules
(pink); the markers make the two elements to be distinguishable [https://en.wikipedia.org].

The richest spectral region in terms of absorption bands of organic
compounds is the MIR range (1-10μm, i.e. 104-103 cm-1) due to vibrational
transitions. In particular, referring to the resonances with stretching and
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bending molecular vibrations, several chemical markers like proteins, lipids
and collagen can be identified. Figure 3.2 shows a general picture of
stretching and bending resonances for several bonds. For the purpose of this
work the most relevant bands are:


Amide I band: the most intense for proteins, it is primary governed
by the stretching vibrations of the C=O (70-85%) and C-N groups
(10-20%). Its frequency is found in the range between 1600 and
1700 cm-1 (corresponding to the wavelength 6.25μm and 5.88 μm,
respectively).



the lipid bands centred on 2920 cm-1 (i.e. 3.42 μm), 2851 cm-1 (i.e.
3.51 μm), due to -C-C- stretching modes, and 1740 cm-1 (i.e. 5.45
μm) resulting from the carbonyl stretch.

Figure 3. 2: MIR absorption bands with the corresponding vibrational transition [Waynant et al.
2001].

The useful observation to be done is that these two bands have no
intersection: an experiment that uses only one monochromatic source that
impinges on a sample with only two types of absorbers, one for each band,
will detect only one substance. The phantoms have been designed keeping
in mind this fact, as shown in the next section.

The other fact that

determined the choice of doping substances having these absorption bands
was the availability of a QCL (Alpes Lasers) emitting at 1600 cm-1.
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3.2 – Phantom preparation

Agar, or agar-agar, is a jelly-like substance, obtained from algae. Agar is
derived from the polysaccharide agarose, which forms the supporting
structure in the cell walls of certain species of algae, and which is released
on boiling; from a molecular point of view the polymer is made of repeating
D-galactose units. The useful property of agar is that it is transparent at
1600 cm-1 as it comes out from the D-galactose spectrum.

-1

Figure 3. 3 D-galactose MIR transmittance spectrum, the blue line identifies the 1600 cm region,
where agar is transparent.

The similarity of agar with tissues has been already exploited in biology: it
is used as growth medium for bacteria and fungi. Agar is commonly sold in
powder that has to be mixed with water and heated up to trigger the
polymerization process.
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Figure 3. 4: Agar gel in a Petri dish. In the visible wavelength range agar is transparent as organic
tissues because of the absence of pigmentation.

The preparation was very simple: a precise amount of agar powder was
poured in water (15% w/w) preheated up to 50°C (preheating is necessary at
concentrations higher than 10% because even at room temperature many
polymeric aggregates may form causing macroscopic inhomogeneity);
temperature was raised slowly up to 85°C while continuously stirring to
prevent precipitation; at this temperature the polymerization is activated;
while cooling down, between 50°C and 60°C liquid inclusions can be made
because in this range no thermal damage can affect the other substances; in
the liquid state the mixture was poured into a mould and pressed to obtain
2cm

1cm

1mm thick rectangles.

To localize inclusions, round holes were made in pure agar samples, and
subsequently filled with a properly doped mixture still in liquid phase: in
this way the borders of solid pure agar locally melted again since
polymerization is reversible, before a new solidification. With this method
border effect are reduced when the sample is imaged because there are no
sharp edges between pure and doped zones.
Three types of doping inclusions were made: India Ink (PBK7 pigment),
mutton blood doped agar (BioMérieux, France), amide from potato starch,
IntraLipid 20 (Fresenius Kabi, Italy).

30

Figure 3. 5 flow chart showing sample preparation steps.

India ink
India Ink is the commercial name of PBK7 pigment or carbon black and it
has been used by many authors [Cubeddu et al., 1997; Spinelli et al. 2014;
Di Ninni et al., 2010] as an absorber in light transport experiments.
Although scientific literature provides only NIR spectra of this pigment it
has been assumed that it is a good absorber even at 1600 cm-1.

Figure 3. 6 India ink NIR absorbance spectrum (Han et al., 2011): PBK7 pigment shows very high
absorbance in the NIR range, this feature has been extrapolated in the MIR range in this work.
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Blood agar
This is a particular variation of agar gel for microbiological purpose: it
contains mutton blood (5% w/w). It has been used because haemoglobin
shows a well-defined absorption feature in the spectral region of interest
and of course is also an abundant molecule in tissues.

Figure 3. 7 MIR transmittance spectrum of haemoglobin showing high absorbing power at 1600
-1
cm (blue line)

Amide
As said in section 3.1 amide has a strong absorption band in the 1600 cm-1
region, so it was a quite obvious substance to be included as an absorber.
The inclusions were made mixing agar powder and potato starch before
pouring into water. The maximum concentration used was 5% w/w, higher
concentrations would alter the mechanical properties of the phantom.

IntraLipid 20
IntraLipid is a liquid emulsion of soybean oil and egg phospholipids, used
for parenteral nutrition. Both its constituents are based on a single molecule,
i.e. lecithin, that is transparent at 1600 cm-1. Inclusions of IntraLipid (that
many authors used as a scattering agent) were meant to act as a control of
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the selectiveness of the proposed imaging technique since it shall not
interact with the radiation.

Figure 3. 8 lecithin MIR transmittance spectrum: transparency of this substance makes it a good
test inclusion for absorption selectiveness.

3.3 – The hydration problem

The polymeric agar matrix and the inclusions described before were chosen
because their absorption bands do not show intersections, thus it is possible
to perform a selective detection, provided that the spectral profile is
sufficiently narrow. These agents were chosen also because the available
QCL emits at 1600 cm-1. The only component that shares an absorption
band in the 1600 cm-1 with amide, ink and blood is water, due to its scissor
bending mode [Max et al., 2009] (figure 3.8). This sets a kind of absorption
offset in every sample. Another correlated issue is that water content is not
constant in time because it has been observed that the samples tend to
completely dehydrate in four hours. As a result absorption coefficient has a
significant dependence on water content and on time. This situation requires
the measurements to be as fast as possible to prevent dehydration; the
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possibility to totally dehydrate the sample before the experiments was
excluded because organic tissues are not dry and a phantom has to be a
realistic reproduction of a tissue, even in its water content.

Figure 3. 9 Mir transmittance spectrum of water [http://lisa.chem.ut.ee/IR_spectra]: water
-1
absorbs radiation of 1600 cm due to the “scissoring bend” normal mode [Max et al., 2009],
setting an “absorption offset” in every sample irrespective of the included substances.

Conclusions

In this chapter the preparation procedure and the components of a tissue
phantom were described. Doping substances with separate absorption bands
will act in analogy with the colorants in common histological imaging
techniques, overcoming the difficulty to image a sample having a quite
constant refractive index. Amide, blood and ink were chosen as absorbers;

34

IntraLipid as a control substance: lecithin molecules do not absorb the
radiation in the range of interest so, if absorption occurs in the zones of the
sample doped with IntraLipid, it will be caused only by water and a
difference in the self-mixing signal is expected.
Although it is necessary in terms of realism, water content introduces a time
dependent absorption offset that will have a clear influence on the
measurements as will be shown in the next chapter.
In the following section of this work the experimental set up will be
described in its components and operation modes; results, advantages and
weaknesses of the technique will be discussed.
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Chapter 4
Absorbing cluster detection in
organic tissues

4.0 – Introduction

The present chapter will focus on the description of the experimental set-up
that was used to perform an absorption sensitive imaging technique and on
the results, with the consequent observation on the technique itself and on
the sample fabrication. Phantoms described in the previous chapter will be
imaged and the possibility to distinguish absorbing clusters from the pure
matrix or Intralipid will be proved. A brief digression into beam optics has
been added to understand a particular choice for the design of the apparatus.

4.1 – Experimental set up

The light source was an Alpes Laser continuous wave (CW) distributed
feedback (DFB) quantum cascade laser (QCL) tuneable in a range of
wavelength of about 30nm from 6,2216 μm to 6,2548 μm, depending on
temperature and injection current. The laser was operated at the constant
temperature T = 278,15K, using a Peltier cooling stage, and driven by a
QCL1000 Wavelength Electronics current driver. The latter boasts the
lowest noise density current among commercial current generators used to
drive QCLs. The lasing frequency was swept by applying a small linear
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current sweep of 3mA through a modulation induced by a saw-tooth current
signal superimposed to the dc current, which was set to 528mA = 1.08Ith.

Figure 4. 1: schematic view of the experimental set-up: the QCL was driven by a modulated
current, the modulation provided the wavelength sweep; a ZnSe lens focalizes the beam onto the
sample, which is raster scanned using a 3D motorized translational stage; signal is retrieved at the
laser terminals and amplified before being visualized and saved using an oscilloscope.

The samples were mounted on a 3D motorized translational stage and it was
raster scanned in the xy plan, perpendicularly to the direction of
propagation: while the y axis movement was hand-driven,

the linear

movement along the x direction was automatic with a speed of 2.8m/s and
covered a length of 14mm, in order to make a single scan last 5s. Since the
time interval visualized and saved with the oscilloscope lasts 5s, and the
sample motion is uniform, the conversion from times to spaces is
immediate.
Light reflected back from the sample was directly revealed by measuring the
change in voltage between the laser terminals; this self-mixing signal was
amplified 40dB by a low-frequency voltage amplifier DLPVA FEMTO and
then acquired by the oscilloscope.
Although many authors are used to collimate the output beam before
focusing, in this work the beam impinged on the ZnSe lens with a precise
angular divergence: the advantage of this configuration will be explained in
the next section.
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4.1 – Beam focusing

The beam emerging from the QCL used in this experiment is well
approximated by a Gaussian TEM00 so it may be fully described by the
radiation wavelength λ and the beam waist W0 ; the following expressions
are also useful:

(4.1)

where z0 defines the Rayleigh length, and θ0 is the intrinsic divergence of the
beam. A graphical interpretation comes from the next figure:

Figure 4. 2 graphical representation of a Gaussian beam[Saleh-Teich, 1991]: with only one of the
indicated parameters, in addition to wavelength, the beam is fully described.

In an imaging application with objects much greater than the wavelength,
the resolution in the transversal plane is determined by the beam waist, so it
is imperative to make it as small as possible. The smallest beam waist
obtained focalizing with the output lens of the laser was measured by means
of a pyroelectric detector, giving as a result (150 ± 25) μm; in order to
further reduce the spot size, a ZnSe piano-convex lens (f = 35mm) was used.
A matrix formalism is useful to describe the propagation of light through
optical systems; this formulation is very intuitive if applied to ray optics:
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setting y the vertical coordinate of the incidence point of a light ray on an
optical component and θ the angle between the ray and the optical axis
(Figure 4.3):

[ ]

[

][

(4.2)

]

Thus the four elements of the matrix are the coefficients of two linear
transformations for y and θ, in particular, A and D relate the ray‟s positions
and angles before and after the transmission, so they are a linear and angular
magnification respectively. This kind of formulations holds in the paraxial
approximation.

Figure 4. 3: schematic picture of the transmission of light through an optical system [Saleh-Teich,
1991].

The interesting and useful fact about this matrix formalism is that is possible
to demonstrate that the matrix elements A,B,C,D can be used also in beam
optics, to describe the modifications of a Gaussian beam when it is
transmitted through an optical system (see Saleh-Teich “Fundamentals of
photonics”, Wiley, 1991, for details on the ray-optics to beam-optics
transition):
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(4.3)

[

]

[

(4.4)

]

where z0,i is the Rayleigh length before (i = 1) and after (i = 2) the lens, zi are
the waist positions with respect to the lens plane, m is the ABCD matrix
corresponding to a thin lens (Figure 4.4).

Figure 4. 4 waists positions with respect to the lens plane [Saleh-Teich, 1991].

Equation 4.3 can be separated into two equations for the real and imaginary
part and these can be solved to find z0,2 and z2 giving:

(4.5)

The magnification M, of which the smallest value is desirable for this thesis
purpose, is readily obtained taking the square root of z0,2/ z0,1.
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Since a real image is needed, only the negative values of z2 are to be taken
into account, since z1 was chosen positive; the previous request must be
satisfied together with M < 1. Once M is obtained the beam waist W0,2 is
obtained as:

(4.6)
Figure 4.4 shows how the position of the spot and the magnification vary
with the position of waist before the lens: only the decreasing branch of M
has to be taken into account since it is the only one that will give M<1 and
z2<0.
Following these results, with z1 = (174±1)mm, f = 35mm a beam waist of
(100±25)μm, located at |z2| = (43±1)mm was obtained, fulfilling the initial
purpose to make the spot size smaller than it could be obtained focalizing
only with the laser built-in collimating lens. A further increasing of z1 would
have led to a too long external cavity and a less defined spot shape, resulting
in a noisy measurement.

Figure 4. 5 spot location and dimensions, after the transmission through the lens, vs. the spot
location before the lens. Negative values of z2 correspond to a real image; M becomes smaller
than 150μm at z1 ≈ 60 mm.

41

4.2 – Scanning procedure and optical triggering

Imaging is possible only if the information about the sample is coupled with
a spatial information, i.e. it is necessary to convert the time axis of the
oscilloscope trace into a space axis. This conversion requires that, once the
acquisition time τ has been chosen, the single transverse scan along the x
axis lasts exactly τ. This has been achieved fixing a the path and the speed
of the x-direction translational stage so that their ratio equals τ.

Figure 4. 6 schematic view of the scanning procedure.

Every scan was acquired with the oscilloscope in single mode and the stop
signal was optically generated: the beam of an auxiliary laser diode was
stopped by the translational stage itself during the whole scan and it was
free to propagate through a lens focusing onto a photodiode only at the end
of the motion; the photodiode (PDA10CS-EC, ThorLabs) provided the
triggering signal that stopped the acquisition.
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Figure 4. 7 optical trigger signal generation: the auxiliary laser diode impinges on the detector only
when the scan is finished.

Once an x-scan was concluded, the sample holder was moved vertically in
the y direction with steps 200 μm, 500 μm or 1 mm long, depending on the
situation: small samples measurements required less time, so a 200 μm
translation was the best choice because it was consistent with the spot size;
bigger samples required more time to be imaged and the step size was
incremented proportionally to prevent dehydration; only in the case of the
plane mirror image, that will be later discussed, the step size was 1mm
because there was not a real interest in imaging, it was a simple set-up test.

4.3 – Signal processing and image reconstruction

As a test of the described set-up a round, plane, metallic mirror was imaged.
A typical self-mixing signal is shown in Figure 4.8a: fringes due to the
feedback are superimposed to the saw-tooth modulation.
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Figure 4. 8: (a) representative self-mixing signal (blue line) over one modulation period; (b) signal
shape after the subtraction of the saw-tooth modulation; (c) signal shape after the filtering
process.

In order to extract the fringe amplitude, that is directly related to sample
reflectivity, the modulation signal must be subtracted (Figure 4.8b) and the
resulting waveform has to be filtered (Figure 4.8c).
MATLAB is the software used for the analysis of the traces: two built-in
algorithms to filter a signal were tested:


Savitzky-Golay filter;



Gaussian filter;

The first one performs a moving polynomial fit in adjacent intervals, the
polynomial order and the amplitude of the intervals can be chosen.
Figure 4.9 shows the best result achieved with this algorithm, compared
with the original signal:
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Figure 4. 9 comparison between the original signal and the signal obtained by applying a
Stravitzky-Golay filter. Noise is clearly reduced and the fringe shape is preserved.

The Gaussian filter performs a moving weighted mean over the signal points
with Gaussian distributed weights, i.e. convolves the signal with a Gaussian
distribution of arbitrary standard deviation in adjacent intervals: the best
results of its application are shown in figure 4.10
:

Figure 4. 10: comparison between the original signal and the signal obtained by applying a
Gaussian filter. Noise is wiped out but the fringe shape is totally different in amplitude and
slopes.
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Noise is totally removed by the Gaussian filter but the fringe shape changed
too much: amplitude is significantly decreased and the slopes are smoothed.
The Gaussian filter cannot be used for this thesis application because it
would cause a great information loss, modifying the fringe parameters, so
Stravitzky-Golay algorithm was adoperated.
The signal parameter that will be associated to a false colour and used to
imaging the samples is the average value of fringe amplitude over a
modulation period. If ν is the modulation frequency, τ is the acquisition time
and L is the total scanning length, then the elementary space interval,
corresponding to a period of the modulation is:

(4.7)

This value is far too small to be used as a pixel size in an image, because the
spatial resolution is determined by twice the beam waist i.e. 200

. A first

method to overcome this problem is to perform a block average of the
amplitudes over a larger number of periods, defining a well-sized pixel; this
procedure however causes a loss of information about the periods that come
into the average and does not take into account that every single point of the
sample contributes to the reflection as long as it is illuminated: the simplest
way to include this aspect is to perform a moving average: every amplitude
value is averaged with the surrounding ones and the radius of this operation
is the beam waist.

46

Figure 4. 11 plane mirror images: (a) no averaging procedures; (b) block average resulting in welldefined pixels; (c) moving average on every period; (d) mirror photograph: scratches and damaged
coating zones were imaged, the technique is quite sensitive on details.

Figure 4.11a shows the mirror image without average processes: although it
may seem that small pixels give high resolution, that resolution would not
make any physical sense, as discussed above; figure 4.11b displays the
result of the block average: contrast is improved and the spot size is now
coherently represented; in figure 4.11c the moving average was performed
resulting in a good contrast, a good level of detail and a less grainy look
than 4.11b.
It has to be observed that, irrespective to the average method, the
imperfections on the mirror surface were correctly imaged: even if the
metallic coating was scrabbled, reflectivity was sufficiently high to give a
measurable self-mixing signal (see figure 4.11c).
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In the following sections every image has been obtained with the moving
average method as it accounts for the actual spatial resolution provided by
the lens system and the continuous sample motion.

4.4 – Agar phantoms imaging: results and discussion

Pure Agar
The image of a pure agar gel slice is shown in figure 4.12: this was a new
test, performed in order to verify that the sample reflectivity was high
enough to generate an appreciable signal. Figure 4.12 shows that this was
true, agar gel displays a good diffuse reflectance and the sample is clearly
visible, but a new issue comes from this image: although the sample
preparation was thought to produce a homogeneous sample, many
fluctuations are visible in the mean fringe amplitude. This problem may
arise from a great variety of factors, including:


the stochastic nature of the diffusion phenomenon;



local variations of the scattering coefficient μs, which, as shown in
chapter 2, would affect the fringe amplitude even with a constant
absorption;



local variations of the absorption coefficient μs due to a fluctuating
water content of different points of the sample;



geometrical variations due, for example, to the presence of air
bubbles or dust into the gel;



a hardware problem of the experimental set-up, such as undesired
vibrations during the scans or temperature variations of the source;
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Figure 4. 12 pure agar gel (15% w/w): although the sample is well imaged, fluctuations could
depend on a variety of factors, essentially dealing with a kind of uncontrolled inhomogeneity of
the sample or with a set-up malfunction.

Before going further with the analysis of the doped samples, a check on
whether the fluctuations arise from uncontrolled phantoms‟ inhomogeneities
or from a kind of set-up malfunction has to be done. If the problem is
caused by the diffusive nature of the sample, being the scanning time
sufficiently smaller than the degradation time of the phantom, the
fluctuations will not be randomly distributed; conversely if the problem
comes from stochastic events related to the set-up, there would not be
regularity in the fluctuations. These observations suggested that, in order to
at least discriminate the source of this issue, multiple scans of a diffusive,
stable sample would have given an answer. The chosen target was a TPX
(polymethylpentene) sheet, a plastic, diffusive material which shows low
absorption at 6.2μm. A plastic material was chosen due to its stability in
time, because a long measurement on the agar gel would have led to
dehydration. Figure 4.13 shows multiple scans of the same stripe of TPX:
fluctuations repeat in the same positions in every scan and even averaging
the scans does not result in a compensation so it can be concluded that they
are not randomly distributed.
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Figure 4. 13 (a) multiple scans on TPX target: fluctuations are not randomly distributed, the 11
line is obtained averaging the other ones and it does not show any compensation; (b) TPX sheets.

There is a kind of regularity in the alternation of yellow zones and blue
zones (high and low fringe amplitude respectively), so there is a physical
deterministic reason that probably lies in some sample characteristics.
The source of the fluctuations remains still unknown but it can be said that it
lies in an uncontrolled characteristic of the sample: the simplest idea is that
the varying content of water and the unpredictable presence of clusters of
polymers in the gel may affect μa and μs.
The distribution of the mean amplitude is shown below:

India ink and IntraLipid inclusions
The main goal of this experimental work is to image an absorbing substance
in a phantom, thus the subsequent phantom was synthetized with two round
inclusions: the first was made by agar gel doped with India ink (0.002 %
v/v, i.e.), the second was doped with IntraLipid (0.002 v/v).
The localized presence of ink makes the reflectivity decrease and so it does
the fringe amplitude, while IntraLipid is useful to understand if the
technique is selective on absorption.
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The Ink inclusion is clearly visible, confirming that light re-entering the
cavity is significantly decreased; IntraLipid was not imaged due
transparency at 1600 cm-1 (see Fig. 3.8).
Once assessed the absorption sensitivity of the signal fringe amplitude, its
dependence on the concentration and chemical structure of the absorbing
agent will be analysed.

Figure 4. 14 double inclusion of India ink (0.002% v/v) on top and IntraLipid (0.002% v/v) on
bottom. The technique is absorption sensitive, since the only visible inclusion is the absorbing
one.

A crucial observation is that the Ink inclusion displays the same mean fringe
amplitude of the sample holding plate, thus the concentration of ink could
be only decreased. To decrease the concentration of a solution one can
lower the solute amount or rise the solvent amount: both these things were
too difficult because sophisticated and expensive micropipettes are
necessary to select volumes smaller than 10μL, while rising the solvent
quantity results in much longer preparation times. There is also the problem
of hydration: the absorption coefficient inside the inclusion is caused not
only by Ink but also by water, so the inclusion must be completely
dehydrated before the measurements and dehydrated ink-doped gel was very
fragile. To overcome these difficulties ink was substituted with potato starch
powder.
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Amide inclusions
In chapter 3 was pointed out that amide is a good absorber at 6.2μm and it
has also other advantages: it is a powder that can be added easily to the agar
powder before pouring into water and, in addition, dehydrated amide-doped
gel was much stiffer than ink-doped gel.
Figure 4.15a shows a sample with three hydrated inclusions of amide with
different

concentrations (from above, 5%, 3%, 1% w/w). There is no

concentration sensitiveness and this could be explained saying that water
content rises absorption to saturation. Figure 4.15b instead shows four
completely dehydrated inclusions (5%, 3%, 1%, 0% w/w from above): there
is no competition between absorbers and concentration sensitiveness is
better.

Figure 4. 15 (a) hydrated inclusions of amide (5%,3%,1% from above): absorption saturates
probably due to water content; (b) dehydrated amide inclusions (5%,3%,1%,0% from above):
absorption is less visible and there is a certain degree of sensitiveness on concentration.

The simplest way to extract a calibration curve that relates concentration to
amplitude is to calculate mean and standard deviation inside a rectangle
containing the values that refer to each inclusion: figure 4.16 shows the
curve obtained from the sample with dehydrated inclusions: concentrations
makes the amplitude change but there are still large fluctuations as in the
un-doped zones.
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Figure 4. 16 calibration curve that relates the mean fringe amplitude to amide concentration for
the phantom with dehydrated inclusions: although there is a visible variations, fluctuations
remain too high.

The curve in Figure 4.16 has to be looked at very carefully: it cannot be
assessed that this technique is capable of a quantitative discrimination of the
absorber concentrations, because even between pure agar zones of different
samples amplitude could vary; this technique is based on contrast: it is
possible to see an absorbing cluster because it locally modifies the feedback
with respect to the other points. The fact that the mean fringe amplitude
changes with different concentrations only when water is removed is a
confirmation of what has been discussed in chapter 3: hydration influences
the measurements because it has an absorption band at 6.2 μm.
A probable source of the fluctuations in homogeneous zones is the
scattering: if agar or amide begin to aggregate and form diffusive centres of
various dimensions the scattering coefficient will suffer high local changes,
resulting in a fluctuating mean fringe amplitude.
This observation suggest that it is necessary to conceive a preparation
algorithm that can guarantee geometrical and structural homogeneity.
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Blood inclusion
The last kind of inclusion was made of blood agar and it was useful to test
the technique on a real biological compound. Results are consistent with the
spectral information provided in chapter two: haemoglobin is a good
absorber at 6.2μm and the round inclusion is clearly visible in the image
(figure 4.17). For the same reason as for India Ink, it was not possible to
change concentration of blood agar, within the time of this thesis work.

Figure 4. 17 blood inclusion, haemoglobin is fully detected due to its high absorbing coefficient.

Conclusions

A detectorless imaging technique for absorbing cluster detection in tissue
phantoms was designed and tested: the information about the absorbing
power of the sample is obtained extracting the fringe amplitude from the
self-mixing signal and the image reconstruction is performed by encoding
this parameter with a false colour. The technique is, as expected, selective
on absorption since this is the main mechanism which lowers the backreflected intensity. The two main issues are:
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competition between absorbers: since the samples are water-based
and water has a non-negligible absorption coefficient, in a hydrated
sample only imaging by pure contrast is possible, no quantitative
information can be extracted about the doping substances; this
problem can be solved by finding and operating a different light
source with a wavelength matching only with the substances to be
detected: according to the spectra analysis of chapter 2, water is
transparent in the ranges from 2000 to 3000 cm-1 and from 1000 to
1400 cm-1, in the lipids‟ C=C stretching modes bands and in the
proteins‟ C-H or N-H bending modes bands respectively, therefore a
change of light source would allow to a selective detection. To avoid
the change of the laser also a different solvent could be used to
prepare the samples;



fringe amplitude fluctuations: unexpected, reproducible fluctuations
arise when the technique is applied to a diffusive target; it has been
shown that the source of the problem may lie in some sample
characteristics, in particular it is probable that geometrical and
structural uncontrolled features make the scattering coefficient
fluctuate, resulting in a inhomogeneous signal; it is necessary a deep
understanding on the polymerization of agar and a consequent
remake of the preparation procedure, in order to have a good control
on structure; the other possible origin of these fluctuations could be
mechanical, deriving from set-up or sample vibration that would
require a deep investigation;



absorber identification: with this kind of analysis two or more
different substances with the same absorption band cannot be
distinguished; this could be overcome by using a set of different
wavelengths matching different and not superimposed resonances. In
this way the same analysis could be done for each source and the
images could be merged to map the chemicals‟ presence in the
phantom.
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Conclusion and perspectives
The purpose of this work was to design and test an experimental set-up
based on self-mixing effect to perform absorption sensitive imaging on
tissue phantoms.
The chosen wavelength was 6.2μm, matching with haemoglobin and amide
absorption bands. The technique was able to detect absorbers by pure
contrast: amide, blood and ink reduced the amount of light re-entering the
cavity and, as expected and predicted by the model (see chapter 2), the
fringe amplitude has been sensitive to this feedback reduction. IntraLipid
was not imaged, coherently with the fact that it is transparent at 6.2μm,
confirming that this technique is absorption sensitive.
The analysis of the mean fringe amplitude can provide the absorbers
concentrations but it takes the inclusion to be dehydrated, since water
competes with the other absorbing agents.
These results and observations lead to the further possible developments of
this work:


the preparation procedure must be upgraded after a systematic
investigation of the polymerization process, in order to minimize
the differences between and across the samples;



a fine mechanical characterization of the set up and of the sample
would help to understand the source of the signal fluctuations;



a change of solvent or a change of the source wavelength has to be
taken in consideration to eliminate the problem of hydration: the
solvent must not interfere with the doping substances imaging;



a multi-spectral set up would lead to full discrimination of different
absorbers, reducing the gap between the imaging soul of this
method and spectroscopy.
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