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Preface

Biomedical optical imaging is a continously growing �eld. The past few

years have seen considerable advances in devices and algorithms designed

to give useful clinical information through the use of a laser beam as a probe

into human tissue.

The two main areas of interest are tissue spectroscopy and imaging.

The �rst for establishing the presence and, if possible, the concentration of

certain quantities of interest. The second aims to produce an image of these

substances as they are localized in di�erent parts of the tissue.

This thesis mostly �ts in the latter area of interest, since laser feedback

interferometry (also known as self-mixing) was implemented into an imaging

technique, but could also project itself into tissue spectroscopy, as other

wavelenths could be added to the setup.

The ligth source used in this work was a laser diode operating at 830 nm.

Light in the near-infrared range (wavelength from 700 to 1200 nm) pene-

trates tissue and interacts with it in many ways; the predominant e�ects

are absorption and scattering. Many of the substances of interest in the

medical �eld, such as hemoglobin and cytochromes, exhibit characteristic

absorption spectra in the near-infrared that depend on whether the molecule

is in its oxidized or reduced state. As these substances play crucial roles in

the oxigen-transport and in metabolic processes at the cell level, the abil-

ity to discern them through indirect measurements would have important
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medical implications.

The Self-mixing e�ect consist in the phenomenon in which a fraction of

the �eld radiated from the laser is fed back into its own cavity by means of

an external target. Then, if the phase of the �eld is somehow modulated,

for example by frequency sweeping, the optical power emitted by the laser

will show interferometric fringes.

The most important advantage of laser feedback interferometry is that

it operats in re�ection mode, therefore providing a good non-invasive tech-

nique that could be possibly used "in vivo".

Other advantages are the use of non-ionizing radiation and �nally the

spectral sensitivity to the target: the laser feedback imaging will only show

compounds that absorbs at the chosen wavelength.

This thesis is organized as follows.

The �rst chapter is devoted to introduce the self-mixing e�ect, which

will be shown in its mathematical model. The link between the physical

properties of the target and the optical feedback response will be explained.

The second chapter describes the characteristics and the preparation of

the tissue phantoms used in this work. Trehalose was chosen as base for all

samples. Absorptive ones were obtained by means of india ink. Myoglobin

was also used to obtain a non-absorptive phantom.

Chapter 3 focuses on the experimental setup, which was assembled and

automated by developing a LabView interface. The acquisition technique is

also shown, together with the signal processing and the image reconstruc-

tion.

The fourth and �nal chapter shows the obtained images and explains

the results.



Chapter 1

The Self-Mixing e�ect

1.1 Introduction

The e�ect of optical feedback (also called self-mixing)on the laser dynamics

was �rst observed by King and Steward in 1963 [1]. It was observed that an

external perturbation (in their case, the motion of a remote target) caused

an intensity �uctuation of the laser emission comparable to that of classical

interferometry.

Since then, much work has been done to explain the dynamics of the laser

under feedback. Heil et al. proposed a successful di�erence equation for the

phenomenon [2]. Lang and Kobayashi proposed a compounde cavity model

[3], that will be later described in this chapter.

The e�ects of optical feedback on semiconductor lasers are of various na-

ture. On one hand, optical feedback can cause important improvements in

given aspects of the performance of the laser (like decreasing the linewidth,

or enhancing the modulation bandwidth), whereas, on the other hand, the

same phenomenon may severely degrade the performance of the laser (de-

termining wide linewidth broadening and coherence collapse), depending

upon the feedback strength [4].

Given its coherent nature, the self-mixing phenomenon was soon used in

5
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the sensing �eld. King and Steward demonstrated displacement sensing and

velocity measurements, along with measures of changes in the propagation

medium [5].

Self mixing was later used in measurements of refractive index[6] and in

laser doppler velocimetry[7]. In fact, every physical parameter capable of

altering the optical path length can be measured through laser feedback

interferometry.

In this chapter the theory describing a Fabry Perot laser diode under

optical feedback will be explained. The Excess Phase Equation (EPE) will

be obtained by means of the three mirror model and the formula for the

output optical power will be derived from the Lang-Kobayashi equations.

The analytic form for the output optical power will be also shown in di�er-

ent feedback regimes.

Finally, the dependency of the amplitude of the self-mixing signal on the

target re�ectivity will be shown in a MATLAB simulation. This behaviour

of the self mixing signal will be the key to develope the imaging technique

in the following chapters.

1.2 The equivalent cavity

When a target is set at a distance Lext from the laser diode, a second Fabry-

Perot cavity is created. We will now discuss how the active cavity and the

external cavity can be modedeled as an equivalent Fabry-Perot cavity of

length L.

The starting situation is shown in Figure 1.1, where the re�ection coef-

�cients for the electric �eld amplitude relative to the active cavity of length

L are denoted as r1 and r2, while the re�ectivity of the target is expressed

through r3.
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Figure 1.1: Three mirror model to describe the laser in presence of an external target

T . An extrernal cavity of length Lext is formed.

For the case of weak retro-di�usion (i.e. when r3 is small as compared

to that of the front facet of the laser diode, r2), we can neglect the multiple

re�ections in the external cavity and the mirrorsM2 and the target T can be

modeled as one single mirror, that we name Meq, with re�ection coe�cient

req given by:

req = r2 + (1− |r2|2)r3exp(−i2πνF τext) (1.1)

where νF is the optical frequency of the laser diode in the presence of

the target (hence in the presence of feedback) and τext = 2Lextµext
c

is the time

of �ight of the laser beam in the external cavity of length Lext and e�ective

refractive index µext.

Let us introduce the coupling coe�cient κ, determining the coupling

strength between the laser and the external cavity, given by[1]:

κ = (1− |r2|2)
r3
r2

(1.2)

We can therefore rewrite req as:

req = r2(1 + κ exp(−i2πνF τext)) = |req|exp(−iφeq) (1.3)
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Figure 1.2: Equivalent cavity obtained from the three mirror model.

Keeping in mind that κ << 1 because of the hypotesis of weak retro-

di�usion, we get the amplitude and the phase of the equivalent re�ection

coe�cient:

|req| = r2[1 + κcos(2πνF τext)] (1.4)

φeq = κsin(2πνF τext) (1.5)

At this point we have obtained an equivalent cavity, made of two mir-

rors, the �rst with amplitude re�ection coe�cient r1 and the second with

req. The new setup is represented in Figure 1.2.

1.3 The excess phase equation

In this section we will show how the �rst important equation to describe the

self-mixing e�ect, the excess phase equarion, can be obtained in a simple

way, based on the condition for laser emission and the new geometry of the

equivalent cavity.
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The condition for laser emission is that the �eld can be sustained inside

the resonant cavity and can reproduce itself after a roundtrip, since the

gain compensates the losses. This situation can be stated by the following

equation[8]:

r1r2exp[−i
4πµe0ν0L

c
+ (gth0 − αP )L] = 1 (1.6)

where µe0 represents the e�ective refractive index of the active region,

ν0 is the laser diode emission frequency, c is the speed of light, gth0 is the

threshold gain for the active region in absence of feedback, and αP is a coef-

�cient representing the losses mainly due to absorption by the free carriers.

The lasing condition in the presence of a target is found by replacing the

values for the laser diode in stand-alone condition (speci�ed by the subscript

0) by those for the equivalent diode (speci�ed by the subscript F) and r2

with the coe�cient req of the equivalent laser cavity:

r1reqexp[−i
4πµeFνFL

c
+ (gthF − αP )L] = 1 (1.7)

Now µeF and gthF represent respectively the e�ective refractive index of

the equivalent cavity and the threshold gain in the presence of feedback.

Let us divide equation (1.7) by equation (1.6). We get

req
r2
exp[−i4πL

c
(µeFνF − µe0ν0) + (gthF − gth0)L] = 1 (1.8)

Equation (1.8) results in the following two:

|req|
|r2|

exp[(gthF − gth0)L] = 1 (1.9)

exp{−i[φeq +
4πL

c
(µeFνF − µe0ν0)]} = 1 (1.10)
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Recalling equations (1.4) and (1.5), after some math we get:

gthF − gth0 =
1

L
ln

1

(1 + κcos2πνF τext)
(1.11)

κsen(2πνF τext) +
4πL

c
(µeFνF − µe0ν0) = 0 (1.12)

We now observe that the refractive index µe is function of the population

density n and of the frequency ν. For little variations of ∆n and ∆ν we can

write:

∆µe = µeF − µe0 =
∂µe
∂n

∆n+
∂µe
∂ν

∆ν (1.13)

which implies:

µeF = µe0 +
∂µe
∂n

∆n+
∂µe
∂ν

∆ν (1.14)

with ∆n = nF − n0 and ∆ν = νF − ν0.

Substituting the expression found for µeF in equation (1.12), we obtain

the following:

c

4πL
κsen(2πνF τext) + νF

∂µe
∂n

(nF − n0) + (νF − ν0)µe0 = 0 (1.15)

where µe0 = (νF
∂µe
∂ν

+ µe0) is the e�ective group refractive index.

Recalling the e�ective refractive index in its complex form, µe = µ′e+iµ
′′
e ,

we introduce the linewidth enhancement factor α, de�ned by:

α =
Re(µe)

Im(µe)
=
∂µ′e
∂µ′′e

(1.16)

Therefore:
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α =
∂µ′e
∂n

∂n

∂µ′′e
⇒ ∂µ′e

∂n
= α

∂µ′′e
∂n

(1.17)

For a small change in the gain and in the electron density between the

diode in the absence and presence of target, we can write the following

relationship given by Petermann[9]:

∂µ′′e
∂n

= − c

4πνF

∂g

∂n
= − c

4πνF

gthF − gth0
nF − n0

(1.18)

and therefore, substituting equation (1.18) in equation (1.17), we get:

∂µ′e
∂n

= −α c

4πνF

gthF − gth0
nF − n0

(1.19)

Equation (1.15) then becomes

c

4πL
κsen(2πνF τext) + α

c

4πL
κcos(2πνF τext) + (νF − ν0)µe0 = 0 (1.20)

where we also used equation (1.11).

Keeping in mind that 1√
1+α2 = cos(arctgα) and that α√

1+α2 = sin(arctgα),

we can write:

νF − ν0 +
c

4πLµe0
κ
√

1 + α2sin(2πνF τext + arctgα) = 0 (1.21)

We now introduce the feedback coupling coe�cient C, given by:

C =
τext
τin

κ
√

1 + α2 (1.22)

where τin = µe0
2L
c
is the time of �ight in the laser cavity.

The parameter C depends not only on the quantity of light retro-di�used
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by the target by means of the quantity κ, but also on the distance from the

target and on the lenght of the laser cavity.

Recognizing the expression of C in equation (1.21), we obtain:

νF − ν0 +
C

2πτext
sin(2πνF τext + arctgα) = 0 (1.23)

Then, multiplying equation (1.23) by the quantity 2πτext we get the so

called Excess Phase Equation (EPE):

φF − φ0 + Csin(φF + arctgα) = 0 (1.24)

where

φF = 2πνF τext (1.25)

and

φ0 = 2πν0τext (1.26)

1.4 Solving the excess phase equation

The Excess Phase Equation (EPE) (1.24) relates the stationary emitting

frequency in presence of feedback to the lasing frequency in the stand-alone

condition through the feedback coe�cient C, the time of �ight of the exter-

nal cavity τext and the linewidth enhancement factor α.

As seen in the previous section, the EPE makes use of several approxi-

mations, which we summarise here:

- it ignores the e�ect of multiple external cavity roundtrips,
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- it assumes that the amplitude of light re�ected ito the laser cavity from

the target is much smaller than the amplitude within the laser cavity,

- it assumes small changes in the gain and in the electron density of the

active medium.

The EPE is a transcendental equation and therefore it must be nu-

merically solved. A systematic numerical approach to solve the EPE was

proposed by Kliese et Al [10] and will be later used in this thesis to simulate

the experimental conditions.

Figure 1.3: Left-hand side of the EPE as a function of φF . Circles indicate stable

solutions, while crosses indicates unstable solutions. (a)Shows the case of C<1, when

there is a unique stable solution. (b) Shows the case C>1, that gives multiple solutions.

The solutions to equation (1.24) can be classi�ed depending on the value

assumed by the feedback coe�cient C. In fact, if C ≤ 1 the left-hand side

(l.h.s) of equation (1.24) is monotone and the solution is unique. Conversely,

if C > 1, multiple solutions are possible, even though not all solutions may

corrispond to possible lasing modes, since they could be unstable. The

modal stability can be formally veri�ed through linear stability analysis

[11]. Figure (1.3) shows the l.h.s. of the EPE as a function of φF in both

cases C ≤ 1 and C > 1, where stable and unstable solutions are indicated

respectively by circles and crosses.

Another important aspect regarding the EPE can be discussed if we plot

the l.h.s. of the EPE as a function of both φF and φ0. In this case, instead
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of a few solutions, we get a locus of point where the function is zero and the

EPE is satis�ed, as shown in Figure 1.4. At this point, if φ0 varies in time,

e.g. sinusoidally, the path followed by the solutions will show hysteresis,

as visible in Figure 1.5. This happens because, as the phase φ0 continues

to grow, the solution region no longer contains a valid solution and the

lasing mode will jump to the next closest solution[12], which depends on

the history of the system. This behaviour is shown in Figure 1.5, where,

as φ0 reaches point B starting from point A, the next closest acceptable

solution will be given by point C.

Figure 1.4: Left-hand side of the EPE as a function of φF .

1.5 Feedback regimes

It has been shown that when the feedback power is increased, many lasers

undergo deep dynamical changes, involving coherence and spectral proper-

ties.

A commonly accepted classi�cation[13], based on the value assumed by the
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Figure 1.5: Left-hand side of the EPE as a function of φF .

feedback parameter C, is reported below.

I. The �rst 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 broad-

ening 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.
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The laser under optical feedback remains partially dependent on the phase

of the feedback.

V. The �fth regime is characterized by a return to stability. This regime

occurs when the feedback coupling rate is much greater than the laser relax-

ation oscillation frequency. The laser under optical feedback is independent

on the phase of the feedback.

This partition in feedback regimes describes well, without loss of gener-

ality, the e�ect of the optical feedback among several cavity structures of

lasers, like Fabry-Perot (F-P), Distributed Bragg Re�ector (DBR) and Multi

Quantum Well (MQW) lasers.

Figure 1.6 shows the feedback domains and the transitions lines for a

DFB laser diode emitting at 1.5 µ m.

1.6 Modeling the output optical power

The EPE is only the �rst of two equations we will need to describe the self-

mixing e�ect. The second one gives the optical power emitted by the laser

in the presence of feedback and will be obtained in this section, making use

of the more general Lang-Kobayashi model.

The Lang-Kobayashi (L-K) model was developed in 1980[3] and has

remained the fundamental model to describe the dynamics of lasers under

optical feedback.

Also the L-K model describes the laser cavity in presence of a target

with a system made of three mirror (Figure 1.7), but does not introduce

the equivalent cavity as done in the previous sections.
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Figure 1.6: Feedback power ratio as a function of the distance of the external mirror.

The solid line indicate the transitions between two di�erent feedback regimes for a DFB

diode laser emitting at 1.5 µ m [14].

This model neglets multiple re�ections in the external cavity and makes

use of the plane wave and of the slowly varying envelope approximation

(SVEA). In fact, the electric �eld in the laser cavity will be given by

Ẽ(t) = E(t)ejωt (1.27)

where ω is the angular frequency of the laser and E(t) is the compleax

envelope, which will be slowly varying in the sense that we require the

following condition to be satis�ed:
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Figure 1.7: Schematic.

∂2E

∂t2
� ω

∂E

∂t
(1.28)

Moreover the electric �eld E is scaled so that

S(t) = |E(t)|2 = E(t)E(t)∗ (1.29)

where ste symbol "*" denotes complex conjugation and S is the photon

density.

Under the further assumptions that:

- the lasing angular frequency ω is very close to the threshold angular

frequency ωth,

- the refractive index is subject to little variations around its threshold

value as the carrier population density N is changing, and can be therefore

linearized with respect to it,

- the gain G varies linearly with N near the threshold,

- the structure of the cavity is a simple Fabry-Perot.

the Lang-Kobayashi equations can be written as:
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dS(t)

dt
= (ΓG− 1

τp
)S(t) + 2κ̃

√
S(t)S(t− τext)cos[ωthτext +φ(t)−φ(t− τext)]

(1.30)

dφ(t)

dt
=

1

2
α(ΓG− 1

τp
)−κ̃(

S(t− τext)
S(t)

)
1
2 sin[ωthτext+φ(t)−φ(t−τext)] (1.31)

dN(t)

dt
=
ηiI(t)

qV
− N(t)

τn
−GS(t) (1.32)

where equations (1.30), (1.31) and (1.32) respectively describe the dynamic

of the photon density S, of the phase φ of the electric �eld and of the carrier

density N .

A list of symbols is reported below:

- µe laser cavity e�ective refractive index

- ωm = mπc/(µeL) cavity resonance angular frequency,

- Γ optical con�nement factor,

- G gain in the laser cavity,

- a di�erential gain,

- τp photon lifetime in the laser cavity,

- vg = c/µe laser cavity group velocity,

- τin = 2Lin/vg laser internal cavity round-trip time,

- κ̃ = κ/τin,

- τext external cavity roundtrip time,

- N carrier density in the laser cavity,

- ηi current injection e�ciency,
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- q electron charge,

- I laser driving current,

- τn carrier lifetime inside the active region,

- S photon density in the laser cavity.

The steady state solutions to the Lang-Kobayashi equations can be found

by sobstituting S(t) = S(t − τext) = Ss, φ(t) = (ω − ωs), N(t) = Ns and

setting the derivatives to zero.

In particular, we �nd the following relationship between the steady state

photon density and carrier density:

Ss =
1

G
(
ηiI

qV
− Ns

τn
) (1.33)

where Ns is given by:

Ns = Nth −
2κ̃

Γvg
cos(ωτext) (1.34)

while the seady state solution for φ(t) was already found in Section 1.4.

Substituting equation (1.34) into (1.33), we get:

Ss =
1

G
[
ηiI

qV
− Nth

τn
+

2κ̃

Γvgaτn
cos(ωτext)] (1.35)

At this point we linearize the gain about threshold and we note that at

threshold the gain is equal to the cavity loss, 1
τp
:

ΓG = ΓGth + Γ(N −Nth)
∂G

∂N
=

1

τp
+ Γ(N −Nth)

∂G

∂N
(1.36)

with ∂G
∂N

= vga [13].
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Substituting the expression for Ns in equation 1.36 and after some math

we get:

1

G
=

τpΓ

1− 2κ̃τpcos(ωτext)
(1.37)

Ss will therefore be given by:

Ss = [
ηiI

qV
− Nth

τn
+

2κ̃

Γvgaτn
cos(ωτext)][

τpΓ

1− 2κ̃τpcos(ωτext)
] (1.38)

Assuming that 2κ̃τp � 1 and noting that (1− x)−1 ≈ (1 + x), gives:

Ss = Γτp(
ηiI

qV
− Nth

τn
)(1 + 2κ̃τpcos(φF )) (1.39)

where we introduced the feedback phase φF = ωτext.

To arrive to a speci�c formula for the ouput optical power, we assume that

the rate of stimulated emission is approximately equal to the inverse of the

photon lifetime above threshold, given by νgαm, where αm = 1
L
ln 1

R1R2
is the

e�ective mirror loss.

Moreover we assume that spontaneous emission is negligible. Therefore we

get:

Ps =
1

2
~ωνgαmVpSs = ~ωνg

1

2L
ln(

1

R1R2

)VpSs (1.40)

where Ps is the total optical power emitted from both laser facets,

Vp = V/Γ is the e�ective cavity volume occupied by photons and ~ is the

reduced Planck's constant.

Equation (1.40) can be rearranged and presented in a more compact way:



CHAPTER 1. THE SELF-MIXING EFFECT 22

Ps = P0s[1 +mcos(φF )] (1.41)

where

P0s = ~ω
vg
2L
ln(

1

R1R2

)VpΓτp(
ηiI

qV
− Nth

τp
) (1.42)

m = 2κ̃τp (1.43)

1.7 The output optical power in di�erent feed-

back regimes

To show the shape of the output optical power, let us consider only the

normalized AC part of equation (1.41), which we will indicate with P̃s:

P̃s = cos(φF ) (1.44)

Figures 1.8, 9a and 9b reports numerically calculated solutions [15] for

∆νF
ν0

=
ωF − ω0

ω0

(1.45)

and P̃s (indicated as P in the image) as a function of the interferometric

phase φ for di�erent values of the feedback parameter C. For C = 0.1

(Figure 1.8) both the instantaneous frequency and the emitted power are

represented by sinusoidal functions.

For C =1 (Figure 9a) the waveforms show distortion and periodically

both functions exhibit points with in�nite slope. For C =3 (Figure 9b) the
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Figure 1.8: Calculated dependence of the function P̃s (indicated as P ) and of the

quantity ∆νF
ν0

(relative frequency deviation of the laser diode with feedback) on the back-

re�ected �eld phase φ for C = 0.1 and α = 5.

distortion becomes even more evident and the output power signal will show

hysteresis.

It is interesting to determine the actual waveforms of the interferometric

signal for a practical case, in which the remote target is put into vibration

and the interferometric phase changes sinusoidally with time. Simulated

waveforms are reported in Figure 1.10, where hysteresis is visible and results

in more sawtooth-like fringes.
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Figure 9a: Calculated dependence of the function P̃s (indicated as P ) and of the

quantity ∆νF
ν0

(relative frequency deviation of the laser diode with feedback) on the back-

re�ected �eld phase φ for C = 1 and α = 5.

Figure 9b: The function P̃s (indicated as P ) and the quantity ∆νF
ν0

are represented

depending on the back-re�ected �eld phase φ for C = 3 and α = 5.
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Figure 1.10: Calculated self-mixing signal for a sine target displacement. (a) target

displacement. (b−d) self-mixing signals. (b) C = 0.001 (c) C = 1 (d) C = 3.

1.8 External cavity related measurements

1.8.1 Measuring the absolute distance by linearly free-

quency sweeping

The absolute distance of a stationary target can be measured using the

self-mixing scheme by modulating the laser emission wavelength with a

triangular waveform. The wavelength modulation is typically achieved by

modulating the laser bias current [16].
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The modulation-wavelength dependence dλ/di in semiconductor lasers

can be attributed to two e�ects [17]. First is the charge-carrier-density

induced refractive index change in the laser active region, which results in a

relatively constant contribution to dλ/di for modulation frequencies below

1GHz. The second e�ect is the thermally induced change in the refractive

index and the length of the laser Fabry-Perot cavity. Thermally induced

contributions to dλ/di become dominant at low modulation frequencies.

Figure 1.11: Example of a self-mixing signal for absolute distance measurement in a

F-P semiconductor laser. The analogue derivative of the signal, with the pulses to be

counted, is also shown. Image adapted from [16]

A photodiode is usually integrated inside the laser cavity to monitor

the changes in the optical power. The photodetected current will show a

triangular modulation due to the laser power variation, and a self-mixing

interferometric signal will be superimposed upon it, as shown in Figure 1.11.

In the Hypothesis of stationary �elds, the phase di�erence between the

�eld inside the cavity and the external one is given by:

|φin − φext| = 2kLext (1.46)

where k = 2π
λ
is the wave vector and Lext is the length of the external

cavity, corresponding to the distance between the laser and the target, which

is to be measured.
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As known, there will be constructive interference if

|φin − φext| = 2Nπ (1.47)

with N = 0, 1, 2....

As previously stated, it is possible to sweep the wavelength of emission of

a laser diode by modulating its injection current with a triangular waveform.

An injection current variation of ∆i corresponds to a change in the

wavelength ∆λ given by

∆λ = ξ∆i (1.48)

where ξ = dλ/di is called tuning coe�cient.

The consequent change in the wave vector is given by:

∆k =
2π∆λ

λ2
(1.49)

The di�erence between the internal and external phase, while the wave-

length is modulated, will be:

|φin − φext| = 4Lext
π∆λ

λ2
(1.50)

The condition for constructive interference becomes:

2Lext
π∆λ

λ2
= Nπ (1.51)

Therefore the distance between the laser and the target will be given by:

Lext =
Nλ2

2∆λ
(1.52)

where N will be the number of fringes that will be superimposed on the

signal.
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Finally, once the tuning coe�cient is measured, equation (1.52) can be

rewritten as:

Lext =
Nλ2

2ξ∆i
(1.53)

1.8.2 Self mixing imaging of samples with di�erent re-

�ectivities

The aim of this thesis is to develop a laser feedback based imaging technique

by looking for a physical feature that varies within the sample, that will give

di�erent self mixing signals in order to achieve the contrast needed to realize

the image.

In looking for such a feature, let us write again the equations that sum-

marize the self mixing phenomenon, that are the EPE and the equation for

the optical power.

φF − φ0 + Csin(φF + arctgα) = 0 (1.54)

Ps = P0s[1 +mcos(φF )] (1.55)

where we recall that m ∝ C with C = τext
τin
κ
√

1 + α2 and that

φF = 2πνF τext (1.56)

φ0 = 2πν0τext (1.57)

Moreover
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C ∝
√

(R3) (1.58)

through κ, where R3 is the re�ection coe�cient of the external target.

Then, when modulating the phase stimulus φ0 (for example by frequency

sweeping or by displacing the target) targets with di�erent re�ection coef-

�cients will give di�erent self mixing signals.

To show the dependence of the self mixing signals to the re�ection co-

e�cient, A MATLAB simulation was implemented, based on the algorithm

proposed by Kliese et al[10].

This algorithm exentially solves the EPE using the bisection numerical

method for a given feedback coe�cient C and then returns the correspond-

ing optical power thoughout the time of the simulation, in order to visualize

the power modulation.

Figure 1.12: Self mixing fringes obtained in a MATLAB simulation. Three re�ection

coe�cients were simulated. As the re�ectivity increases, so does the amplitude of the

fringes.

In the simulation, the phase stimulus was given by frequency sweeping
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in the form of a sawtooth wave with 1 kHz frequency.

Three re�ection coe�cients were simulated, manteining unaltered the

other parameters, such as the external cavity length and the linewidth en-

hancement factor. The results are shown in Figure 1.12, where the ampli-

tude of the self mixing fringes increases with the re�ectivity of the target.

Therefore, from what seen in the simulation, the fringe amplitude was

chosen to be the feature to be extracted from the signal in order tho image

samples with di�erent re�ectivities.



Chapter 2

Trehalose based tissue phantoms

2.1 Introduction

Tissue phantoms are exentially particularly designed objects that are used

in biomedical imaging to analyze or tune the performance of an imaging

device.

This chapter will provide a description of the material that has been

used in this work in the preparation of the phantoms and will explain how

is it possible to tune their optical properties.

Amorphouse trehalose was chosen among other materials to be the base

for the phantoms due to its transparency at 830 nm, the operating wave-

length used in the experimental setup.

2.2 Trehalose properties and preparation

metodology

Trehalose is a disaccharide sugar formed from two glucose units joined by a

1-1 alpha bond. In nature, it can be found in animals, plants, and microor-
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ganisms.

Trehalose mainly �nds its usability as protective matrix to organic sub-

stances and has many di�erent polimor�c structures. Among others, there

are the crystal and the amorphous structures. The latter is the interesting

one for the purpose of this thesis. In fact, thanks to its high viscosity, it

easily lends itself to contain absorbent inclutions.

Figure 2.1: Trehalose structure.

As for the preparation techniques, there are may ways to obtain amor-

phous trehalose. Some of the more used thechniques are the melt quenching,

the crystal compression, the precipitation from solution and the evaporation

of the solution.

Those techniques give di�erent crystallization temperatures to the amor-

phous trehalose, while the glass transition temperature and the fragility

remain unchanged.

The technique of evaporation of the solution was chosen among the oth-

ers essentially due to the simplicity of execution. The samples were therefore

prepared from a drop of a trehalose solution, which was put into an oven

and heated to about 100◦C for four hours.

Di�erent concentration ranges were explored for the trehalose solution.

It was observed that high mass concentrations (<5 %) determined the for-

mation of little aggregates or bubbles inside the amorphous trehalose, as

well as increasing the fragility of the sample.

To preserve the homogeneity of the samples, more diluted solutions were
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prepared. Samples obtained from solutions with mass concentration of 2%

resulted in being very much homogeneous. Examples of two di�erent con-

centrations are shown in Figure 2.2.

Figure 2.2: The image shows two trehalose phantom, obtained from solutions with

di�erent concentrations. The sample on the left was prepared from a solution at 2 % and

is homogeneous. The one on the right was obtained from a solution at 10% and appears

to contain aggregates and/or bubbles.

2.3 The substrate

The selected procedure was the easiest to adopt but it also put bound-

aries regarding the choice of the substrate, since at this point it had to be

refractory.

Another property to be taken into account for the choice of the sub-

trate was wettability, i.e. the degree in which a solution is able to mantain

conctact with a solid surface. Wettability is exentially determined by a bal-

ance between adhesive and cohesive forces. An illustration of the wetting

of di�erent �uids in conctact with a solid surface is shown in Figure 2.3.

Wettability was considered in important factor for the choice of the sub-

strate because an high wetting could enhance the so called co�ee ring e�ect.
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Figure 2.3: Wetting of di�erent �uids: A shows a �uid with very little wetting, while

C shows a �uid with more wetting.

The co�ee ring formation is a phenomenon that occours when a particle-

laden liquid evaporates and leaves behind a ring-like deposit of particles

along the perimeter of the initial drop. It is commonly seen when spilling

red wine or co�e.

This phenomenon also occurs when a solution looses its solvent through

evaporation, leaving the non volatile solute on a surface.

The co�ee ring e�ect was explained by Deegan et al[18] in 1997. Due to

the super�cial tension, the velocity of evaporation reaches its maximum in

corrispondence to the separation lines between the air-liquid-solid phases.

In this way, the edges of the drop loose the solvent rapidly and therefore

radial �uxes are exablished from the centre of the drop to its limits. Those

�uxes carry the solvent as well as the solute.

Once the evaporation process is concluded, the solute will be arranged in

the typical ring pattern.

On a second note, other phenomenons contribute to the co�ee ring e�ect,

like molecular interactions between the particles of the solution and that of

the solid surface, and even wettability.

Figure 2.4: Formation of the co�ee ring.



CHAPTER 2. TREHALOSE BASED TISSUE PHANTOMS 35

In the search for an idoneous substrate, attempts were made to deposit

the trehalose solution on PVC, te�on and glass.

PVC and glass had high wetting and were therefore excluded. As for the

Te�on, even though it was hydrofobic, it was not possible to successfully

detach the sample due to its fragility.

Not being able to separate the samples from the substrates, transparent

ones were chosen: calcium �uoride (CaF2) windows. A schematic represen-

tation of the amorphous trehalose sample on the calcium �uoride substrate

is shown in Figure 2.5, where the co�ee ring e�ect is pointed out.

Figure 2.5: Treahlose sample deposited on the calcium �uoride substrate.

2.4 Absorptive samples

Absorptive samples were obtained by means of india ink, which is the com-

mercial name for the PBk7 pigment and is largely used as an absorber in

tissue phantoms.

The absorption spectrum of the india ink in the visible and near infrared

regions is shown in Figure 2.6.

Mixtures of ink and water were prepared at di�erent volume ratios and

a drop from those solutions was placed on top of the amorphous trehalose

samples. The new samples were then put into an oven and heated to 100◦C
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Figure 2.6: Absorption spectrum of india ink.

for 30 minutes.

Particular care was put into placing the drops of ink inside the region of

the co�ee ring of the trehalose. In this way the central part of the sample

would not be a�ected by the morphology of the amorphous trehalose.

On the other hand, the co�ee ring e�ect was also observed on the ink.

Therefore the data that will later be presented will only concerne the inside

of this second co�ee ring. An example of an ink based absorptive phantom

is shown in Figure 2.7.

Figure 2.7: Ink sample.
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2.5 Nonabsorptive sample

A nonabsorptive phantom was obtained making use of myoglobine.

Myoglobin is an iron and oxygen-binding protein found in the muscle tissue

of almost all mammals. It is the primary oxygen-carrying pigment of muscle

tissues.

Figure 2.8: Absorption spectrum of myoglobin.

The absorption spectrum of myoglobin in the visible and near infrared

regions is shown in Figure 2.8, presenting negligible absorption at the wave-

langth of 830 nm.

Figure 2.9: Myoglobin phantom.
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A myoglobine sample was prepared by dissolving myoglobine powder

into water, making a solution at 10 % in mass. A drop of the solution was

placed in the centre of the amorphous trehalose.



Chapter 3

Setup and imaging technique

3.1 Introduction

The present chapter will focus on the description of the experimental setup

that was used to accomplish the laser feedback imaging. The signal pro-

cessing and the image reconstruction will also be discussed.

The experimental setup was designed keeping in mind that when a sam-

ple is to be imaged, the acquisition can last for quite a long time, depending

on the scanning speed on one axis and on the scanning step on the other.

In fact, about 15 minutes are needed to succesfully image a surface of

14x10mm2 at steps of 0.5mm, scanning it with a velocity of 2.9mm/s .

This time includes, in addition to the scan time, the time needed to trans-

fer the data corresponding to every single waveform from the oscilloscope

to the PC and to save them in an appropriate format. This resulted in

a tedious work to be performed in a ripetitive way, leading eventually to

human mistakes.

To overcome this problem, the experimental setup was assembled to obtain

an automated laser scanning imaging apparatus. This goal was primarly

achieved using the software LabView to establish connections between the

instruments that come into play.
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3.2 Experimental setup

The light souce used in this work was the Hitachi HL8325G GaAlAs single

mode Laser Diode with a TQW (triple quantum well) structure, which

operates in the near infrared at approximately 830 nm and has a built-in

monitor photodiode, as shown in Figure 3.1.

Figure 3.1: Hitachi HL8325G GaAlAs single mode Laser Diode with a built-in monitor

photodiode.

This laser was chosen among others because, in the �rst place, it was

known to be quite stable in self-mixing applications, as investigated by Fan

et Al.[20] in 2014.

In the second place, the built-in monitor photodiode was an insteresting

feature. It allowed us to read the photocurrent proportional to the optical

power inside the laser cavity and to take that as self-mixing signal, rather

than the voltage di�erence between the extreemes of the laser.

From this point of view, the HL8325G laser was a very compact and ready-

to-use device, serving at the same time as souce and detector.

The whole setup is shown schematically in Figure 3.2.

The laser beam was focused on the target by an o�-axis parabolic mirror

with protected silver coating and a re�ected focal length of 101.6 mm. The

target was put on a 3-axes motorized translator to be raster scanned by the

laser in the xy plane, perpendicular to the direction of propagation of the
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Figure 3.2: Experimental setup. The pc controls both the oscilloscope and the transla-

tion stage controller through Labview. The translation controller gives a trigger signal to

the oscilloscope for every scan along the x axis. The waveform generator is connected to

the current driver of the laser diode to modulate the current into a sawtooth. The laser

beam is focused onto the sample by a parabolic mirror, after passing through a pinhole

and a varing neutral �lter. The self mixing signal is taken from the built-in photodiode

inside the laser and sent to a transimpedance ampli�er, which gives the signal to be

acquired to the oscilloscope.

laser beam. A variable �lter was used to adjust the feedback intensity.

Figure 3.3: A parabolic mirror was used to focus the laser beam onto the phantom.

The lasing frequency was swept operating on the injection current of

the laser, which was modulated into a saw-tooth by connecting a waveform

generator to the LDC 202C laser current driver.

The saw-tooth waveform had an amplitude of 30 mV and a frequency of

1 kHz.

Since the LDC 202C laser current driver has a current/voltage modu-
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lation coe�cient of about 20 mA/V, the corresponding current modulation

had an amplitude of 0.6 mA.

The photocurrent obtained from the built-in photodiode was ampli�ed

through the FEMTO DHPCA-100 transimpedance ampli�er.

The resulting signal was sent to the oscilloscope (Lecroy wavepro 7100A).

3.3 Acquisition technique

The automate component of the apparatus plays its role through the mo-

torized xyz traslation stage.

The controller of the stage was connected to the pc via serial communi-

cation and a program was written in LabView in order to move the traslator

of the desired quantity.

Figure 3.4: Schematic representation of the scan of a trehalose sample.

The trajector followed by the xy traslator stages within a typical scan

is shown in Figure 3.4.

The traslator moves continuously along the x axis for ∆x and then along
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the y axis at discrete steps, covering a total distance ∆y.

As for the acquisition method, the controller of the translation stages had

a GPIO Connector, a pin of which was devoted to give a step signal (going

from 0 V to 5 V) whenever the x stage started moving. This signal was

sent to the oscilloscope to serve as trigger in single sweep acquisition mode,

with a time base window (conveniently and automatically set in Labview)

corresponding to the time taken by the x stage to travel of the quantity ∆x

at a speed of 2.9 mm/s.

In this way, a waveform was acquired everytime a scan along the x axis was

completed.

Finally, the pc was also connected to the oscilloscope through an ethernet

connection ad integrated in the LabView acquisition system, so that, when

every acquisition was completed, the scope would send the data to the PC,

saving them in a txt �le.

For example, at the end of a scan made of 10 rows (10 steps along y, as

shown in Figure 3.4), one ended with 10 txt �les, each one presenting the

data organized in two coloumns: time and voltage.

Figure 3.5: Front panel of the Labview interface relative to the oscilloscope.
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All settings for the oscilloscope were performed making use of the Lab-

View interface, shown in Figure 3.5. The working logic of the Labview

program is illutrated in the �owchat in Figure 3.6.

Figure 3.6: Flowchart showing the working logic of the LabView program written to

automatize the acquisition during the raster scan of the sample. The actions contained

in the red box are repeated in a loop until the sample is fully scanned.

The sampling frequency was set to 500 kS/s, which translates into 2.5

million points taken over 5 seconds for every waveform acquired. This was

chosen taking into account the highest frequency present in the signal of

interest, which was of about 200 KHz, corresponding to the sharp rising of

the sawtooth wave. In fact, according to the Nyquist-Shannon Theorem the

sampling rate must be at least twice the maximum frequency in order not

to loose information on the signal.
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3.4 Signal Processing

The signal given by the built-in photodiode in absence of feedback is shown

in Figure 3.7.

Figure 3.7: Sawtooth signal given by the built-in photodiode in absence of feedback.

It is made of a simple sawtooth wave and trivially expresses the fact

that, due to the sweep in current, the laser experiences also a sweep in

optical power inside the cavity.

What happens in the presence of feedback? As dicussed in Chapter

1, a modulation will arise on top of the sawtooth wave as a result of the

interference between the light inside the cavity and the light coming back

in (Figure3.8).

Since the information we are interested in is only given by the interfero-

metric fringes, the �rst thing to do was to subtract the sawtooth wave from

the compuond signal.

To do so, a period of a sawtooth wave was generated in MATLAB to

match the amplitude of every experimental period. This strategy was chosen

because di�erent periods of the waveform, corresponding to di�erent regions

of the samples (non absorptive and absorptive regions), showed di�erent

amplitude, depending on the amount of feedback. This way of subtracting

the signals considerably increased the quality of the fringes in terms of the
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Figure 3.8: Self mixing signal on top of the sawtooth signal.

horizontal baseline, which was much more �at when adopting this solution.

Once the subtraction is done, the situation is illustrated in Figure3.9 ,

where the fringes are fully visible.

Figure 3.9: Self mixing fringes obtained subtracting the sawtooh to the self mixing

signal.

At this point, before extracting the fringe amplitude, the signal was

convenientely digitally �ltered in MATLAB to remove the noise and simplify

the following analysis.

The �lter used was the Savitzky-Golay, which essentially smooths the
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signal performing a moving polynomial �t in adjacent intervals. The func-

tion avaiable in MATLAB is called "sgolay�lt" and allowes the user to

choose the polynomial order and the amplitude of the intervals to be �tted.

This type of �lter was choosen over others, like the Gaussian �lter,

because it was observed to be the one to better preserve the shape of the

signal[21].

In Figure 3.10 an example of fringes before and after the digital �lter

can be observed.

Figure 3.10: Self mixing fringes obtained subtracting the sawtooh to the self mixing

signal.

The amplitude of the fringes was then taken using the MATLAB func-

tion "�ndpeak".

3.5 Image reconstruction

In order to reconstruct the image, the signal parameter that was associated

to a false colour was the averaged value of fringe amplitudes over a modula-

tion period of the sawtooth wave. If ν is the modulation frequency, τ is the

acquisition time, L is the total scanning length and v is the scan speed, then
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the elementary space interval, corresponding to a period of the modulation

is:

∆x =
L

ντ
=
v

ν
=

2.9mm/s

1KHz
= 2.9µm (3.1)



Chapter 4

Images and results

4.1 Introduction

In the previous chapters the self mixing e�ect was described through the

Lang and Kobayashi model and an imaging technique based on this phe-

nomenon was implemented in a re�ectance and conctactless mode.

This chapter will present the images and the results obtained thanks to this

technique. The main goal of this thesis was to image organic phantoms

and therefore samples were prepared with ink at di�erent concentrations to

obtain di�erent re�ectivities and test the dynamic range of the developed

technique.

4.2 Trehalose sample and CaF2 substrate

The �rst image to be realized was that of the amorphous trehalose on the

CaF2 substrate.

The refractive indexes of the trehalose sample and of the calcium �uoride

cell are known[19] to be respectively:

nT = 1.4± 10%
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nC = 1.5± 10%

Therefore, from Fresnel law, we can estimate the re�ectivity in corre-

spondence of the trehalose-CaF2 interface as followes:

R =
(nT − nC)2

(nT + nC)2
= 0.1% (4.1)

which is negligible, compared to the re�ectivities of the air-CaF2 and

air-trehalose interfaces, that are insted of about 3 %.

From these estimations, we expected, if not none, very little di�erence

between the self-mixing signal coming from the CaF2 cell and that from

the trehalose sample. What however was expected was a sensitivity to the

changing pro�le of the trehalose, due to the co�ee ring e�ect, discussed in

Chapter 2.

The image obtained is shown in Figure 4.1.

Figure 4.1: Amorphous trehalose on CaF2 substrate.

Observing the trehalose image, it is clearly possible to identify the edges

of the co�ee ring in the regions where the amplitude of the fringes is at its

minimum (about 2/3 mV), as indicated by the deep blue color. Between

the two dark edges a ligther ring is included. Moreover the central part of

the sample appears also to be ligther and comparable to the color obtained

on the CaF2 surface.
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Since trehalose is tranpharent at 830 nm, what this suggests is that the

fringe amplitude is changing in the co�ee ring region because of a change in

coupling factor ε, which, as explained in Chapter 1, is found in the feedback

strength coe�cient:

κ = ε(1− |r2|2)
r3
r2

(4.2)

where r3 and r2 are respectively the amplitude re�ectances of the target

and of the outer facet of the laser.

In fact, recalling the Lang-Kobayashi model, the coupling factor exen-

tially expresses any variation in the signal amplitude that can be attributed

to a mismatch in the alignment between the laser and the target. In the

case of the trehalose sample, in correspondence of the slopes of the co�ee

ring, the feedback was not su�ciently coupled with the laser cavity and the

signal amplitude went down.

Another interesting e�ect that is visible in the trehalose image is that

the CaF2 substrate region shows a rather regular modulation in the fringe

amplitude. This modulation is better illustrated in Figure 4.2, where the

fringe amplitude of a portion of the �rst row from the top of the image

(scan number: 0) is shown. There appeare to be about 10 or 11 modulation

fringes in a range of 2 mm.

Figure 4.2: Fringe modulation from a part of the �rst scan row (scan number: 0) of

Figure 4.1. The pattern is very regular.
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This modulation in the fringe amplitude was at �rst rather unexpected:

the calcium �uoride is a very omogeneous target at sigth. Furthermore, the

modulation presented itself more like a regular pattern rather than a sign of

surface irregularity. On top of that, the modulation pattern was very much

reproducible.

To bring ligth on this matter, since the avaiable calcium �uoride cells

were three in total, the other two were imaged. They showed no trace of

the modulation pattern, as will be seen in the next section.

The most accountable hypothesis was then the following: that particular

CaF2 cell had not parallel surfaces. In fact, in such case, a superosition of

phase modulations migth be expected in the self mixing signal. The �rst

modulation is the one given by the frequency sweep and the second one,

much slower, is given by a change in the external cavity length, due to

the unparallel surfaces. A similar behaviour was found by Mezzapesa et

al[22], when monitoring the independent displacement of two surfaces via

self mixing.

By counting the fringes in the bigger modulation and by determining

their spatial frequency, it was possible to estimate the amount in which the

two CaF2 surfaces were not parallel, as the distance between two subsequent

maxima corresponds to an external cavity length variation of λ
2
.

The spatial positions of the maxima in the modulation were found

performing parabolic �ts on every fringe, as shown in Figure 4.3.The av-

erage distance between two subsequent maxima was found to be ∆x =

(190± 10)µm

Referring to Figure 4.4, indicating the total scanning range along the x

axis as L, the slant in the faces of the cell is due to a di�erence in height δy

given by:
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Figure 4.3: Parabolic �t executed on one of the maxima of the fringe pattern from

Figure 4.2. The �t gives the position of the maximum.

Figure 4.4: Schematic representation of the calcium �uoride cell with slanted surfaces.

δy =
1

∆x

λ

2
L (4.3)

Therefore the angle θ between the faces of the cell is:

θ = arctan(
δy

L
) ≈ δy

L
=

1

190µm

0.83µm

2
= (0.0022±0.0002) rad = (0.13±0.01)◦

(4.4)

4.3 Ink samples

Aiming to test the sensitivity of the self mixing imaging technique to ab-

sorption, phantoms with trealose and ink were prepared. In particular, two

phantoms were made starting from solutions of ink and water at di�erent

volume ratios. In addition to them another phantom was realized from pure
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ink. The three phantoms are listed below starting from the lowest volume

ratio:

- ink/water at 1:10 in volume ratio, placed on trealose at 2%,

- ink/water at 1:5 in volume ratio, placed on trealose at 2%,

- pure ink, placed on trealose at 2%.

Figure 4.5 shows the trehalose sample on the left (a) and an ink sample

on the right (b), which was prepared from an ink/water mix at 1:10 in

volume ratio.

Figure 4.5: Top: (a) Image of a trehalose sample on Ca:F2 substrate. (b) Image of an

ink/water sample with 1:10 volume ratio, deposited on trehalose, with CaF2 as substrate.

Bottom: photo of the samples.

The trehalose image shows the usual co�ee ring. Moreover in this image

the Caf2 substrate does not have show the fringe modulation pattern that
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was observed in Figure 4.1, because a di�erent cell was used.

The ink image noticebly displays the co�ee ring of the ink, that does not

show a lighter circle between its edges because of the absorption. The inner

edge of the trehalose co�ee ring in the ink image is only partially visible.

Figure 4.6: Three ink sample were prepared and imaged, starting from water and ink

mixutures in di�erent volume ratios. All samples were placed on amorphouse trehalose

at 2% concentration. (a) shows the image of a sample made of ink/water at 1:10 in

volume ratio, whose photo is recognizable in (d). (b) shows is the image of a sample of

ink/water at 1:5 in volume ratio (its photo is in (e) ). (c) is a pure ink sample, whose

photo is observable in (f). The three images show di�erent colors in the central region,

due to di�erent ink concentration.

In Figure 4.6 the image of the previous ink sample (a) is shown together

with the other two prepared ink samples.

Image 4.6(b) showes the image of a drop of an ink/water mix at 1:5 in

volume ratio, placed on trehalose. The co�ee ring of the ink drop is visible
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and partially covers the inner edge of the co�ee ring from the trehalose base.

Image 4.6(c) showes a sample obtained placing a drop of pure ink on

trehalose: the ink drop absorbs so much that the trehalose co�ee ring is not

visible.

The mean amplitude was calculated from the central regions of the three

images, as illustrated in Figure 4.7, in order to avoid the co�ee rings.

Figure 4.7: The mean amplitude was measured from the central regions of the samples

(inside the red circuit), avoiding the co�ee rings, in order to quantify the di�erent level

of absorption.

The results are listed below and illustrated in Figure 4.8:

- ink/water at 1:10 volume ratio, mean amplitude = (7± 1)mV

- ink/water at 1:5 volume ratio, mean amplitude = (6± 1)mV

- pure ink, mean amplitude = (4± 1)mV

It is therefore possible to distinguish between di�erent ink concentra-

tions.

4.4 Myoglobin sample

Figure 4.9 shows the image obtained for the myoglobine sample.

The myoglobin sample clearly shows the outer edge of the trehalose

co�ee ring, while its inner edge seems rather blurred with the myoglobine



CHAPTER 4. IMAGES AND RESULTS 57

Figure 4.8: Bar graph summarizing the obtained mean fringe amplitude in the central

portion of the phantoms.

essiccated drop. Moreover the myoglobine does not present an accentuated

co�ee ring.

In spite of the fact that myoglobin is tranpharent at 830 nm, the centre

of its image presents itself rather dark. This e�ect migth depend of the

morphology ot the sample, which had a rather convex surface, determining

a not optimal coupling of the feedback inside the laser cavity. In order to

avoid this problem, e�ort should be put in the future to better control the

morphology of the myoglobine samples.

Lastly, Figure 4.9 also shows parts of another CaF2 substrate, that, as

anticipated in Section 4.2, does not show the modulation previously ob-

served for that one particular cell.
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Figure 4.9: (a) Image of a myoglobin sample on CaF2 sunstrate. (b) Photo of the

sample



Conclutions and perspectives

The purpose of this thesis was develop an optical setup and an imaging

tehnique based on the self mixing e�ect.

An automatic imaging setup was implemented connecting the PC to the

oscilloscope and to a translator stage and creating a LabView interface.

Since the self mixing signal is very sensitive to the ligth re-injected in

the laser cavity, contrast in the images was achieved preparing samples with

regions with di�erent re�ectivities.

Organic phantoms were obtained from a base of the sugar trehalose

placed on a calcium �oride substrate.

To obtain di�erent re�ectivities in the same phantom, drops of mixtures of

ink and water at di�erent volume ratios were superimposed on the amor-

phous trehalose.

The imaging technique was implemented by choosing the fringe ampli-

tude of the self mixing signal as the feature to be extracted from the acquired

waveforms. In fact, MATLAB simulations showed that the fringe amplitude

increased with the re�ectivity of the target.

The images of the phantoms were sucessfully performed. The re�ectivity

was however not the only physical feature detected by the self mixing imag-

ing apparatus, since the tissue phantoms presented a varying pro�le, due

to the co�ee ring e�ect, that was obtained for the amorphous samples after

the evaporation process. This e�ect was an intrinsic result of the phantom

59
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composition and structure and was not possible to remove. Therefore, the

varying pro�le determined losses of feedback in some regions of the samples.

These results and observations lead to the further possible developments of

this work:

- a pro�lometry study should be carried out with the same self mixing

apparatus, to eventually remove the contribution of the varying pro�le from

the images,

- a multi-spectral set up would lead to full discrimination of di�erent

absorbers.
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