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Abstract

Sensors play an important role in many areas of science, ranging from fundamental

research to the automotive industry. These areas are pushing the development of more

compact, sensitive and affordable sensors which can provide reliable information on

displacement, velocity, density, and other key parameters.

In this thesis a compact laser-based sensor, based on the self-mixing effect in semi-

conductor lasers, was studied and assessed in detail with regards to its use for a number

of applications. The work includes the development of the self-mixing sensor itself,

studies into its intrinsic limitations from a physics and engineering point of view, and

investigations into ways to optimise signal level and quality; of specific interest were

studies into the use of the sensor in the context of particle accelerators.

The self-mixing phenomenon occurs inside a laser cavity and influences the wave-

length of the light and its power fluctuation. The interaction of the backscattered light

with the initial light is amplified within the cavity. This means that the sensor is very

sensitive to external variation of the coupled back light; hence it does not require high

power lasers, and there is no need for a complex optical system. The development of

the sensor addresses the choice of laser and light delivery system, the detection system,

and the data analysis. The detection system includes a photodiode which is part of a

commercially available laser, a custom-built current delivery system to a transimpedance

amplifier, and the transimpedance amplifier for converting and amplifying the current

into a voltage. The data analysis system consists of a custom-written Matlab code.

This thesis contains the combination of a new theory for modelling the self-mixing

signal in order to extract the velocity profile, with an experimental study into its lim-

itations. These include velocities, the experimental parameters of the measured target

and the environment. Research into the limitations of the self-mixing technique comple-

mented the study. It was shown that the sensor can be applied for numerous applications

in a particle accelerator environment, as well as in many other areas. These are high-

lighted across the thesis.

This thesis consists of five chapters which describe the self-mixing sensor in great

detail. After a general introduction in Chapter 1, Chapter 2 presented developments of

the theory behind the self-mixing technique. The subsequent Chapters 3 and 4 described

experiments relating to different applications of the technique. Chapter 5 focused on

applications using the sensor in a completely new area of supersonic gaseous targets.

Finally, Chapter 6 presents conclusion and outlook.
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Chapter 1

Self-Mixing Technique

Chapter 1 introduces the physical principle and theory of the self-mixing (SM) ef-

fect together with a general introduction into standard optical diagnostics. It includes

an overview of the main parameters influencing the formation of the self-mixing phe-

nomenon, including the different SM feedback regimes, and the signal which can be

received for these regimes. The chapter then proceeds by presenting state-of-the-art

applications of the self-mixing technique with emphasis on velocity measurements for

different types of targets. Possible ways to improve the level of feedback which can be ob-

tained for characterising fluid velocities with seeding particles are listed. An overview of

the different types of lasers which can be used for the SM technique and their properties

is also discussed.

1.1 Introduction

Accurately describing a physical process is a complicated task which may require the

use of dynamic or kinematic equations to fully understand the situation or to obtain a

simplified solution. Measuring the distances and velocities of a system provides essen-

tial information of its behaviour and also how it may evolve over time. Equations of

motion are essential for studying any type of physical media. Laser based techniques

are well established and are used in many fields ranging from industrial to research lab-

oratory environments. The engineering side of any facility might require information on

displacement and vibration of any part of equipment.

Laser light can be considered as a probe with a set of individual parameters; each

of which could be used for characterisation. Changes in parameters of the laser light

such as power density, polarisation, wavelength, spectrum, phase, and light propagation

direction as a result of interaction with a target can provide information of a variety of

processes.

1
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Figure 1.1: Basic principle of a) a Michelson interferometer and b) a Mach-Zehnder
interferometer [1]. The reference arm and the object arm are formed using beam split-

ters.

1.2 Optical Diagnostics

Laser optical diagnostics are based on various properties which are unique to laser light

such as monochromaticity and monodirectionality. Optical techniques allow precise

non-invasive measurements to be taken of properties of the object under consideration.

Depending on the physical phenomenon on which the technique is based, various prop-

erties can be measured, for example in the case of a flow these can be its: temperature,

pressure, ionisation, luminescence, refraction, absorption, etc. Utilising a combination

of different unique characteristics of laser light allows measurements to be taken of many

target parameters at the same time.

1.2.1 Interferometry

Interferometry presents a group of techniques which uses the phenomenon of interference

of waves to extract information about some of the properties of those waves. Interfer-

ometry has many different applications including surface deviations, wavefront charac-

terisation, high-precision length measurements, etc [1, 2]. The basic principle of any

interferometer is a superposition of two waves with the same wavelength. The resulting

intensity of this superposition is determined by the difference in phase of the two waves.

Constructive interference happens when the waves are in phase. Out of phase waves

undergo destructive interference. The basic idea behind the simplest interferometer is

to split the incident light into two waves, which then can interfere with each other.

A Michelson interferometer and a Mach-Zehnder interferometer, see Fig. 1.1 (a) and

(b), are two of the most commonly used interferometers and consist of two arms: a

reference arm and an object arm [1, 3]. The object arm contains the object under study,

and which changes the property of the incident wave. When the wave from the object

arm interferes with the unchanged wave from the reference arm, the resulting interference

pattern contains the desired information about the object. In these examples only two

waves interfere, however, variation across different interferometers is extensive, and some

have three or more waves interfere, for example a Fabry-Perot interferometer.
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If two beams are coherent [4], an interference pattern is formed where they cross,

and the pattern is divided into bright and dark zones, i.e. due to constructive and

destructive interference. If the light scatters off a particle passing through the volume

and is collected in a detector, the signal on this detector experiences an amplitude

modulation. The properties of the interference pattern depend on the size, optical

properties and velocity of the scattering particle.

One very common example where interferometry can be employed for flow charac-

terisation is in measuring the density of a flow by using the variation of the index of

refraction with density. When one of the arms of the interferometer is located within

the area of the studied object, a variation of refractive index results in a change of the

optical path of the laser beam. It interferes with a reference beam and as a result, an

interference pattern is created. Based on this, the refraction index can be obtained, and

hence the density of the measured flow [1].

1.2.2 Particle Imaging Velocimetry (PIV)

A significant group of sensors is based on analysing the displacement of the moving

particles as a whole. In such techniques, the flow is seeded with tracer particles, which

scatter the light. The region of interest is illuminated by the laser, whose output is

made to form a sheet by a cylindrical lens. The instantaneous flow is recorded by short

light flashes with known separation time. The picture of scattered light is visualised, for

example by a charge-coupled device (CCD) or a complementary metal-oxide semicon-

ductor (CMOS) camera. The flash should be rather short to image the particle. If the

pulses are too long, the particle images streak and the exact location of the particles in

the flow cannot be determined. A set of pictures as a function of time allows for the

calculation of velocities within the flow with a certain time and spatial resolution. An

example of a typical set-up where this method was applied was a study into gaseous

targets in vacuum [5]. The results obtained in this study are presented in Fig. 1.2.

The image particle density NI is the ratio of the length of the particles path between

illuminations and the distances between individual particles. The source density NS is

the number of particles per interrogating window or area of interest, and it represents

wherever the particles can be recognised individually or as a group of particles. The

source density can be described as NS = C ·Z(D/M)2, where C is the concentration of

seeding particles, Z is the thickness of laser light sheet, M is the lateral magnification,

and D is the area of interest or interrogation window. If the tracer particles are assumed

to faithfully follow the flow, a statement on the average velocity within the flow can be

made. Depending on the image particle density and the source density, qualitatively,

three different ways of approach for the calculation can be distinguished.

a) Particle Tracking Velocimetry (PTV)

If the density of illuminated particles is low (NS < 1 and NI � 1), the images of

particles seldom overlap. The illumination from each particle can be obtained from each
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Figure 1.2: (a) Example of the experimental set-up used for PIV used in vacuum.
(b) The spray image on the left hand side of the vertical axis with the corresponding

flow field obtained using PIV on the right hand side of the axis [5].

image taken during the PTV. However, complex algorithms for coordinates determina-

tion and reliable identification of each particle tracks are required [6]. Often, dedicated

software is needed for this. In summary, PTV is based on a coordinate measurement,

and each individual particle can be detected and tracked using this method.

b) Particle Imaging Velocimetry (PIV)

PIV is used in the case of a high density of particles NI > 1. It is impossible

to recognise individual tracks of particles when the density is too high. However, the

average displacements of particles within a small interrogation window can be traced.

Moreover, information about the velocity can be calculated using statistical correlations.

Individual particles travel the distance between interrogation windows with time, which

can be found by cross-correlation of the scattered light at different locations. If more

interrogation windows are located in the flow the average velocity can be sampled in

many points along the flow providing better accuracy. A very high density of illuminated

particles is needed for good performance of the PIV method.

One of the major advantages of the PIV is that a two-dimensional picture can be

obtained. This 2D mapping of the sections illuminated by the laser sheet is achieved by

photographing the flow with two CCDs and some statistical calculations. However, it

usually involves cross-correlation decision making algorithms [7]. PIV is applied to study

vortices in turbulent and transonic flows and a thermal convection within the flow [8, 9].

c) Laser Speckle Velocimetry (LSV)

A speckle is formed by the interference of light waves which have the same frequency,

but different phases and amplitudes. This is usually the case when the amplitude and

intensity of light vary randomly. Such an interference pattern can be observed on a screen

as a picture consisting of bright and dark spots, i.e. speckles [10]. This phenomenon

can be observed when coherent light is scattered off any obstacles whose topographical

sizes are greater than the wavelength of the incident light.
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In the case of PIV, the topographical properties of the target influence the statistical

properties of the speckle patterns. This effect occurs when particles overlap, i.e. for

NS > 1 and NI � 10. The principle of measurement and calculation for LSV is the

same as for PIV, and it is based on the statistical properties of obtained images. The

only difference is the mathematical algorithms used for the calculations and analysis of

collected data [11].

A variety of other techniques are based on PTV, PIV, and LSV [12, 13] which use

different equipment to achieve their goals.

1.2.3 Laser Doppler Velocimetry (LDV)

One of the most common laser based sensors is the Laser Doppler Velocimeter (LDV)

[14, 15]. LDV based on the Doppler shift experienced by a wavelength of the laser light

which is scattered off a moving target. The Doppler shift principle implies the laser light

undergoes a shift in frequency proportional to the component of the velocity parallel to

the direction of propagation of the light.

Doppler shift is the shift in frequency/wavelength observed from a moving object by

a receiver in a different rest frame. The source of light, which frequency undergoes a

Doppler shift, moves with a velocity ~v with respect to the receiver. The source of light

in the case of LDV is a monochomatic laser. The stationary receiver registers a shift in

wavelength, λ, of the incident light with frequency ν as:

λ′ =
c− ~v · ~n

ν
.

Where ~n is the unit vector in the direction from the source to the receiver and c is the

speed of light in vacuum. In terms of the change in frequency, it can be written as:

ν ′ =
c

λ′
=

ν

ν − ~v·~n
c

, (1.1)

when the light source and/or the light receiver moves. The difference in frequencies

between stationary receiver and moving sources of light is:

ν ′ − ν = ∆ν =
ν

c

~v · ~n
1− ~v·~n

c

.

For the nonrelativistic case, i.e. |~v| � c, the difference is equal to:

∆ν =
~v · ~n
λ

.

The change in frequency also appears when the light source is stationary, but the receiver

moves:

ν ′ =
1

λ

[
c− ~v · ~n

]
. (1.2)
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Figure 1.3: Schematic representation of the optical Doppler velocimetry technique in
terms of vector representation. S (red dot) is the source of the light. T (green dot) is
moving target with a velocity (~v). The light scattered on the moving target T has a
Doppler shift, and it is received by receivers A (purple dot) and B (blue dot), and they

are characterised by the unit vectors (
−→
k ) and (−→m) respectively. ~n is the sensitivity
vector.

These equations are correct when the Doppler effect is accounted for once. In the

case of optical Doppler velocimetry, the Doppler effect occurs twice because the source

of the radiation together with the receiver are in a stationary lab frame whilst the target,

which reflects or scatters the source light, is in the moving lab frame.

Figure 1.3 shows a schematic interpretation of the Doppler effect. The light from

the source S scatters off the target T , which moves with the velocity ~v. The moving

target becomes a receiver of light from the source S. Generally, the light scatters off the

target T in all directions, and can be received at any point. Hence, the moving target T

becomes a re-emitter of light. There are two receivers A and B whose directions can be

characterised by the unit vectors
−→
k and −→m, respectively. Each of these receivers detects

shifts in the frequency differently since they are at different locations in space. The

moving target T can be referred to as the receiver of the light coming from the stationary

source S and at the same time as a re-emitter of the light to the two stationary receivers

located at the points A and B [2]. The frequency of the radiated light from the target is

equal to the frequency of received light according to following relation, based on Eq. 1.2:

νr = ν0

(
1− ~v · ~n

c

)
.

Two receivers at the points A and B register an additional change in the frequency that

appears due to moving of the re-emitter T :

νB =
νr

1−
−→v ·−→m
c

= ν0
1−

−→v ·−→n
c

1−
−→v ·−→m
c

,

νA =
νr

1−
−→v ·
−→
k
c

= ν0
1−

−→v ·~n
c

1−
−→v ·
−→
k
c

.

Direct measurements of these shifts in frequencies are difficult due to the slow re-

sponse of photodetectors. However, the interference of two wavefronts, which are scat-

tered off in different directions, are more suitable for detection. The resulting signal has
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a frequency equal to the difference between the frequencies of the two scattered waves.

In this case, the frequency of the Doppler shift is equal to:

∆ν = νA − νB = ν0
1−

−→v ·−→n
c(

1−
−→v ·
−→
k
c

)(
1−

−→v ·−→m
c

)−→v · (−→k −−→m)

c
. (1.3)

In case of |−→v | � c, the registered signal has a Doppler frequency equal to:

νD = ∆ν =
ν0

c
−→v · (

−→
k −−→m) =

1

λ
−→v · −→n . (1.4)

Equation 1.4 is the non-relativistic expression for the Doppler shift for any kind of

moving target including moving particles. It is very precise since all its components do

not depend on the properties of the media such as temperature, pressure, contamination,

etc., and does not require calibration with the reference velocity, since all components

can be calculated precisely and independently.

According to Eq. 1.1, the frequency of the signal depends on the wavelength of

light, the geometry of the optics of the system, and the velocity of the target. In this

context, the geometry of the optics is defined by the vector ~n. The signal frequency

dependence on the three parameters is valid assuming that in the media the following

two conditions are met. Firstly, the frequency of the light source does not change and

is stable. Secondly, the velocity with which the wave propagates does not change and is

stable. Using laser light as the source, the first condition is true with an accuracy better

than 10−5% [1, 15, 16]. The second condition is correct for most liquids and gases, for

example for water it is valid with an accuracy better than 10−5% [15, 17]. Hence, the

LDV is a relatively precise device which is limited in performance by the precision of the

frequency, νD, which is defined by the properties of the detector. In the case of flows,

the target from which the light scatters off can either be added to the flow or is part of

the flow itself, i.e. water molecules in a water flow. If the moving target is in the area

of the laser light, it scatters some part of the light, i.e. it receives and at the same time

re-emits the light [10, 15, 18].

1.3 The Sources of Light in Laser Doppler Velocimetry

1.3.1 Laser Light and its Properties

The main source of light for a Doppler Velocimeter is light from lasers since they allow

precise and accurate measurements of Doppler shift to be taken. A laser produces a

light beam which is monochromatic, coherent, intense, and polarised. A typical laser

consists of three key components:

1. A gain medium or active medium, which amplifies light in the process of stimulated

emission.

2. A pump source, which produces the population inversion within the gain medium.
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3. Two mirrors, forming a laser cavity, which traps lights inside and aids the emission

process.

Spontaneous emission occurs due to the spontaneous decay of an atom into the

ground state. Stimulated emission arises when an incident photon interacts with the

excited atom and causes it to decay. In this case the emitted photon has the same

properties as the incident photon. In the case of a high level of population inversion

within the gain medium locked between two mirrors, all emitted photons have the same

properties leading to coherent laser light. The spontaneous emission within the laser

appears before a certain level of population inversion is reached.

Depending on the property of the active media of the laser, the laser radiation can be

obtained in different parts of the emitted spectrum. The emitted laser light has discrete

quasi-monochromatic equidistant components, the distance between which depends on

the length of the resonator and is equal to [1]

∆ν/ν ′ = λ/(2L) = 10−6 − 10−4,

where L is the length of the resonator. Each of the components is quasi-monochromatic

radiation with natural emission linewidth of ∆ν = 102 − 10−1 Hz, or ∆ν/ν′ = 10−13 −
10−16 [1, 15, 16].

The broadening of the Doppler signal, based on Eq. 1.4, can be derived as:

δνD =
1

λ
~n · δ~v +

1

λ
~v · δ~n− 1

λ2
~n · ~vδλ. (1.5)

The first term describes a change of frequency due to a change of velocity δ~v; the second

term is the change of frequency due to an optical imperfection δ~n of the geometry of the

system which is described by vector ~n; and the third term is due to temporal incoherence

of the light source δλ. In the case of laminar flows, the third term is negligibly small.

Laser light, when applied in Doppler shift experiments, has several benefits includ-

ing monodirectionality and monochromaticity. The Doppler shift is set in the range

νD ≈ 105 - 1010 Hz [19] in the case of turbulent flows. To achieve a high, better than

0.1%, accuracy during measurements, the resolution of a method or a tool used for mea-

surements should be better than δνD ≤ 102 - 104 Hz. A laser meets these criteria. For

example, the radiation linewidth is about 10−3 - 10−4 nm for gas lasers, 10−1 - 10−4 nm

for solid-state and semiconductor lasers, and 10−7-10−9 nm for gas lasers [15].

Noise influences the properties of the laser beam dramatically including its power.

The main sources of noise are spontaneous emission and modal interference [1]. The

first leads to a fluctuation of the intensity known as white noise, and is relatively small

with respect to the intensity of the beam itself [15]. The interference of different modes

of the laser can have a much bigger effect on the laser beam. Most lasers produce multi-

mode output with lots of frequency components with properties strongly dependent on

small changes in gain, length of the cavity, temperature, and others factors [1]. Different

modes can interfere with each other, which leads to a bias and fluctuation of the output
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power rather than noise. Multimode emission results in a decrease of the coherence

length of the beam. The frequency difference between modes is usually given in the

datasheet of each laser. It can also be calculated using δνsep = c/(2L) [16]. The number

of modes within the gain bandwidth of a laser can be found from:

Nm ≈
δν

δνsep
=
δν2L

c
, (1.6)

where δν is the gain bandwidth. In the case of a typical Helium-Neon laser with

wavelength λ = 632.8 nm, the gain bandwidth follows the Doppler-broadened emission

linewidth with a full width at half maximum (FWHM) of δν = 1.5 GHz [1]. Typical

numbers for a semiconductor diode laser are a wavelength λ = 0.35 µm to 24 µm, and

gain bandwidth of δν = (2.5 to 10)×1012 Hz or δλul = 5 to 20 nm [15, 20].

One of the main properties of laser light is its directivity and corresponding angular

divergence. Without an additional optical system, the angular divergence is around

several angular minutes for a gas laser beam, several minutes for a solid-state laser beam,

and up to several degrees in the case of semiconductor lasers [20]. The precision of the

geometrical beam centre estimation is inversely proportional to the angular divergence

of the beam.

A laser can emit on one wavelength or on several wavelengths, depending on the

properties of active media and the properties of the laser cavity. Multi-mode lasers are

easier to produce, but the behaviour of lasing light is more difficult to predict. Hence,

a single mode laser is preferably to use for any kind of detection instrumentation unless

the multi-mode itself is specifically used for the detection. However, the single mode

semiconductor lasers have less power and, generally, are more expensive compared to

multi-mode lasers.

1.3.2 Semiconductor Lasers: Bandgap

Semiconductor lasers are unique in their efficiency, compact size and relatively low power

input in comparison with other lasers. The principle of their operation is based on the

merging of different, at least two, semiconductor materials. The emission occurs at the

interface between the materials. One has an excess of electrons, known as n-type, the

other has an excess of holes, a deficiency of electrons, known as p-type. Applying a

forward voltage to the materials, electrons from the n-type material are forced into the

region of the holes of the p-type material. In the process of collision, they neutralise each

other and emit recombination energy. The principle of the n-type semiconductor laser

is that collisions only happen when applying an additional voltage across the device,

otherwise there will be no gain in energy. Thus, the merging of different materials is

made to design a bandgap of the materials. The bandgap is the difference between

the lower conduction-band edge energy and the upper valence-band edge energy, and

that is the exact energy, which is released during recombination. Depending on the

combination of materials, the bandgap is different leading to different wavelengths of
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Figure 1.4: Bandgap energy and bandgap wavelength as a function of the lattice
constant demonstrating the variety of different semiconductor lasers [1]. The shaded

areas represent the tunability of wavelength for the specific type of the laser.

the emitted light, and it is usually presented as a function of the lattice constant of the

materials, see Fig. 1.4 [1].

1.3.3 Semiconductor Lasers: Different Types

When a low voltage is applied, a laser produces spontaneous emission, which is not

coherent. During the spontaneous emission, when the absorption exceeds the gain, the

emission increases linearly. As soon as the gain exceeds the loss at the threshold current

Ith, lasing action starts, and, as it can be seen from Fig. 1.5, the output power increases

dramatically with the current.

Typical gain coefficients of semiconductor lasers are between 5,000 and 10,000 m−1.

The gain coefficient is responsible for the excess of the emitted light over losses. With a

usual gain length of 1 mm and less, it is enough to overcome rather significant distributed

losses, of the order of 2,000 m−1 within the gain media. A typical number of gain

bandwidth for semiconductor lasers is of the order of 1013 Hz. Correspondingly the

emission linewidth of the recombination radiation is approximately 20 nm. Quantum-

well lasers are an exception of this with narrower bandwidth of around 5 nm [1, 20].

The cavity for the semiconductor laser can be designed in two ways. The first one is

the Fabry-Perot (FP) cavity. The mirror for a FP laser is made at the end of the gain

medium by cleaving the edge of the crystal which the semiconductor laser is made from.

The reflectivity of such cleaved mirrors is around 30% because of a relatively high index

of refraction for that type of material, usually n = 3.5. The typical length of the cavity

of such a laser is 0.2 - 1 mm. This leads to a relatively broad spectrum of the laser

output with many longitudinal modes [17]. In order to have single longitudinal mode

lasers, frequency-selective elements are usually used [15].



Chapter 1. Self-Mixing Technique 11

10 15 20 25 30 35

0

1

2

3

4

5

Spontaneous
Stimulated

 Power
 Wavelength with bandwidth

Current (mA)

P
ow

er
 (m

W
)

1537.2

1537.6

1538.0

1538.4

1538.8

1539.2

1539.6

1540.0

 W
av

el
en

gt
h 

(n
m

)

Figure 1.5: Dependence of the output power and the wavelength of the DFB laser
diode (PL15N0021FCA-0-0-.5, Laser Components) at room temperature on the injected
current with Ith = 9.8 mA. The behaviour of the laser power during spontaneous and

stimulated emission is different.

Another way to classify semiconductor lasers is according to the geometry of their

cavities, horizontal (HC) and vertical (VC) [1], see Fig. 1.6. The difference between

those two types is the way the laser cavity is defined. The laser cavity mirrors are either

perpendicular (for HC) or parallel (for VC) to the plane of the heterostructure of the

layer. The orientation of the cavity determines the way in which the light emits from

the laser.

FP cavities and structures with distributed feedback (DFB) have horizontal cavities.

The usual way to provide feedback in a laser oscillation is to put mirrors at each end of

the cavities, as in the FP laser. This leads to standing waves with discrete longitudinal

modes, and the lasers tend to support lasing action on a number of longitudinal cavity

modes, see the right part of Fig. 1.6. This appears due to boundary condition require-

ments that the fields at the mirrors should be zero. For example, the typical separation

of the equidistant mode frequency is around 150 GHz for a 300 µm-long cavity with a

typical width gain curve of 5 THz, which leads to multimode operation of the laser [1].

The methods to achieve single-mode operation can be split into two main groups:

short lasers, an effective example of this is the vertical-cavity surface-emitting laser

(VCSEL), and frequency-selective feedback, which can be realised by using coupled

cavities, an external grating (quite expensive technique), or a Bragg grating. In the case

of the latter, the wavelength selection is done by distributing the boundary condition

throughout the gain medium. Bragg grating is employed in three main categories of

devices: distributed Bragg reflector (DBR), DFB and gain-coupled (GC) lasers [1, 20].

In DFB lasers the index grating occupies the entire cavity length. The waves are

scattered off a Bragg grating, and the waves, the wavelength of which corresponds to the
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Figure 1.6: Different geometries of lasers with (a) horisontal and (b) vertical res-
onators (left part of the figure); and their schematic structural cross section (central

part) and the corresponding emission spectra (right part) [1].

corrugation period of the grating, are gathered in the central part of the resonator. As

a result, the mirror losses are a function of the wavelength, and the longitudinal mode

with the lowest mirror losses is the most effective one for the resonator selection in terms

of the concentration of photons. Typical emission spectra for different lasers are shown

in Fig. 1.6. The right part of Fig. 1.6 shows the emission spectra for different lasers, and

these can be compared with FP lasers, for the wavelength at which the laser emits the

light, which is important for many applications.

1.4 Self-Mixing Effect, or Optical Feedback

1.4.1 Introduction

Demonstrated for first time in 1962 [21], laser diodes have revolutionised many fields

of physics. Laser diodes have been used as an easy-to-apply coherent source of light

for applications such as optical fibre telecommunications, non-linear optics and dynam-

ics studies [20]. Their importance has triggered considerable scientific research effort

into semiconductor laser properties. The physics of a semiconductor laser is different

compared to conventional lasers. The typical length of a laser diode is of the order of

a millimetre, while a helium-neon laser is of the order of a quarter of a metre. Diode

lasers are relatively easy to build, very reliable and cheap. Furthermore, they are more
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“open” or “transparent” than conventional lasers. Typical lasers emit a small, 1-5%,

fraction of the total light intensity whilst semiconductor lasers typically emit 70% [20].

The amount of emitted light depends on the reflectivity of the laser’s cavity mirrors.

Semiconductor lasers allow more light to exit, which leads to more light being coupled

back into the laser. As a result, laser diodes are extremely sensitive to the external en-

vironment. Usually, such influences are undesirable, so the system is protected from it

with, for example, optical isolators; however, non-linear response due to optical feedback

has been an active area of research for several years [17]. For example, the laser diode

can go into a chaotic dynamic regime when exposed to external optical feedback [17, 22].

In 1975, a strong mathematical similarity between laser diode dynamics and the chaotic

behaviour of turbulent flows was shown [23], which triggered interest in this area and led

to many publications, and to the study of the phenomenom known as optical feedback

or induced-modulated interferometry or the self-mixing (SM) effect [22, 24].

Self-mixing has been studied for a long time in other laser systems as well. In the

case of semiconductor lasers, the theory is different compared to the self-mixing effect in

gas (CO2 [25], He-Ne [26, 27]) lasers. The difference arises from the non-linear nature of

the semiconductor active medium coupled to the optical gain and the carrier density due

to the property of the p-n junction, which leads to different field equations and solutions

compared to conventional lasers [20].

The first analysis of the self-mixing phenomenon in the case of a laser diode (LD)

was performed by R. Lang and K. Kobayashi [24], which became a foundation work in

this area. A useful review of different theories and practical approach to the SM effect

in semiconductor lasers is given in [22], demonstrating theoretical investigations into the

SM effect and developments of various applications.

The first approach to explain the self-mixing effect, which are known as the Lang-

Kobayashi equations [24], describes the behaviour of a single-mode laser diode in the case

of weak and moderate optical feedback through one round trip between the laser and

the target, i.e. the external cavity. By considering multiple round trips in the external

cavity a multimode iterative model has been developed [28, 29], this model is valid

for an arbitrary level of feedback. The multimode coupled-cavity model [30] describes

the SM effect for any level of feedback and views the system as a whole determining

many parameters such as mode behaviour, phase perturbation, optical power variation,

polarisation modulation, etc. [30, 31]. This model includes the Lang-Kobayashi solution

in the limit of one round trip and one longitudinal mode of the laser diode.

1.4.2 Self-Mixing: Theory

The working principle of the SM effect is that light from the laser scatters off a target

and returns back into the laser cavity. The laser plays multiple roles in the functioning

of the SM sensor. It detects the signal being both a coherent heterodyne receiver and

amplifier at the same time. This means there is no need for additional optics for a signal

to be obtained and recorded.
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Figure 1.7: Schematic representation of the laser diode operation a) in a free space
b) under optical feedback in a three-mirror cavity model c) under the feedback in an

equivalent cavity model.

The SM system can be described by a set of field and rate equations obtained by

adding an additional external feedback term into the standard equations [24, 32]. The

standard equations are obtained for a laser diode operating in a free space, see Fig 1.7 (a).

The additional external feedback term appears due to the coupling of the scattered light

back into the laser cavity. There, the influence of the feedback is traceable through this

additional term.

The target can be seen as an additional mirror for the laser system. In this way the

system can be described as a three-mirror laser [16] with an external cavity length equal

to the distance between the laser and the target. The schematic representation of this

is shown in Fig. 1.7 (b).

Another approach is to consider the system as a two-mirror laser with a modified

complex reflection coefficient or effective reflection coefficient, and use standard solutions

derived for semiconductor laser systems [33]. As a result, the solution is based on

replacing the parameters without feedback, see Fig. 1.7 (a), with parameters which

depends on an additional mirror [34], i.e. a target, see Fig. 1.7 (c). In the case of the

two-mirror laser with a modified complex reflection coefficient approach, the target is

seen as an additional boundary, or space, and an initial, or time, condition. The details

of these approaches are given below.

1.4.3 Free Running State of the Laser

The self-mixing, or optical feedback, effect can be studied based on the operation of

a standalone laser diode, or a laser diode in free space [16, 20]. Schematically, a free

running state of the laser diode can be represented as a two-facet Fabry-Perot cavity

with an active layer of length l, see Fig. 1.7 (a). The facets have reflection coefficients

r1 and r2 with respect to the amplitude of the electric field. The active media inside the

laser cavity has a power gain g, a power loss α0, and thus an absorption gain coefficient:

γ0 = g − α0. (1.7)

The electromagnetic wave travelling in the longitudinal direction (x) of the cavity

can be written as:

E(x) = E0 exp(−ik0x) exp

(
−1

2
γ0x

)
, (1.8)
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where k0 is a wavenumber, and it is equal to:

k0 =
2πη0ν0

c
, (1.9)

where η0 is the refractive index of the active medium and ν0 is the angular frequency of

the wave.

The emission condition for the laser is reached when the optical gain in the media is

balanced with all losses within one round trip inside the laser cavity. The parameters for

such condition are usually called threshold parameters, for example a current threshold,

and they are denoted with a subscript th later on. Considering that E(0) is injected

through the first facet, then after one round trip Eq. 1.8 becomes:

E(0) = E(0)r1 exp(−ik0l) exp

(
−1

2
γ0l

)
· r2 exp(ik0(−l)) exp

(
−1

2
γ0(−l)

)
, (1.10)

leading to:

1 = r1r2 exp(−2ik0l) exp(−γ0l). (1.11)

It can then be shown that the emission condition of the laser diode without feedback

is [20]:

r1r2 exp
(
− 4πη0ν0

c
l + (gth0 − α0)l

)
= 1. (1.12)

Solving this equation, the emitting frequency equation can be found:

1 = r1r2 exp(−γ0l),

gth0 = α0 −
ln(|r1r2|)

l
,

(1.13)

2k0l = q · 2π,

ν0 = q
c

2lη0
,

(1.14)

where q is an integer number and corresponds to a longitudinal emission mode. These

conditions are frequently referred to as threshold conditions for the laser [1, 16, 20].

Depending on the configuration of the laser and its cavity, the laser can have several

oscillating wavelengths. If the cavity is designed in a way that only one wavelength

can oscillate, such a laser is called a single mode laser, which is assumed in the theory

presented above. However, the effect of multimode regimes of the laser under the SM

effect will be discussed as well.

1.4.4 Lang-Kobayashi Model: Single Mode Laser Diode with Weak

Feedback

The initial SM analysis by Lang-Kobayashi described the evolution of the electric field

of a single mode laser diode under the influence of a weak time-delayed portion of an

optical field coupled back into the laser system. The electric field changes with time
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because of additional delayed feedback [24]:

d

dt
E(t)e−i2πν0t = i2πνqE(t)e−i2πν0t +

1

2
(g − α0)E(t)e−i2πν0t + k̃E(t− τD)e−i2πν0(t−τD).

(1.15)

The electric field inside the cavity is assumed to be a product of an envelope function

E(t) and a rapidly oscillating optical field e−i2πν0t with a central frequency ν0. The

amount of light coupled back into the laser corresponds to k̃. τD is the time of flight

of the wave and νq is the longitudinal mode frequency of the laser, which is equal to

νq = qc/2lη, where η is the refractive index of the medium. The refractive index in the

case of SM effect can vary with the density carried due to plasma loading [22].

The time-dependent equation represents a possible difference between the assumed

frequency of the emitted light ν0 and the instantaneous frequency of the laser light within

the cavity as a first term on the right side of the equation (green). The amplification

through stimulated emission is presented as the second term (blue) of the equation, and

the external feedback influence on the result optical field as the third term (orange).

The last term represents the self-mixing effect. For a steady solution, the electric field

E is considered to be constant with time. The real and imaginary part respectively can

be written as:

g − α0 + 2k̃ cos(2πν0τ) = 0, (1.16)

2πνq − 2πν0 − k̃ sin(2πν0τ) = 0. (1.17)

These two equations are coupled to each other via the refractive index η, since it

is different for inside and outside the cavity and used for calculation of the frequency.

The expressions for power, phase, and frequency can be obtained from Eq. 1.15, and the

expressions will be shown later.

1.4.5 Laser Diode under Optical Feedback (Three-Mirror Cavity Model)

Considering a target as an additional mirror with reflection coefficient r3 located at a

distance lext, as was shown in Fig. 1.7 (b), the same concept of the round trip inside the

cavity can be applied. Therefore, the same threshold condition of the balance between

gain and losses within the longer external cavity should be fulfilled. The equation can

be split into two parts:

E(0) =E(0)r1r2 exp(−2ikinl) exp(−γinl)+

+ E(0)r1(1− r2
2) exp(−2ikinl) exp((−γinl)rext exp(−2ikextlext).

(1.18)

The first term (blue in the equation and it represents blue wave in Fig. 1.7 (b)) of

the equation describes the wave propagation within the initial cavity. The second part

(orange in the equation and orange wave in Fig. 1.7 (b)) of the equation represents the

propagation of the optical field outside the cavity and its reflection off the external facet

or target. The subscripts in the equations refer to the wave travelling inside (in) and

outside (ext) the laser cavity. In the reflection coefficient, the effect of the attenuation,
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a, of the reflected light are taken into account, so rext = afr3. Where f is the fraction

of the reflected field which is coupled back into the laser cavity [32]. This equation leads

to:

1 = r1r2 exp(−2ikinl) exp(−γinl)
[
1 + ζ exp(−2ikextlext)

]
, (1.19)

where a coupling parameter, ζ, between the internal and external cavity is equal to:

ζ =
(1− r2

2)rext
r2

. (1.20)

Equation 1.19 can be written for the parameter req, which describes the system of the

three-mirror cavity, with the “equivalent” (eq) reflectivity req as:

req = |req| exp(iΦeq) = r2

(
1 + ζ exp(−2ikextlext)

)
, (1.21)

where its modulus |req| and phase Φeq are equal to:

|req| = r2(1 + ζ cos(2kextlext)), (1.22)

Φeq = −ζ sin(2kextlext). (1.23)

1.4.6 Equivalent Cavity Model: Modulation of the Laser Optical Fre-

quency

Approaching it differently and considering the feedback as an additional initial condition

for the laser [22], the equivalent reflectivity coefficient can be written as:

req(t) = r2

(
1 + exp

(
i

∫ t−τD

t
ωF (t, 0)dt

))
. (1.24)

Then Eq. 1.12 under feedback can be written as:

r1req exp
(
− 4πηF νF

c
l + (gthF − α0)l

)
= 1. (1.25)

The subscript terms, denoted as F , mean that these parameters are obtained under

feedback. Combining Eq. 1.12, 1.13 and 1.21 leads to the following relation:∣∣∣req
r2

∣∣∣ exp

(
− i
(4πηF νF

c
l + Φeq −

4πη0ν0

c
l
))

exp
(
(gthF − gth0)l) = 1. (1.26)

Resolving Eq. 1.26 in terms of the modulus part and the phase part, the emission

frequency under feedback can be expressed as:

gthF − gth0 = −ζ/l cos(2kextlext), (1.27)

∆Φ =
4πl

c
(ηF νF − η0ν0) + ζ sin(2kextlext). (1.28)
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By definition [16]:

ηF νF − η0ν0 = ∆(ην) = ν0∆η + ηF∆ν, (1.29)

where the change of refractive index is:

∆η =
∂η

∂g
(g − g0) +

∂η

∂ν
(ν − ν0), (1.30)

and considering the linewidth enhancement factor [16] α = −4πν0
c −

∂η
∂g , Eq. 1.29 can be

written as:

∆(ην) = ν0

[
− αc

4πν0
(gF − g0)) +

∂η

∂ν
(νF − ν0)

]
+ ηF (νF − ν0) =

= (νF − ν0)
[
ν0
∂η

∂ν
+ ηF

]
− αc

4π

(
(gF − g0)

)
.

(1.31)

For the threshold condition and using Eq. 1.27, this equation can be written as

∆(ην) = (νF − ν0)ηeff +
αc

4πl
ζ cos(2kextlext). (1.32)

Then the parameter ηeff can be defined as:

ηeff = ν0
∂η

∂ν
+ ηF . (1.33)

The emission frequency can be obtained from Eq. 1.28 for a phase difference equal to 0

or to an integer multiple of 2π, then:

0 = ∆Φ =
4πl

c

(
(νF − ν0)ηeff +

αc

4πl
ζ cos(2kextlext)

)
+ ζ sin(2kextlext) =

= (νF − ν0) + ζ
c

4πlηeff

√
1 + α2 sin(2kextlext + arctan(α)). (1.34)

So:

(νF − ν0) =
C

4πτD

√
1 + α2 sin(2πνF τD + arctan(α)), (1.35)

where C is called the coupling coefficient [22], τD is the time of flight inside the external

cavity (so up to the target) and τl is the time of flight in the laser cavity, which are

equal to:

C =
τD
τl
ζ
√

1 + α2,

τD =
2lext
c
, (1.36)

τl =
2lηext
c

.

It needs to be stated that all solutions are obtained for weak feedback and may be

derived from Eq. 1.15-1.17.



Chapter 1. Self-Mixing Technique 19

Table 1.1: Parameters of the system used for the simulation presented in Figure 1.8,
when solving Eq. 1.34.

Parameter name Value

Laser wavelength λ = 650 nm
Linewidth enhancement factor α = 5
External cavity length lext = 10 cm

1.4.7 Laser Diode under the Self-Mixing Effect: Common Case

The first study of the self-mixing effect was performed for single-mode laser diodes under

weak feedback assuming that there was only one round-trip within the external cavity.

When the multimode structure of the laser diode and multiple round trips within the

external cavity are taken into account, the dynamics of the SM system leads to many

solutions including those which are chaotic. However, even with the approach of only

one round trip, the chaotic regime can be described and studied since the parameter

C defines the solution of Eq. 1.35 when finding the phase difference from Eq. 1.27. An

example of the solution of Eq. 1.27 for different values of the parameter C is shown in

Fig. 1.8. The parameters used as inputs to the simulation are shown in Table 1.1. The

dependence of the phase difference on the change in the frequency of the laser when

it is under feedback is calculated for three cases: weak feedback (C < 1, yellow line),

moderate feedback (C = 1, red line), and strong feedback (C > 1, blue line). The

solution for the equation can be found from the crossing of the curve with a horizontal

black line, i.e. ∆Φ = 0. The dotted line shows the case when the laser is under no

influence of feedback. It can be seen that as soon as C > 1, there are three solutions to

Eq. 1.34 and Eq. 1.35, while for weak and moderate feedbacks only one solution exists. It

means that for strong feedback, the laser can enter the chaotic regime, and its behaviour

is difficult to predict.

Generally, the description and solution of the equations governing the SM effect

can be done for any kind of feedback and for multimode laser diodes [22]. The diode

cavity mode and external cavity mode influence each other [32] leading to a change

in the laser diode emitting wavelength or to potential instabilities. In the case when

the LD length is equal to an integral multiple of the length of the external cavity, the

laser frequency jumps between modes, i.e. mode-hopping appears. This can lead to

not only an instability of the system but also a decrease of the LD current. However,

the simplified solution describes the system relatively well, as soon as weak feedback is

achieved.

1.4.8 Modulation of the Output Power under the Self-Mixing Effect

Within both ways of approaching the SM system, the modulation of light as a result of

the interaction with the target can be written as:

PF = P0

(
1 +mF (2πνF τD)

)
, (1.37)
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Figure 1.8: Solution of Eq. 1.34 or Eq. 1.35 for different levels of feedback represented
by different values of C: C > 1 (blue line), C = 1 (red line), C < 1 (orange line), and
the black solid line represents the solution of the equation. In the case of C > 1 (blue
line), Eq. 1.33 has more than one solution, with three solutions in the presented case.
The parameters which were used for the simulation of the phase function are presented

in Table 1.1.

where P0 and PF are the optical power without and with feedback, respectively. The

periodic function F describes the interferometric signal waveform. The modulation index

m is equal to:

m = C
τpc

lext
√

1 + α2
. (1.38)

The photon lifetime is τp. The modulation index m and the shape of F are functions

of feedback parameter C ∝ r3lext. The parameter C depends on the level of feed-

back, which is the portion of light returned back into the internal laser cavity. C is

defined by the reflectivity coefficient r3 together with coupling optics, and by the tar-

get distance lext [32–34]. For the case of one trip inside the cavity, Eq. 1.35 for both

approaches can be solved, and Eq. 1.37 takes the form:

PF = P0

(
1 +m cos(2πνF τD)

)
, (1.39)

which can be directly obtained from the Lang-Koboyashi Eq. 1.15.

The influence of the parameter C on the output power can be analysed based on

Eq. 1.39 with the parameter m defined by Eq. 1.38. The optical power changes with

time due to time modulation of two parameters. Firstly, the length of the equivalent

cavity lext in the case of the velocity and displacement measurements changes in time.

This directly affects the time for the wave to travel back and forth and hence the optical

power, see Eq. 1.36. It can be shown as lext(t)⇒ τD(t)⇒ P (t), i.e. the time dependence

of one function implies the time dependence of another. Secondly, the time dependence

of the optical power can be seen from the solution of Eq. 1.35 from the emitted frequency

of the laser under feedback, i.e. νF (t) ⇒ P (t). Equation 1.39 describes the behaviour
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Figure 1.9: Simulation of the emitted optical power modulation depending on the
coupling factor C using Eq. 1.40. In case of weak feedback (C = 0.1, black line),
the signal is close to a sinusoidal function. When the amount of coupled-back light
increases, the shape of the signal disturbs from the sinusoidal. Its leaning denotes the
direction of the moving target, in here-presented case the target presumably moves
away from the laser. The parameters used for the simulation are listed in Table 1.2.

of the SM system under any level of feedback. When the target moves with a certain

velocity v, taking into account that the length of external cavity changes in time, using

Eq. 1.36, Eq. 1.39 can be written as:

PF = P0

(
1 +m cos

(
2π

2(lext + vt)

c
νF

))
. (1.40)

The simulations of Eq. 1.39 when solving Eq. 1.35 for different levels of feedback

C are shown in Fig. 1.9 for weak feedback and in Fig. 1.10 for strong and moderate

feedbacks. The parameters used for the simulations are shown in Table 1.2. As seen

in Fig. 1.8, in the case of strong feedback, the system can have several solutions in the

case of instabilities of the SM system or multiple values of the optical power function.

This means that, when simulated, the optical power function should demonstrate all

possible solutions which exist for the phase function. However, the actual waveform of

the interferometric signal, or the actual SM signal, follows the optical power function in

real time, and jumping between different stable branches of the optical power function

appears. Figure 1.11 shows the schematic representation of different shapes of the optical

power function and actual SM signals which can be obtained. Depending on the amount

of backscattered light coupled into the cavity, four different types of function (dotted

line) and hence of the SM signals can be obtained, see Fig. 1.11. The blue line shows

the actual SM signal which can be seen experimentally on an oscilloscope.

Gradually increasing the level of feedback, the shape of the signal can be deformed

from a sinusoidal for C � 1, Fig. 1.11 (a), to a non-symmetrical sinusoidal-like shape

for 0.1 < C < 1, Fig. 1.11 (b), and then into an asymmetrical sawtooth-like form for
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Figure 1.10: Simulation of the emitted optical power using Eq. 1.40 for the case of
strong feedback. The function describing the optical power now has multiple values at

any given time. The parameters used for the simulation are listed in Table 1.2.

Table 1.2: Parameters of the system used for the simulation presented in
Fig. 1.9 and 1.10, using Eq. 1.40.

Parameter name Value

Laser wavelength λ = 650 nm
Linewidth enhancement factor α = 5
External cavity length lext = 10 cm
Photon life time τp = 10−12 s
Velocity of the target v = 4 mm/s

Figure 1.11: Illustration of different shapes of the self-mixing signal depending on the
amount of light coupled back into the laser cavity. The dotted line shows the optical
power function. The blue line shows the result of the signal which can be seen in the
experiments on an oscilloscope. a) For weak feedback with C � 1, the optical power
function and actual signal are sinusoidal; b) for weak feedback with 0.1 < C < 1,
the optical power function and the signal have a non-symmetrical shape; c) moderate
feedback (1 < C < 5), the system is bistable with a three-valued function resulting in
a sawtooth-like signal; d) strong feedback (C > 5) with a five-valued or a seven-valued
function, when the laser can go into the mode-hopping regime. The corresponding signal
is a sawtooth-like signal with lower amplitude compared to case c). The orientation in
which the function leans is directly related to the direction in which the target moves.
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C > 1, Fig. 1.11 (c), (d). The orientation of the optical power function depends on the

sign of the phase, so the direction of the target movements can be discerned [35–37].

In the case of a low amount of coupled back light with C � 1 the optical power

function is a sinusoid and so is the actual signal, see Fig. 1.11 (a) and Fig. 1.9 (black

line). The SM signal follows thoroughly the optical power function, see the blue line in

Fig. 1.11 (a).

For the weak feedback with 0.1 < C < 1, the function is disturbed from the sinusoid,

but it is still one-valued, and the signal follows it, see Fig. 1.11 (b). The examples of

simulated optical power function are shown in Fig. 1.9 with orange and green lines.

An asymmetrical sawtooth-like form of the optical power function appears for strong

feedback for the parameter C > 1, see Fig. 1.11 (c) and (d) for the schematic illustration

and Fig. 1.10 for the simulations. The simulated functions of the optical power which

are shown by a red and green line in Fig. 1.10 correspond to the cases in Fig. 1.11 (c)

and (d), respectively. The actual signal follows the optical power function in time and,

in particular, the branches along it until the point of instability, see Fig. 1.11. Then,

after reaching this point, the signal falls on the next adjacent stable branch of the

optical power function and follows it once more until the next point of instability. The

resulting signal on the oscilloscope can be seen as a step-like or sawtooth-like transition.

The leaning of the optical power function depends on the direction of movement of the

target. If the direction changes, the signal has a sawtooth-like shape with a step turned

in the opposite direction. Experimental study of this effect will be presented later in

Chapter 3) in greater detail.

The absolute amplitude of the emitted optical power grows with the level of feedback,

see Fig. 1.9 and 1.10. This suggests that the stronger feedback is more desirable due to

higher amplitudes. However, as soon as the function becomes multiple-valued for strong

feedback, the real signal becomes sawtooth-like. The amplitude of the observed signal

for strong feedback is reduced from the calculated one as a result of the hysteresis of

the SM function, see Fig. 1.11. Hence, there is a finite limit as to how much feedback is

optimal and desirable for the best performance of the sensor.

1.5 Self-Mixing Interferometry Applications

The self-mixing technique is based on LDV, and it is basically a modified Michelson

interferometer [1, 22]. The self-mixing scheme can be employed in nearly every situation

where traditional interferometers, such as the Michelson or the Mach-Zender interferome-

ter, are used. However, the SM sensor is a self-aligned interferometer without additional

lenses, prisms and mirrors. Therefore, it can be applied much more easily for many

purposes, including measurements of displacement [37–41] and velocity of different ob-

jects [33, 42–45]. SM sensors have been applied for various other applications, including

studying materials with complex indicies of refraction [46] and their change [47]; imaging
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of different objects [48, 49]; measuring the thickness of transparent objects [50]; and for

the purposes of alignments of solid objects [41].

1.5.1 Displacement and Vibration Measurement

The SM effect appears in both emitted frequency and optical power. If the distance

between the laser and the target stays constant and the LD current remains constant,

then both parameters have fixed properties. When the back-reflected light from a moving

object is coupled into the LD cavity, the optical length of the external cavity changes,

hence the optical power and the spectral properties of the emitted light change as well.

The SM effect is easy to use for the measurements of large, when compared to

the laser light wavelength, displacements (∆lext � λ/(2next)), This corresponds to a

small change of the position of the external cavity. The change in the feedback level is

negligible, C remains constant, and the phase is equal to:

φ(t) = ωτext(t) =
2πc

λ

2nextlext(t)

c
=

4πnextlext(t)

λ
. (1.41)

By changing the external cavity length lext by half of the wavelength taking into

account its refractive index next, the phase φ changes by 2π, similar to traditional

interferometry. The peak of a sawtooth-like signal appears within the target moving

over a distance λ/2 along the laser light axis, and then every time it moves an additional

distance of λ/2. The basic precision of this measurements is considered to be λ/2 when

no additional algorithms are applied. The example of such measurements will be shown

in Chapter 3).

The SM effect can also be applied to measure small, less than λ/(2next) displace-

ments, and these measurements are usually aimed at vibration studies [51, 52]. The

principle of the measurement in this case is to achieve the same phase change of 2π

by exerting an external influence on the phase. For example, by adjusting the length

of the external cavity (i.e. lext = lext0 + ∆lext ∼ λ/(2next)) or by tuning the lasing

frequency, by modulation of the injection current [51–54]. The precision of the vibration

measurements can be improved up to λ/12.

1.5.2 Different Reflectivity and Speckles Influence

The operation of the SM sensor is directly affected by the properties of the light which

is coupled back into the cavity. For example, in the case of mirrors, or other surfaces

with low roughness, the amount of reflected light can be very high, leading to strong

feedback for an SM sensor with C � 1. When SM measurements require a lower level

of feedback such as weak feedback, additional filters can be placed between the mirror

and the LD cavity to reduce the amount of light entering back into the cavity.

The nature of the reflection off a mirror is such that additional alignment of the

system might be required to obtain the SM effect. However, the SM technique can be

applied without additional alignment and it can be performed at any angle, if a rough
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surface is used as a target. Light scatters off a rough surface in all directions; this is

in contrast with smooth surfaces where light reflects mainly in one direction. However,

due to random interference of light scattered off the rough surface, speckles [10] are ob-

served affecting the shape of the received SM signal, causing errors in measurements [55].

Speckles appear when light interacts with any kind of object causing such interference.

For example, light scattering off a rough surface produces secondary spherical waves,

and their interaction with each other and the initial beam produces the speckles. When

light travels through a liquid or gas, the interaction between the light and particles ran-

domly changes the phase and amplitude of the scattered light [10], resulting in speckles

in the propagating media. An ideal case of an SM signal is a harmonic function with

a constant amplitude and a single peak in the frequency domain. In the presence of

speckles, the amplitude and the phase of the SM signal are modulated which leads to

spectral broadening and additional noises in the signal [56].

The speckle effect in SM can be used not only for a displacement measurement [57],

but also for surface classification [58], as well as length measurements of a moving

object [59].

1.5.3 Self-Mixing Technique as LDV for Velocity Measurement

An SM signal is the result of mixing the initial lasing field with a portion of the light

which is coupled back into the cavity. Since the SM sensor is fundamentally similar to

LDV, the same principle and equations can be used for the description of the sensor

behaviour. For an SM system, the source of the light and the receiver of the light are

the same object. Hence, the difference between two vectors in Eq. 1.4 is equal to double

the magnitude of the velocity vector in the direction of the propagation of light, leading

to

f = 2
~n · ~v
λ

. (1.42)

At the same time, the SM theory showed that the spectrum of the laser changes

due to the interaction between the lasing field and the small back-scattered field, which

re-enters the laser cavity leading to the SM effect. When the target moves with velocity

~v, the backscattered light is Doppler-shifted in frequency, see Eq. 1.40. The simplest

way to obtain an expression for the Doppler shift of the SM signal is from Eq. 1.39 and

1.40. The Doppler shift of the periodic optical power fluctuation is given by Eq. 1.42.

Equation 1.42 shows the shift in frequency at the moment of scattering. In general,

both parameters ~v and hence f depend on time, which results in a frequency and time

modulated SM signal [60]. The information on the displacement, velocity, and accelera-

tion can be obtained if the signal from the SM sensor is analysed the right way depending

on the parameter of the interest.

A range of articles are dedicated to measuring the velocity of solid objects, see for

example [44, 59]. The SM sensor was succefully applied for measuring velocities up

25 m/s with a rotating disc covered with white paper as a target [61].
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1.5.4 Flow Measurements in Self-Mixing and Seeding Particles

The SM technique is used not only for the detection of velocity of solids, but also for

liquid targets. In the case of fluids, the light scatters off particles moving within the

measurable volume. These particles can be natural molecules of the fluid, for example

H20 in water. They can also be added or seeded particles. For example, blood consists

of around 50% water, 45% red blood cells, and 5% of other elements. In this case, the

red blood cells can be considered as seeders for water when analysing the scattering

process. Seeders can be artificially added to the underlying liquid for the improvement

of scattering effects. Here and throughout the thesis, the scattering particles within the

underlying liquid will be refereed to as seeders or seeding particles. Water is the most

common liquid used which is seeded. Further, the natural mix of particles in the fluid

can also be referred to as a seeding material, for example milk or blood.

The main purpose for most studies within SM technique are medical applications,

hence most of the literature focuses on blood flow rate measurements. A wide range of

works within the field of velocimetry using the SM effect have been dedicated to this [43,

59, 62–66]. SM fluid velocity measurements are mainly aimed at biological applications

such as blood characterisation [65] and molecular dynamics [59]. The measurements of

blood flow in a tube [43] and in vivo in human fingertips [62] were demonstrated as well.

In the literature milk [43, 62, 63, 65] and polystyrene (latex) spheres [43, 59, 66–68] are

the most commonly used materials for seeding the water. A list of previous experiments

which can be found in the literature including the seeding materials with their size and

concentration and properties of the laser system used in experiments are presented in

Table 1.3.

One of the most common methods for velocity mapping of fluids and gases is PIV [9].

The technique is based on the analysis of the displacement of the net movement of the

seeding particles within the measured flow. Hence, a substantial amount of research into

the seeding materials and seeding techniques has been conducted for PIV applications [2,

62, 73, 74]. The main seeding materials and their sizes are presented in Table 1.4. Also

shown in the table are the range of different materials which have been used for seeding

both liquids and gases, among which are solid, liquid and gaseous types of seeders. In

PIV, the seeding particles are usually referred to as tracing particles.

The diameter of the polystyrene particles in SM experiments varies from 110 nm [70]

up to 1.23 µm [66], compared to the size of the polystyrene seeders used in fluid PIV

experiments which ranges from 10 µm to 500 µm. The concentration of the seeders in

water varied across different experiments with a minimum concentration of 0.05% of

polystyrene seeders in water [70]. An SM system for velocity detection is more sensitive

to scattered light, so smaller seeding particles can be used for velocimetry. The main and

easy-to-use seeding material is milk. The velocity measurements demonstrated in recent

published papers do not exceed more than 15 cm/s for milk as seeders [43], 17 cm/s with

polystyrene spheres as seeders of 1.23 µm size (and with lower velocities in case of the
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Table 1.3: Liquid flow velocity measurements using the self-mixing technique. Here,
the seeding materials and their concentrations, range of measured velocities along with
the properties of the laser system are shown. All lasers listed in the table are LDs.
VCSEL is a vertical-cavity surface-emitting laser, which is a type of semiconductor LD.
The last row, which is separated from the others, is from published articles which form
part of the work presented in this thesis. These results are shown to give an up-to-date
account of the literature on velocity measurements of fluids using the self-mixing effect.

Seeding material Concentration Velocities range Laser system

Milk 2% 1-18 mm/s VCSEL, 667 nm,
Milk with 2% 2-15 mm/s 1.8 mA, 80◦ and 25◦

Xanthan gum [62]

Milk [63] 100% 0.5-52 mm/s VCSEL, 850 nm,
10% 0.5-43 mm/s 4.3 mA, 74◦

1% 0.9-17 mm/s
0.2% 0.9-6.9 mm/s

Polystyrene beads, < 0.5% 20 mm/s 785 nm, 25 mA,
1.15 µm [67] close to 90◦ and 60◦

Intralip, 100 nm [69] 0.5% 22-300 mm/s Superluminescent
Blood [65] and 1.5% LD, 836 nm, 85◦

Milk (as reference)

Polystyrene, 950 nm 5 10−4µm−2 0.9-4 cm/s 780 nm, 44 mA
(3 mW), 75◦

Milk, 4 µm [43] up to 15 cm/s Upstream fibre

Polystyrene spheres, 2.8 10−2µm−2 up to 17 cm/s 820 nm, 35 mA,
1.23 µm 5 10−2µm−2 fibre in the flow
Blood [66]

Polystyrene spheres, 0.05% up to 72 mm/s 1064 nm, 30 mW,
(with glycerol) 10◦

262 nm, 110 nm [70]

Milk, 3-6 µm [71] < 0.5% 1-20 cm/s 650 nm, 25 mA,
TiO2, 0.5-1 µm [72] < 0.5% 10-110 cm/s different angles

smaller sizes of the seeders) [66], and up to 35 cm/s for blood measurements at a very

high concentration and without specific verification of the experimental results [66].

Together with the size, shape and orientation of seeders, scattering efficiency is a

function of the ratio of the refractive index of the seeders and surrounding area (to

be discussed in Chapter 2). In the case of gaseous targets, using the same types of

seeding particles might bring the scattering efficiency to an even higher level due to the

indices ratio. Since the refractive index of air is considerably less than that of water,

the amount of light scattered off small particles of the same size in air is at least one

order of magnitude higher than in water [18]. Furthermore, in the case of gases the size

of the seeders can be even smaller. This is demonstrated in Table 1.4 which shows the

sizes of seeding particles for a PIV system for liquid and gas flows where the same type

of laser and measuring system are used for velocimetry.

The SM system applies homodyne detection, so that the reference source of light is

derived from the same source before and after detection. Moreover, the amplification of
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Table 1.4: Seeding material for liquid and gas flows in PIV measurements mostly
with 532 nm laser light [9, 73, 74] and other lasers [2, 62].

Type Material Mean diameter of seeders, µm
in liquid flows in gas flows

Solid Polystyrene 10-500 0.5-10
Alumina Al2O3 2-10 0.2-5
Titanium dioxide TiO2 0.5-2 0.1-5
Carbon dioxide CO2 5-15
Glass spheres 0.53-100 0.2-30
Granules for synthetic coatings 10-500 10-50
Dioctylphathalate 1-10
Smoke < 1

Liquid Different oils 1-500 0.5-10
Di-ethyl-hexyl-sebacate 0.5-1.5
Helium-filled soap bubbles 1,000-3,000
Fluorescent dyes in glycol/water 0.2-10 0.1-5

Gaseous Oxygen bubbles 50-1,000
Hydrogen bubbles 50-1,000

the light occurs inside the cavity. As a result the SM system depends on the amount of

light coupled back into the cavity in relation to the initial light so powerful lasers are

not required. PIV systems, on the other hand, require more powerful laser systems as it

is the absolute amount of scattered light which is needed for the PIV to work correctly.

1.5.5 Coupling of Scattered Light

If the laser has a beam divergence half-opening angle ∆Θ, the power of the laser beam PR

at a distance R is [2]:

PR =
1

R2∆Θ2
. (1.43)

The light scatters on the moving target. The power of scattered light PS is propor-

tional to the initial laser power PL and the scattering cross section σ:

PS =
PLσ

R2∆Θ2
. (1.44)

The power is distributed over 4π. The detector system can detect the scattered part

of light D2/R2, where D is the diameter of the detecting optics. The light loss of the

optical detecting system can be characterised by the coefficient ξ̃. As a result, when

taking into account the optics and laser light properties, the detectable power of the

light is given by:

PS = PL
σ

R2∆Θ2

1

4π

D2

R2
ξ̃. (1.45)

1.5.6 Important Laser Parameters for Optical Feedback

The self-mixing method implies that the laser system responds to the oscillation of the

coupled back light which was scattered off a moving object at a frequency proportional
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to the velocity of the target. The properties of the laser system should be adequate to

achieve the aim of the measurements.

From the Lang-Kobayashi model, the common behaviour of the dynamics of the

single-mode diode laser was studied. First of all, it is important to understand the

difference between different modes which can occur in a laser system under an SM

effect.

1. The laser can be single mode or multi-mode, and modes can be longitudinal and

transverse.

2. The external cavity adds possible modes, which the laser can switch between.

The relaxation processes in a laser define such an important parameter of a laser

system as a relaxation frequency. It is the oscillation with which the inversion population

decay to the stable energy state, or it is the frequency with which the photon population

can oscillate [1]. All modulation processes in a laser are limited by this frequency, because

the system cannot respond any faster. Time relaxation of the diode laser is of the order

of nanoseconds, the quantum cascade laser time relaxation is of the order of picoseconds,

for solid-state lasers it is of the order of picoseconds [1].

The possible modes which a laser can generate are solutions to Eq. 1.13, 1.16, and

1.30. Depending on the gain of the laser, the laser can produce more than one mode. Un-

der feedback, additional terms appear in Eq. 1.14. Therefore, there are further solutions

which correspond to new modes which can be seen as new points in the solutions of the

equations, see Fig. 1.8. Any kind of perturbation, even very weak, causes a change in the

behaviour of the laser system. Depending on the amount of feedback (weak, moderate,

or strong), the solution can be stable or unstable. In the case of a stable solution, the

SM system returns to the stable point with the relaxation oscillation frequency [17], see

possible solution in Fig. 1.8. In the case of strong feedback, a laser enters the unstable

unpredictable regime of work.

Hopping between stable and unstable regimes can occur quickly depending on dif-

ferent parameters such as the amount of light and the distance between the laser and

the target, see Fig. 1.10. As a result, the laser can switch immediately from a regime of

moderate feedback to one of strong feedback, leading to chaotic motion as opposed to

returning the stable regime with one working mode of the laser [22]. In some specific

cases of unstable regimes a collapse of the coherence can occur [75].

1.5.7 Types of Lasers Used in Self-Mixing Measurements

Table 1.3 lists laser systems which have been used in SM for flow characterisation. Some

lasers show better performance for the SM effect than others. A list of advantages and

disadvantages for lasers used for SM measurements of solids and flows follows.

A DFB laser with a 1.31 µm [41] wavelength is potentially suitable for measurements.

It does not have a locked single wavelength, however, only a small variation of the 0.01 nm

per degree wavelength occurs, which is an advantage for an SM system. Moreover, it can

be stabilised by temperature control. The only problem was it was difficult to achieve
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a stable repeatable signal and the signal-to-noise ratio was low. Using this particular

laser, the measurements can be done in two dimensions, both for the target displacement

and the target rotation [41].

Fibre pigtailed lasers were used at a wavelength of 1.3 µm and 1.55 µm [66]. Fibre

lasers can deliver light to any point, which is a big advantage for a sensor. In the

case of a fibre pigtailed laser, the divergence of the beam is applied for better motion

diagnostics of rotated targets. If the light is not focused at one point, a part of scattered

light comes from different angles. It allows to detect the change in the position of the

target in several dimentions using just one light source. However, some effects from the

curvature of the fibre can occur [68]. When the fibre is bent the delivery system does

not provide a total reflection of the light beam. As a result, part of the optical power

can be lost. This is equivalent to applying a filter, moreover the bending of the fibre is

difficult to adjust.

VCSELs have become popular for SM studies, and lasers with the wavelength of

780 nm [66], 667 nm [74], and 850 nm [64] have been used for fluid measurements.

The surface of emission for VCSEL lasers is large, so VCSEL is a multimode laser. The

disadvantages of using these lasers were the difficulties encountered in obtaining a stable

signal due to the change in polarisation occurring during the measurements.

Quantum cascade lasers are more stable, in terms of fluctuation of wavelength and

power, but not in terms of SM signal [76]. This laser was not used in many measurements.

A FP laser with a wavelength of 650 - 670 nm and 830 nm was used in some experi-

ments, as they are the simplest and most stable. However, the problem of mode hopping

can appear, and other longitudinal modes can also oscillate [75] causing the perturbation

of the laser dynamic under feedback. So far, these lasers are the most suitable to use

for SM measurements.

1.6 Conclusion

This thesis was focused on a new laser-based method for measuring different parame-

ters such as the displacement and velocity of solid and fluid targets and its potential

application for particle accelerators. It is based on the laser diode, and is known as the

self-mixing technique. There is an increasing demand in the detection and further un-

derstanding of solid and fluid properties, such as distances, velocities, temperature, etc.

The main methods to measure these properties are through various optical diagnostics

due to their accuracy and mostly non-invasive nature. Lasers are powerful tools which

are ideally suited for measurements due to their unique characteristics.

For velocity measurements, the Doppler effect is the main phenomenon used in di-

agnostics, such as LDV. Another popular technique is PIV, which is based on laser light

scattering off added seeding particles, or tracing particles. This Chapter has presented

an introduction into SM sensors and the self-mixing phenomenon on which they are



Chapter 1. Self-Mixing Technique 31

based, as well as various applications in which they are used. SM sensors combine the

principles of LDV and PIV together.

The SM phenomenon occurs when reflected or scattered laser light is coupled back

into the cavity and interacts with the laser light inside the cavity. The backscattered

light’s wavelength is shifted due to the Doppler effect and the intensity of the backscat-

tered light depends on the particulars of the target i.e. optical properties etc. The SM

phenomenon is a non-linear effect which influences both the wavelength of the light and

its power fluctuation. The interaction within the cavity causes backscattered light to

be amplified, so the sensor does not require a powerful laser and there is no need for a

complex optical system, as in the case of PIV or other typical interferometers.

The SM technique has previously been used for displacement or small velocity mea-

surements. Velocimetry sensors which exploit the self-mixing effect have attracted grow-

ing interest in recent years, resulting in a wealth of publications trying to optimise a

sensing technique for different purposes [77]. The velocity of a target can be calcu-

lated from the power spectrum of the SM signal. This Chapter contains a review on

the velocity range SM sensors have so far been applied to; velocities of up to 25 m/s

for solid targets and up to 30 cm/s for fluids, and this technique was never applied to

gaseous targets. These limitations are going to be investigated in following Chapters.

Techniques which allow velocities to be measured beyond upper velocity limits of pre-

vious SM studies will be presented in the following chapters. The main advantage of

an SM sensor with respect to traditional methods is the possibility of an unambiguous

measurement from a single interferometric channel. Sensors based on SM compared to

other techniques are compact, less expensive and are easier to align.

The review presented in this Chapter on different light sources which can be used in

LDV together with information on laser systems used for SM sensors demonstrates why

LDs are used for SM experiments presented in this thesis. Since the SM sensor when

applied to fluids is based on light scattering off seeding particles, the review on tracing

particles for PIV systems gave an indication on which is the best seeding material to use.

Moreover, this information has shown which seeders have already worked successfully

for SM velocity measurements. Seeding particles are available in different diameters

and with different reflective properties, so detailed study of them is essential, which is

covered in the next Chapter.





Chapter 2

Laser Light Scattering for

Self-Mixing Sensors

In this chapter an overview of scattering processes is presented. This includes Rayleigh

and Mie theory for one motionless particle which the light scatters off. Within this

chapter calculations of scattering parameters for different types of particles are given

with a focus on the specific particles which are used in experiments presented in later

chapters. The second part of this chapter addresses light scattering off a surface and off

multiple particles, which are set in motion, with the expected spectrum of light after

scattering derived from basic theory. Simulations of the possible overall spectra which

can be obtained from different targets in experiments with an SM sensor are presented.

This addresses the interaction between light and a rotating disc as well as between light

and a fluid channel. The chapter concludes with a study into the influence from a

distribution of velocities and the size of the laser spot on the overall spectrum for an

SM sensor.

2.1 Light Scattering

Self-mixing operates on the principle that a proportion of scattered light is coupled back

into the cavity of the laser. The scattering process influences the amount of feedback,

which determines the type of SM signal that is obtained. In addition, scattering also

affects the backscattered light spectrum and hence the spectrum of the signal measured

during experiments. The scattering media, including seeding particles, need to be ac-

counted for when characterising the SM signal. The characteristics of the signal can then

be used for the accurate calculation of the experimental parameters. These include the

displacement of objects, the velocities of solid and fluid targets, and the concentration

of scattering particles in the case of flows.

33



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 34

Figure 2.1: Light scattered by an induced dipole moment caused by the incident EM
field.

2.1.1 Light Scattering off Motionless Particles

Scattering can be described as the redirection of light when an electromagnetic (EM)

wave encounters an obstacle in its path. Scattering involves the excitation of elementary

charges, i.e. the electron cloud, of matter, which are set into an oscillatory motion

by an incident EM field. The perturbation of the electron cloud causes a periodic

separation of the charges within the molecule, resulting in a dipole moment. Accelerated

electric charges, or oscillating induced dipoles, radiate (re-emit) EM energy (secondary

radiation) in all directions, i.e. the EM wave is scattered off the matter. The scattering

process is usually described by Maxwell’s equations.

In summary, scattering is not limited to bouncing or reflection of an EM field off

surface or particles, but it is a complex interaction between the EM field and the molec-

ular/atomic structure of the scattering media, see Fig. 2.1. When an EM wave interacts

with matter, two main processes are involved: one proportion of the light participates

in the excitation, while the remaining light does not interact with the matter at all.

The scattering process is historically described by two main theories. The first is

Rayleigh scattering, which was originally formulated and applied only to light scattering

off small, non-absorbing (dielectric) spherical particles [78], which are the limitation of

its usage. The second is Mie theory which was developed by Gustav Mie in 1906 [79]

to describe scattered intensity of light as a function of the scattering angle and is valid

for any kind of particle. Mie theory is not limited in its usage in regards to the size,

shape and optical properties of particles it is applied to. For this reason, it is possible

to formulate Rayleigh scattering theory from Mie theory.

Scattering occurs when light interacts with an object, which, as a unit of scattering,

will hence be called a scattering particle. Scattering particles are assumed to be spher-

ical, from which more complicated scattering particles can be built, such as scattering

particles of any shape, agglomerations of particles, refraction gradients, temperature gra-

dients, and density gradients, etc. The EM constants are functions of the radius of these

spherical particles. Differences in the EM constants result in an optical heterogeneity of

the particles.

In general, the scattering particle is not spherical and not homogeneous, so the

properties of the scattered light are defined by:
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1. The EM constants of the matter, i.e. permeability and permittivity.

2. Shape and size of scattering obstacles or scattering particles.

3. Orientation with the respect to the incident light.

These properties define the fraction of light that is involved in excitation and then in

the scattering process. In the case of an ensemble of scattering particles, the following

should also be accounted for:

4. Concentration of the scattering particles.

5. The size distribution of the particles (including agglomerations of particles if ap-

plicable).

6. The physical and chemical properties of the particles.

In general, Mie theory describes the scattering patterns from a spherical isotropic

particle illuminated by a monochromatic plane wave. It consists of a series of approxi-

mations which are solutions to Maxwell’s equations. Mathematically, the simplest case

can be found by approximating size parameters and refractive index relations. The size

parameter is usually given by the expression [80]:

q =
2R

λ0m0
, (2.1)

where R is the characteristic size (spherical radius) of the scattering particles, λ0 is

the wavelength of the incident light with respect to vacuum, and m0 is the refractive

index of the surrounding area. The refractive index of the scattering particles is usually

presented in complex notation:

m = n− i · k, |m| =
√
n2 + k2, (2.2)

where n refers to refraction of light and k to absorption. The absorption coefficient is

usually equal to 4k/λ. While k is never exactly equal to zero for any material, it is

close to zero for dielectric materials. Both n and k depend on the wavelength of the

light. q and m are usually used for identifying the appropriate method for calculating

the scattering process. Figure 2.2 subdivides Mie theory into simplified models for the

range of refractive indices and particle sizes.

Depending on the value of the size parameter q, the following scattering theories can

be applied [80, 82].

q � 1 and |m|q � 1: Rayleigh scattering. This theory is typically applied to

particles that are small relative to the wavelength of the impinging light. The parti-

cles encounter a uniform electric field around themselves since the penetration time is

significantly less than the period of oscillation of the EM field. The intensity of the

scattered light is proportional to the size of the scattering particles (∝ R2) and strongly
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Figure 2.2: Schematic representation of Mie theory subdivided into simplified theo-
ries, which are derived depending on the size of the particles in relation to the wave-

length and the refractive index [81].

depends on the wavelength of the incident light (∝ λ−4). A typical scatterer with a

size in the range of 1 - 100 nm for light of wavelength 650 nm falls under this theory.

For example, the size of DNA is 1 - 4 nm, and ink particles are of 45 - 100 nm, hence

Rayleigh scattering theory can be applied to such particles. Light scattering off gases

can also be described by Rayleigh scattering.

q � 1: Total reflection. For this theory, the size of the particles is significantly

larger than the wavelength of the incident light. The solution can usually be found

using the Huygens-Fresnel principle [3]. This theory usually includes the reflection and

refraction off a common boundary between two different phases of matter. Examples

include a solid and a liquid, two liquids with different refractive indices, a liquid and a

vacuum, etc. The intensity of the scattered light is not strongly dependent on the size

of the particles, but is a function of the refractive index and the incident light angle.

This case can also be referred to as geometrical optics, and hence it can describe the

reflection from a mirror.

|m − 1| � 1 and |m − 1| · q � 1: The Rayleigh-Gans Approximation. This

theory is applied to small particles with a refractive index close to unity. Moreover, it

can be applied to differently shaped particles. The approximation only accounts for the

first order of the Mie theory solution and ignores higher orders. This implies that the re-

sultant scattering is a superposition of the scattered fields produced by different parts of

the particle, while the interaction between the scattered fields is ignored. The resultant

scattering function is more complex than the Rayleigh approximation implies. The scat-

tering function is not monotonic, but has a number of extrema. Examples include coiled

polymer molecules and organic particles suspended in water. The same approximation

is used for studying polydisperse systems under small angle X-ray scattering.
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q ≈ 1: General case. If the size of the scattering particle is comparable to the

wavelength of scattered light, the full Mie theory needs to be applied. Current usage of

Mie theory refers to any particles of any size. The solution can be implemented in a num-

ber of programming languages such as MatLab [83], Mathematica and Fortran [84, 85],

etc. A MatLab code has been developed [83] which calculates the scattering parameters

of a spherical particle with different magnetic permeabilities compared to that of its

surroundings. This code was modified and then used to generate the outputs presented

in this chapter. These include the angular distribution of the intensity of the scattered

light, the cross section, the absorption, and the scattering efficiency. The intensity of

the scattered light is proportional to the size of the particles. However, the intensity

of the scattered light strongly depends on the angle, and even small variations of size

lead to a significant change of the intensity of the scattered light. Examples of particles

include milk fat globules which have a typical size of around 1 - 10 µm, and red blood

cells which are around 10 µm in size.

In general, the index of refraction is a complex quantity. Hence the total extinction

cross section for the particle is comprised of energy lost from the incident beam, both

by scattering (sca) and by absorption (abs):

σext = σsca + σabs, (2.3)

σsca =
Wsca

Iinc
, (2.4)

σext =
Wext

Iinc
. (2.5)

Here Iinc is the intensity of the incident light illuminating the surface of the particle,

while Wsca and Wext represent the scattered and extinction energies respectively, which

can be found using Maxwell’s equations. σsca represents the intensity of light scattered

in all directions for an incident wave of unit intensity. This can also be presented as

Csca [86]. The key parameters for Mie scattering calculations, following van de Hulst [82],

are the Mie coefficients an and bn for obtaining the amplitudes of the scattered field,

and cn and dn for calculating the amplitudes of the internal field, respectively [82]. The

efficiency factor Qsca for a particular sphere gives the ratio of the scattering cross section

to geometrical cross section (πR2):

Qsca =
σsca
πR2

=
2

q2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2). (2.6)

The extinction efficiency is derived from the Extinction Theorem or Forward-Scattering

Theorem [82], and can be presented as:

Qext =
2

q2

∞∑
n=1

(2n+ 1)Re(an + bn). (2.7)



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 38

Figure 2.3: The Mie efficiency function for a wavelength of 650 nm for different
reflective coefficients with an absorption coefficient equal to 0. The calculation is per-
formed for the different particle sizes: a) R = 10 µm; b) R = 1 µm; c) R = 500 nm;

d) R = 150 nm.

The Mie efficiencies are calculated according to Eq. 2.6 and 2.7 and shown in Fig. 2.3.

The dependencies of the efficiencies on the reflective coefficients were obtained for the

particle sizes of 10 µm, 1 µm, 500 nm, and 150 nm, see Fig. 2.3. The efficiency changes

dramatically for different sizes and refractive indices. The absorption coefficient is equal

to zero, therefore, the extinction energy is equal to the scattered energy.

The backscattering and forward scattering efficiencies can be evaluated [82] and are

given as:

QBS =
1

q2

∣∣∣ ∞∑
n=1

(2n+ 1)(−1)n(an − bn)
∣∣∣2, (2.8)

QFS =
1

q2

∣∣∣ ∞∑
n=1

(2n+ 1)(an + bn)
∣∣∣2. (2.9)

Using these functions, a calculation of the scattering efficiency can be performed for par-

ticles of any size and with any optical properties. From these calculations, the amount of

backscattered light can be estimated. Based on this output, the optical properties and

size of the particles, which will potentially be used as seeders, can be chosen. Figure 2.4
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shows the forward scattering efficiency, the backscattering efficiency, and the fraction of

the two. For larger particles, the forward scattered light is dominant over the backscat-

tered light, while for smaller particles, the level of backscattered and forward scattered

light has approximately the same magnitude. The scattering process comprises of a

perturbation of the electron cloud leading to a dipole moment, which, when excited by

an incident wave, re-emits the EM field, see Fig 2.1. One dipole scatters waves in all

directions. While in the case of two dipoles, the resultant wave, as a sum of scattered

waves, depends on the separation of the dipoles and the direction of scattering [82, 87].

These radiating EM waves are scattered waves, and the superposition of all waves is

what is observed [88]. In the case of forward scattering, waves produced as a result of

scattering off the dipole are in phase with each other due to the direction of the incident

wave. However, for any other direction this varies significantly depending on the phase

difference. Particles larger compared to the wavelength of the incident wave allow more

dipoles to be induced which, when re-emitted, collectively scatter in the forwards direc-

tion relative to the backward one. In the case of smaller particles the dipole separation

is much smaller than the wavelength and hence the phase differences between scattered

waves are small resulting in a uniform distribution of the scattering pattern. The re-

sulting scattered intensity angular distribution is averaged over all orientation of the

dipoles [82]. This effect can be seen from the angular distribution in Fig. 2.6 calculated

for TiO2.

2.1.2 Light Scattering: Different Seeding Particles for Self-Mixing Sen-

sor Experiments

Different types of scattering particles used for the SM technique are shown in Table 1.3.

As one of the main focuses of this work is to measure high velocities of fluids and gases,

it is important to find the most efficient seeding particles or materials to obtain the

required level of feedback to operate the SM sensor. The level of feedback is calculated

as the ratio of the intensity of the light which is coupled back into the laser cavity to

the initially emitted intensity of the laser light. A value of -123 dB is required [89] for

a weak feedback regime to be obtained.

The most commonly used materials for seeding are milk, blood and polystyrene

spheres of various sizes. Using information from Tables 1.4 and 1.3, hypotheses can be

made about different seeding particles that can be used for testing an SM sensor.

The calculation of the scattering efficiency for different seeding particles was per-

formed using a Mie solution in a MatLab program, modified from [83]. In order to

optimise the choice of the scattering particles, the following parameters were altered:

the reflective coefficient, the size of the particles, and the wavelength of the incident

light. The refraction and absorption coefficients for different particles were obtained

from [90].

The real part n of the complex refractive index describes the reflectivity of the

material [3]. Most transparent materials in the visible range of the spectrum have a
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Figure 2.4: The backscattering efficiency (blue), the forward scattering efficiency
(red), and the fraction of the two (yellow) functions for different refractive indices.
The calculations were performed for a 650 nm wavelength light when scattered off
particles with following different sizes: a) R = 10 µm; b) R = 1 µm; c) R = 500 nm;

d) R = 150 nm.
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Figure 2.5: Complex refractive index for a) TiO2 and b) Ag as a function of the
wavelength of the incident light [90].

value between 1 and 2. Most liquids and solids have a refractive index larger than 1.3.

Gases at atmospheric pressure have values close to 1. Diamond has a very high refractive

index of 2.42. The imaginary part, k, of the refractive index describes the attenuation of

electromagnetic waves in the material. This is known as a damping constant, attenuation

index, extinction coefficient, or absorption coefficient.

Titanium Dioxide, TiO2

The geometry of an SM sensor is such that light which is coupled back into the cavity

is always backscattered unless the system is modified with additional components, for

example lenses, for capturing more scattered light in the SM cavity. The light is coupled

within a solid angle that is defined by the focusing optics of the system.

The dependence of both the real and imaginary parts of the complex reflective index

for TiO2 is presented in Fig. 2.5 (a). For a wavelength of 650 nm, the complex refractive

index is m = 2.7152 + 0·i [90], where the parameter k = 0 denotes that the light is not

absorbed by the particle at this wavelength. Figure 2.5 (a) shows that the refractive

index of TiO2 within the visible spectrum remains constant, so the material reflects or

scatters all wavelengths with equal intensity. Consequently, the material has a white

colour.

Figure 2.6 shows the angular distribution of the scattering efficiency obtained for

TiO2 particles. The distribution is obtained for light, with a wavelength of 650 nm

and a fixed angle of incidence, which scatters off the particles of different sizes. While

the majority of the light scatters in the forwards direction, a proportion of the light

is backscattered. For ideally spherical seeding particles, as the particle size decreases

the proportion of backscattered light increases though the absolute amount of scattered

light decreases.

Figure 2.7 shows the distribution of the forward scattering and backscattering effi-

ciencies for different sized particles and different wavelengths. The distributions were

calculated based on Eq. 2.8 and 2.9. The efficiency varies with the size of the seeding

particle, even if the shape of the particle is spherical. Using these calculations, the



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 42

Figure 2.6: Angular distribution of the scattered power: angular Mie-scattering di-
agram for TiO2 for light with a wavelength of 650 nm. Red arrows indicate the an-
gle of incident light. The top plot shows the angular distribution for larger particles
(> 200 nm), while the bottom plot shows angular distribution for smaller particles
(< 100 nm). Most of the light scatters forwards, with only a small proportion of the

power scattered back into the direction of incident light.

assumption on the size of the most efficiently scattering particle for a specific wave-

length can be made, and vice versa. Knowing the size of the scattering particles, an

approximate estimation of the scattering efficiency for the different wavelengths can be

obtained. Figure 2.8 presents example calculations of the backscattering efficiency and

the forward scattering efficiency for different sizes of TiO2 depending on the wavelength;

the plots were derived based on data from Fig. 2.7. The backscattering efficiency for

different sizes of TiO2 particles for 650 nm wavelength are extracted from Fig. 2.8 and

are as follows: QBS = 0.0031 for R = 21 nm; QBS = 3.0 for R = 150 nm; QBS = 2.8

for R = 1 µm; and QBS = 1.4 for R = 10 µm. The amount of backscattered light is not

proportional to the size of the particle, and therefore has to be accounted for.

Metal particles

Metal particles were considered as an alternative seeding material. The same param-

eters which were previously obtained for TiO2 were calculated for metal particles such

as silver (Ag) and gold (Au). The dependence of both the real and imaginary parts of
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Figure 2.7: (a) Calculated forward scattering and (b) backscattering efficiency for
TiO2 particles of different sizes and for different wavelengths. (c) Backscattering effi-
ciency at a wavelength of 650 nm for different size of TiO2 particles derived from (b).
The calculations were done based on Equations 2.8 and 2.9. The interval between the
sizes of the particles is 1 nm. The distribution of the complex refractive index as a

function of wavelength is shown in Fig. 2.5.



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 44

Figure 2.8: Mie efficiency functions dependence on wavelength for the different sizes
of TiO2 particles: a) R = 10 µm; b) R = 1 µm; c) R = 150 nm; d) R = 21 nm. Sizes
were chosen to match the parameters of the experiments presented in later chapters.

The results are derived from the calculations presented in Fig. 2.7.

the complex reflective index for Ag is presented in Fig. 2.5 (b) Different sizes and shapes

of both materials are readily available on the market.

The properties of metals are such that they have quasi-free electrons in the ground

state that are not bound to the atom, but to the whole bulk. These free-electrons

behave like a gas made of free-charge carriers, similar to a plasma. They can be excited

to contain so called propagation waves. The quantum of this propagation is called a

plasmon [91, 92]. A plasmon resonance is a resonance oscillation of the conduction

electrons in a metal. It is caused by a displacement of electrons from their equilibrium

positions under inducement by an EM wave. The lattice of positive ions is responsible for

the resonance frequency. There are two types of oscillation frequency: bulk plasmons

and surface plasmons. The first refers to volume plasma oscillations, and they depend

only on the free electron density of the metal. Surface plasmons occur on the interface

between metal and dielectric, and they are caused by surface electrons. Metal has

a limited penetration depth of EM waves, which is less than 50 nm for Ag and Au.

Therefore, only the plasmons associated with the surface are significant. The frequency

of the surface plasmons is lower than the one associated with the bulk plasmons.
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When metal nanoparticles or thin metal films are used instead of a bulk material,

the plasmons behave differently and they are called localised surface plasmons [93].

When the size of the metal particles is smaller than the wavelength of the incident light,

the electric field can move free electrons away from the metal particle. As a result of this,

a dipole moment can occur. Moreover, depending on the local direction of the electric

field, the dipole can have different orientations. When the frequency of the incident light

is approximately equal to the frequency of a dipole plasmon, a resonance condition is

reached, resulting in constructive interference. This is referred to as surface plasmon

resonance or localised plasmon resonance. When the particles are bigger, a quadrupole

plasmon resonance can appear due to four oppositely charged poles [91, 92].

As a result of this effect, metal nanoparticles demonstrate some abnormal scattering

abilities [94] which can be used to increase the overall backscattering efficiency. Metal

nanoparticles have an additional advantage of providing the opportunity to “adjust”

their scattering spectrum by changing their shape and shell structure [95, 96].

The most commonly used metal nanoparticles are Ag and Au particles, which have

different resonant wavelengths and sensitivities to light [96] depending on their shape,

size, and shell structure. For example, Ag nanospheres of 40 - 90 nm have a resonance

in the wavelength range 400 - 480 nm. Ag nanoprisms of 55 - 120 nm have a resonance

in the range 600 - 700 nm. Different coatings also change the resonance wavelength.

As the SM sensor is based on the collection of backscattered light, interest is focused

on the backscattering efficiency. More light scatters in the forward direction compared

to backscattered light as it was described previously. The resulting scattered light is

the summation of the re-emitted waves from dipoles appearing within the scattering

particle exhibiting more waves in phase in the forward direction than back [82]. However,

the overall behaviour of the functions can be studied from both plots, see Fig. 2.7 (a)

and (b). The backscattering efficiency distribution for Ag nanoparticles of different

sizes for different wavelengths is presented in Fig. 2.9. The backscattering efficiency

of Ag nanoparticles is more predictable compared to the results obtained for TiO2.

Figure 2.9 (b) demonstrates a smooth curve of the backscattered light distribution for

various sizes of Ag nanoparticles for a 650 nm wavelength when compared to the same

parameters for TiO2 particles in Fig. 2.7 (c).

The resultant function of the scattered light depends on the size of the particle with

a series of low-frequency maxima and minima, as a result of the inference between re-

radiated and transmitted or incident waves [80, 97, 98]. These interference patterns

appear for a given scattering efficiency for any kind of material, and they can be seen

in Fig. 2.7 and 2.9. Their period directly depends on the phase shift, which is acquired

by light passing through the centre of the sphere [98]. However, the scattering efficiency

function for TiO2. exhibits additional superimposed high-frequency ripples, which con-

sist of sharp and irregular spike-like peaks, see Fig. 2.7 (c). Physically, those ripples

appear when the waves propagates around the surface in a standing wave without at-

tenuation through destructive interference, and it takes longer for this energy to be
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Figure 2.9: (a) Backscattering efficiency distribution for Ag particles of different
sizes for different wavelengths. (b) Backscattering efficiency at a wavelength of 650 nm
for different size of Ag particles derived from (a). The complex reflective index was

obtained from [90].

removed from the sphere [99]. Hence, a large amount of energy can accumulate without

leaving the sphere inside the particle, close to its surface. Since these accumulated waves

are part of the incident light, when they are being emitted, they produces resonances,

which appear as sharp peaks [98]. The appearance of such peaks is directly connected

to the depth of the penetration or the imaginary part of the refractive index. In the

case of TiO2, the imaginary part of the reflective index k (see Fig. 2.5 (a)) is close to

zero for wavelengths shorter than 400 nm meaning very low absorption of the energy

and hence the waves can propagate around the surface of the sphere [82, 98]. In the

case of Ag, the imaginary part of the refractive index is very high (see Fig. 2.5 (b)),

and metal particles have quasi-free electrons, which participate in producing the surface

plasmon resonances [91, 92]. Moreover, different plasmon modes can coexist in the same

nanoparticle depending on the property of light it interacts with. The smooth character

of the function appears due to the closeness of the oscillations of the excited electron

cloud to the surface plasmon resonances.
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Figure 2.10: Distribution of the backscattered light on the wavelength of the incident
light for Ag nanoparticles of size a) 80 nm and b) 300 nm, derived from Fig. 2.9.

When comparing the backscattered light distribution of TiO2 (Fig. 2.7) and Ag

(Fig. 2.9), the global peak in the Ag spectrum distribution of the backscattered light is

shifted in the direction of smaller particles and smaller wavelengths. It is centred around

a particle in the radius range 50 - 150 nm and in the wavelength range 400 - 550 nm.

Figure 2.10 shows the backscattering efficiency for both different wavelengths and for Ag

particle sizes of 300 nm and 80 nm. The amount of the backscattered light which can

be obtained for an 80 nm particle is higher compared with a 300 nm one. As metallic

particles scatter light in a much smoother way, the best size of seeding particles for the

highest scattering are much easier to select compared to the random scattering pattern

for TiO2. The wavelength of the global peak of the backscattering efficiency can be

“adjusted” further by changing the shape and the structure of the nanoparticles [94, 100].

Consequently, the global peak can be obtained at the required wavelength allowing for

maximum backscattered efficiency, hence higher levels of feedback for the SM sensor.

The “adjustment” can be achieved by varying the shape and coatings of the metallic

particles.

2.2 Light Scattered off Moving Particles: Expected Spec-

trum from an Arbitrary Moving Target

2.2.1 Introduction

When particles move inside a volume, the phases of the scattered waves incident on

the particles are time dependent. This is due to the particles moving in relation to the

light receiver. In the case of an SM sensor, the light receiver and the source of the light

are the same objects. The time, t, dependence gives information about the velocity

of the scatterers. The phase θi,w of the light wave scattered off moving particle i is

time-dependent [2]:

θi,w = (θi,w)0 − 2πνw
−→vi · −→nwt, (2.10)



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 48

where −→vi is the velocity of the moving particle i, −→nw is the unit vector in the direction

of light propagation, and νw is the wave number. The subscript 0 indicates that the

scattering particle is stationary. Moreover, the distance Ri between the scattered wave

and the radiation receiver is also time-dependent due to moving scattering particle:

Ri = (Ri)0 −−→vi · −→nit, (2.11)

where −→ni is the unit vector in the direction of the scattered wave.

The theory described in Section 2.1 is valid for one particle only which interacts

with light. If light is scattered off more than one particle within the illuminated area,

an interferometry pattern occurs. The resulting intensity of the scattered light is a

superposition of the scattered light off all particles.

The interaction of light with a scattering particle of size l leads to a diffraction

pattern with an angular aperture of θ ≈ λ/l. In the case of a collection of independent

scatterers along the path of the light, the diffraction patterns interfere with each other.

This generates a far-field pattern where bright and dark areas of different sizes and

shapes are distributed randomly.

The distribution function of the amplitude of the scattered EM field is expected to

be Gaussian [101, 102]. It is supposed [102] to be independent of the properties of the

scattering media and the character of its motion. However, in the case of 1) random

phases of the diffraction patterns, and 2) large enough numbers of illuminated scatterers,

the field-irradiance correlation function depends on the type of motion of the scatterers.

For example, the spectrum of scattered light is a Lorentzian function when a large

enough number of particles undergo Brownian motion [103, 104].

In the case of a target that is in motion, the situation is more complicated. The

result depends on the nature of the target and it can be described by the following:

1. If the light scatters off the density fluctuations in the medium, there is a finite

correlation between different illuminated volumes. The examples of light scattering off

thermodynamical fluctuations in the medium are given in [18] and [105].

2. If the light scatters off a rotating target, the motion of the scatterers can vary

from fully correlated to completely uncorrelated. It can be assumed that different parts

of the rotating target are independent from each other. Different points of rotating

discs have different velocities. It can be assumed that the laser light is focused into a

small enough spot such that it has only one velocity value; this can be described as a

delta-function. The delta-function has a unity value at the point where the laser light

is focused [106].

3. If the light scatters off a flow which moves with a specific velocity, the result

is similar to case 2. The scatterers are independent from each other between different

scattering volumes. If the flow has different velocities, the illuminated volume within

the flow can be characterised with a velocity distribution rather than one single value.

In order to obtain a spectrum of the scattered light, the velocity distribution of

the scattering media or target has to be accounted for. The calculation can be first
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Figure 2.11: Geometry of the formation of the laser spot on rotating ground glass. σ
is the radius of the incident light beam, which is focused by the lens with focal length
f on the ground glass. It is located at a distance z in the plane (x, y). ~r is a radius

vector from the centre of the laser spot on the ground glass to the detector.

performed for the delta-function, assuming that the target has only one specific velocity

value and that the scatterers are completely uncorrelated. For the more complex case,

such as moving flow, the velocity distribution function has to be used for the calculation

of the spectrum of the scattered light. This calculation can be based on the previously

obtained spectrum for the delta-function.

2.2.2 Expected Spectrum of Light Scattered off Rotating Targets

The intensity of scattered light can be estimated, assuming the following, as shown in

Fig. 2.11:

- A collimated light beam has a radius σ before a lens.

- The light is focused by an aberration-free lens with focal length f .

- The light is focused on a rotating surface with a finite spot size.

- The rotating surface has an average roughness l which leads to a diffraction factor s.

- The light scattered off different surface areas has uncorrelated phases.

- The illuminated area A contains N scattering centres.

- The source of light is a single mode laser.

The light can be described as having a Gaussian cross section profile with emitted

field amplitude E(~r, t) that varies in space and time. k = 2π/λ is a wave-vector, and ω0

is the angular frequency of the incident light of wavelength λ. In the case of solid targets,

the theoretical spectrum of light scattered off a rotating ground glass, see Fig. 2.11, has

been analysed [107], showing that the spectrum of the signal is Gaussian.

The field-correlation function can be described by the following [107]:

〈E(~r, t)E∗(~r, t+ τ)〉 =
N〈s2〉
A

exp[i(ω0 + ~k · ~v)τ ]

∫
d2−→r1E(−→r1)E∗(−→r1 + ~vτ). (2.12)

Here ~r is a radius vector from the centre of the laser spot to the detector, d2−→r1 = dxdy,

where (x, y) is the plane of the ground glass, see Fig. 2.11. The integral extends over
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the illuminated area, and ~v is the velocity of the point where the light is focused. The

target is located at a distance z. The emitted field E(~r) passes through the lens and

then towards the target. At a distance z, the incident light field can then be determined

(the steps in-between are omitted):

E(~r) = E(x, y) = − ik
2z

E0e
ikz

1
4σ2 + ( ik2 )( 1

f −
1
z )

exp
(
−

(k
2

f −
ik

2σ2 )(x2 + y2)

4z
(

1
4σ2 + ( ik2 )( 1

f −
1
z )
)). (2.13)

The frequency shift, described by ~k · ~v (in the exponent in Eq. 2.12), is a Doppler shift.

For a laser beam perpendicular to the rotating surface, the frequency shift is equal to 0.

The field-power spectrum is the time Fourier transformation of the field-correlation

function, which is given by Eq. 2.12. The field-power spectrum for the incident field

from Eq. 2.13 [107] can be written as the following expression:

I(ω) = −
√

2π

∫ +∞

−∞
dτe−iωτ 〈E(~r, t)E∗(~r, t+ τ)〉 =

=
2πσ2

A

N〈s2〉E0
2√

v2(k
2ω2

f2
+ 1

4σ2 )
exp

(
− (ω − ω0)2

2v2(k
2ω2

f2
+ 1

4σ2 )

)
.

(2.14)

Equation 2.14 can be written as

I(ω) =
2πσ2

A

N〈s2〉E0
2

v/w0
exp

(
− (ω − ω0)2

2v2/w0
2

)
, (2.15)

where the spectrum depends on the frequency ω, and w0 = f/kσ is the waist of the laser

beam. The spectrum is a Gaussian function with peaks around the angular frequency of

the initial incident light. The amplitude and the full-width at half-maximum (FWHM)

depend on different parameters of the system, such as the velocity of the target and the

waist of the beam. These two parameters are the main variables that can be changed.

The peak is broadened proportionally to the velocity of the target. Simultaneously, the

FWHM of the peak is inversely proportional to the beam waist radius.

The FWHM describes a broadening of the spectrum:

∆ω =
√

2ln2v

√
k2ω2

f2
+

1

4σ2
. (2.16)

The broadening of the spectrum is directly proportional to the velocity of the illuminated

area, and is inversely proportional to the focusing length of the lens. It also depends on

the transverse size of the incident light. It is interesting to note that the spectrum is

broadened even if the laser beam is perpendicular to the surface, i.e. when the Doppler

shift is equal to 0.
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Figure 2.12: Geometry of the SM system for rotating disc experiments. The same
geometry is used for an analysis of the light scattered off the rotating disc. The light
from the laser diode is focused on the rotating disc at an angle α at a point with a

velocity v.

2.2.3 Spectrum of the Scattered Light from a Rotating Target when

the Target is at an Angle

The broadening of the spectrum means that additional components are added to the

spectrum. Effectively speaking, the additional frequency components are also Doppler

shifted. They appear due to the roughness of the surface, i.e. due to the 3-dimensional

properties of the surface.

Equation 2.15 is valid when a light beam is incident perpendicular to the target. A

similar equation can be derived when accounting for a non-zero angle between ~k and ~v.

The geometry of the self-mixing experiment in the case of a rotating target is shown

in Fig. 2.12, where ~k · ~v = kv cosα can be applied in Eq. 2.12 to calculate the field-

correlated function, and then for deriving the spectrum. This leads to a shift of the

main frequency ω0 of the light. When the light is perpendicular to the target, the

broadening appears due to the roughness of the surface in that plane. Hence in the case

of an inclined target, the broadening is no longer proportional to the total velocity, but

to the velocity component perpendicular to ~k, i.e. to v sinα in Fig. 2.12. In the general

case this can be defined as |~n× ~v|.
The time Fourier transformation of Eq. 2.12 then leads to a similar expression to

Eq. 2.15, however, with a difference in the central frequency of the spectrum:

I(ω) =
2πσ2

A

N〈s2〉E0
2

|~n× ~v|/w0
exp

(
− (ω − (ω0 + ~n · ~v))2

2(|~n× ~v|)2/w0
2

)
, (2.17)

or when α is the angle between vector ~n and vector ~v:

I(ω) =
2πσ2

A

N〈s2〉E0
2

v sinα/w0
exp

(
− (ω − (ω0 + kv cosα))2

2(v sinα)2/w0
2

)
. (2.18)

The integral in Eq. 2.12 stays the same. The integration over the illuminated area

A leads to the same dependence on the velocity, beam waist, etc. A perfect round spot
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Figure 2.13: Schematic arrangement for the fluid interaction with an LD for an SM
system, where r1 and r2 are reflection coefficients of the LD cavity, which has length of
l. Each particle i can be characterised with its own parameters such as its velocity ~vi,
reflectivity r3,i and is located at a distance lext i from the LD. The light scattered off

each particle can be characterised with an electromagnetic wave Ei.

corresponds to a light beam perpendicular to the target surface. When the target is

located at an angle, the spot of the beam on the surface is transformed from a circle

into an ellipse. This results in a different shape and size of the illuminated area A. As a

result, the integration limits change. Moreover, the velocity function becomes different

from a delta-function.

The spectrum of the scattered light is defined by Eq. 2.17 or 2.18. The optical

power of the SM signal oscillates with a frequency proportional to the Doppler shift in

the wavelength of the scattered/reflected light according to Eq. 1.42. Combining these

equations, the spectrum of the SM signal is equal to:

I(ω) = I0
1

v sinα/w0
exp

(
− (ω − 2v cosα/λ)2

2(v sinα)2/w0
2

)
. (2.19)

This equation can be used for calculation of spectra of the SM sensor signal, from which

the velocity can be found.

2.2.4 Self-Mixing Velocimeter: Flow Measurements

In the case of fluids, the shift in the frequency of the laser light in SM is based on

light scattering off discontinuities of a moving flow due to its optical properties. The

scattering process for liquid and gas targets is different compared to a solid target. For

a solid target the entire illuminated surface is moving whereas for liquids and gasses

scattering occurs off each individual particle. The power spectrum, see Eq. 1.34 or 1.39,

provides information about the scattered particles such as velocity along the laser light

axis. Moreover, the same SM signal can be used for measuring other properties of the

scattering particles within the liquids, such as their concentration and size [67].

Depending on the amount of particles in the scattering volume, the amount of scat-

tered light coupled back into the laser cavity depends on: 1) the scattering cross section,

and 2) the solid angle within the scattered light that can be collected by the laser sys-

tem. Generally, the amount of light scattered off small particles (as targets) and the

properties of that light depend on the refractive index of the seeders and surrounding

area, the size, shape and orientation of particles and the observation angle [3, 82].
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The equations, which were obtained for the SM signal for the general case, are valid

for fluids taking into account that every particle which the light scatters off is an ex-

ternal cavity, see Fig. 2.13. Assuming that the measured volume contains i scattering

particles which can be defined by their velocities ~vi and reflection coefficients r3,i, then

all parameters mentioned earlier will be different for each particle. These include such

parameters as coupling coefficients Ci, the modulation functions mi, etc. In this as-

sumption, Eq. 1.34 and 1.36 can be re-written as:

νF = ν0 −
∑
i

Ci
4πτDi

sin(2πνF iτDi + arctan(α)), (2.20)

PF = P0

(
1 +

∑
i

mi cos(2πνF iτDi)
)
. (2.21)

The resulting SM signal can be calculated by taking into account each contribution of

each scattering particle.

2.2.5 Signal Spectrum of Scattered Light from a Fluid

Analysis of the SM signal for velocity measurements indicates that the frequency of the

SM signal is proportional to the velocity of the target. In order to obtain the frequency

of the signal, it is necessary to calculate the spectrum. This is done by performing a fast

Fourier transformation of the signal. The spectrum of the SM signal gives information

about its frequency domain and hence the velocity of the measured target. Moreover,

the resulting spectrum is directly proportional to the spectrum of the light scattered

from the target.

Assuming that the Brownian motion of the moving particles can be neglected com-

pared to the velocity of the liquid and that the scattering particles follow the carrier

liquid closely, the scattered light is a superposition of the Gaussian spectrum of each

independent particle the light scatters off. However, the scattered light is not distributed

randomly over (0, π), as for a rough surface such as a ground glass or white paper, but

according to the differential scattering cross section of the scattering particles. Moreover,

the spectrum of SM signal should be proportional to the integral of the scattering cross

section over the illuminated area A, or illuminated volume V in the case of fluids, and

over the solid angle of the light coupling optics. Hence, the spectrum of the SM signal is

broadened in proportion to the maximum velocity of the fluid and to the distribution of

the velocities of the fluid within the illuminated area, which are weighted proportionally

to the intensity of the illuminating light. The scattering cross section function and light

coupling optics influence the amount of light coupled back into the cavity and therefore

the amplitude of the SM signal. The distribution of the velocities of the particles which

the light scatters off also leads to a further broadening of the spectrum.

For a liquid in a tube or a flow discharging into the atmosphere, the maximum

velocity is at the centre of the flow. The velocity of the particles decreases towards the

edge of the flow, with the velocity equal to zero at the face of the tube, according to
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Figure 2.14: Schematic representation of the interaction of the laser light with fluid
for two cases where the laser light is focused differently, illustrated in (a) and (c), and
their schematic spectra (b) and (d) of the self-mixing signal for liquid measurements
respectively. The distribution of the velocity across the fluid is shown at the bottom
of the pictures (a) and (c). The laser light is focused on particles with maximum
velocity. The spectrum of these components is presented by a dotted line on (b) and
(d). The grey-green solid line represents the noise background. (a) The laser light has
approximately an equal waist across the fluid, which means that all moving particles
are illuminated with an equal intensity of light. (b) In this case, the resulting spectrum
is the sum of the distribution of all velocities within the illuminated volume, which
leads to a very broad spectrum with a cut-off around the peak frequency. (c) When
the laser is focused onto a particular area, the highest contribution to the signal will
be from that area, with a smaller contribution originating from the unfocussed areas.
(d) The resulting spectrum has a peak at the frequency corresponding to that velocity.
The black dotted line corresponds to the spectrum of the particles with maximum
velocity where the laser light is focused. It is broader compared to (b), represented by
grey dotted line for comparison, due to a smaller waist of the laser beam. In the case
(d), the spectrum is broadened additionally due to the contribution of nearby particles

moving with different velocities.

Poiseuille’s law, see Fig. 2.14. Each group of particles moving with the same velocity

produces a spectrum with a dominant frequency. The resulting spectrum consists of

the weighted sum of all frequency contributions within the illuminated volume. The

individual components of the spectrum are broadened proportionally to the velocity of

the particles they represent and inversely proportional to the waist of the laser beam at

their location.
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In the case that the laser light is focused onto the target in a way that the width of

the laser spot is consistent across the measuring volume, see Fig. 2.14 (a), the intensity of

the light from the illuminated particles moving with the same velocity is equal. However,

the amplitude of the peak in the spectrum of scattered light reduces with the velocity

of the target according to Eq. 2.19. Figure 2.14 (b) schematically shows the spectrum

obtained in the case when moving particles contribute equally to the spectrum. The

maximum velocity of the fluids is at the cut-off slope of the resulting spectrum.

If the laser light is focused in such way that the light illuminates more intensely on

one particular area, see Fig. 2.14 (c), then the rest of the moving particles contribute to

the overall spectrum significantly less. As a result, the spectrum will have a peak at the

frequency corresponding to the velocity of the particles of the area where the light was

focused. The peak of the overall spectrum is broadened more compared to the rough

surface due to the contribution of the particles that move with different velocities and

close to the illuminated volume, see Fig. 2.14 (d).

Assuming that the laser beam was focused at the centre of the flow, the maximum

intensity will be from the particles moving with maximum velocities. If the light is

focused elsewhere, the spectrum will still have a peak at the frequency corresponding

to the velocity of the illuminated area. However the peak will be broadened even more

due to higher frequency components, which appear from light scattered off particles with

velocities higher than where the light is focused. This expands the main peak to the right.

The broadening of the spectrum from the particles moving with the same velocity is

shown in Fig. 2.14 (b) and Fig. 2.14 (d) according to the Gaussian distribution (Eq. 2.19).

2.2.6 Simulation (Model Application): the Influence of the Distribu-

tion of Velocities within the Measured Area

In the presented calculation and analysis, every photon scattered off the target was

assumed to have the same Doppler shift. However, due to the finite size of the laser

spot, different photons can have different Doppler shifts. The measured target can be

characterised with some distribution of velocities within the area of illumination.

Figure 2.14 illustrates the spectra that can be obtained. Effectively, the mathemati-

cal equivalent of the spectra is the integration of Eq. 2.17 or 2.19 over the distribution of

velocities ∆v within the measured volume/area and over the intensity of the laser spot

∆w0 within it:

I(ω) =

∫
∆v∆w0

I(ω, v, w0)dvdw0. (2.22)

Various targets may be characterised with different velocity distributions influencing

the obtained spectra. For example, the whole surface of a mirror on a translational stage

moves with the same velocity. The velocity distribution function is a delta-function.

Even when the laser spot has a finite size on the surface of the disc, each scattering

centre has the same velocity. Consequently, the width of the peak frequency is narrow.
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Figure 2.15: Schematic representation of the different velocities of the points on
the disc, which rotates around the z axis. When the laser spot is non point-like, the
scattering area can be characterised with a distribution of velocities. The laser spot
is represented by the red circle on the disc on the top left picture. The bottom-right
picture shows the distribution of the light intensity within the magnified laser spot.
The top-right picture represents the distribution of the velocities within the laser spot.
Green color shows the smallest value of the velocity, and dark red color indicates the
maximum velocity. The velocity vector is tangential to the arc, which is shown on the

bottom-right picture. The surface of the disc is located in the plane (x, y).

In contrast, every point on a rotating disc moves at different tangential velocities,

see Fig. 2.15. The motion of the rotating disc can be characterised by the rotation

speed, which is given in units of revolutions per second, ν. The tangential velocity is

perpendicular to the diameter of the disc at each point and it is at a tangent to the

circle. The tangential velocity v at the point of radius R is v = ωR, where ω is equal

to 2πν. Equal velocities are located on an arc of the same radius, and the velocity vector

is tangential to the arc. When the laser spot has a finite size r, the illuminated area

has different velocities within the laser spot leading to a distribution of the velocity, see

top right picture in Fig. 2.15. Moreover, the distribution of the intensity of the light

within the laser spot follows a Gaussian function with the maximum at the centre of

the spot, see the bottom-left picture in Fig. 2.15. On top of that, a different number of

points within the laser spot has the same velocity. That means velocities contribute to

the overall spectrum differently. For example, the highest (red) and the lowest (green)

velocities contribute the least to the spectrum for two reasons. Firstly, the points with

such velocities are only on the edge of the laser spot; and, secondly, the intensity of the

laser light is minimum at these points.

The overall spectrum can be obtained accounting for both distributions of the veloci-

ties and of the intensity in Eq. 2.19. The overall spectrum of the signal has a distribution

of frequencies, which correspond to the velocity distribution.
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Figure 2.16: Simulated spectra, based on Eq. 2.19, where the distribution of the
velocity within the measured area is accounted for. The black line is a superposition of
the spectra obtained from light scattering off particles with different velocities, which are
represented by lines under the overall spectra. The parameters used for the simulations

are presented in Table 2.1: a) α = 70◦; b) α = 40◦.

Table 2.1: Parameters used in the simulation of the spectrum in Fig. 2.16.

Parameter name Value

Laser wavelength λ = 650 nm
Angle between optical axis and velocity direction α = 70◦;α = 40◦

Spot size radius r = 20 µm
Velocity of the target 2.136 - 2.236 m/s

To obtain a non-zero velocity vector projection on the laser beam axis, the laser is

turned by an angle α. The laser light propagation vector is perpendicular to the y axis,

see Figs. 2.12 and 2.15. The laser light is turned by an angle α with respect to the z

plane. Only the velocity vector component along x axis gives a projection on the laser

axis, hence the light is focused along the x axis. All points with component on the y axis

have another angle with respect to the unit vector of light propagation, see Fig. 2.15.

The simulation of the spectra can be obtained for the light scattering off the rotating

disc. Assuming that the distribution of the intensity within the laser spot is constant, the

resulting spectrum can be obtained by integrating Eq. 2.19 over the velocity distribution.

The results of the simulations are presented in Fig. 2.16. The simulation parameters are

listed in Table 2.1. The spectra on the plots are symmetrical because the distribution

of the velocity within the illuminated area is equal to a delta-function.

For a laminar flow, the velocity profile in a channel is parabolic. The velocity within

the fluid in a pipe varies from zero at the wall to a maximum value at the centre of

the pipe, following Poiseuille’s law. As the flow discharges from the nozzle, the velocity

distribution follows the same law. However, the velocity at the edge has a minimum

value, which can be defined by considering the properties of the system. Both cases are

demonstrated in Fig. 2.14.

The simulation parameters for laminar flow are listed in Table 2.2 and the results

are shown in Fig. 2.17. It is assumed that the laser beam is focused such that its
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area is consistent across the measuring volume, i.e. the waist of the beam is constant

for all contributions. The simulations include dark current noise on the main plots.

For each case, the inserts show the resulting spectra of the simulations with the same

parameters without the noise. The same results can be obtained when the frequencies

that correspond to the velocities are shifted away from the noise spectrum. The spectra

are scaled for better visualisation. The influence of the velocity distribution can be seen

in the simulations. The shape of the spectrum varies dramatically depending on the

range of the velocities included in the calculation (or experiment). The higher velocities

contribute less to the amplitude since the amplitude reduces with increasing velocity.

The main conclusion from these simulations is that the frequency at the maximum

amplitude of the peak does not necessarily correspond to the maximum velocity within

the measured volume. Moreover, information about the velocity distribution can be

obtained from the shape of the spectrum.

Figure 2.17 (a) demonstrates how a relatively small distribution of the velocity

(0.5 m/s - 0.6 m/s) leads to a symmetrical shape of the spectrum. This can be fit-

ted to a Gaussian function with the peak corresponding to the average velocity within

the range of velocities. It is further evidenced from the inserts that the peak of the

resulting spectrum can be shifted depending on the contributions from each velocity

component.

Figure 2.17 (b) demonstrates simulation results when the velocities are within the

range of 0.4 m/s - 0.6 m/s. The shape of the resulting spectrum becomes an asymmetrical

Gaussian function with a steeper slope towards the minimum velocity since it contributes

more to the spectrum.

For the wider distribution of the velocities within 0.3 - 0.6 m/s, the overall spectrum

is disturbed such that resolving the beginning of the range of the velocities within the

peak is difficult as shown in Fig. 2.18 (a). This effect appears also when the value of the

frequency, which corresponds to the minimum velocity within the measured volume, is

closer to the noise spectrum.

Figure 2.18 (b) is an example of when the maximum peak cannot be distinguished at

all. This is due to the wider distribution of the velocities leading to an overall spectrum

in the shape of a plateau with a cut-off frequency. The maximum velocity approximately

corresponds to the frequency measured at half the maximum of the slope. The same

principle can be applied to results from Fig. 2.14 (b,c).

The inserts in Fig 2.17 and 2.18 show the evolution of the resulting spectra when the

range of the velocities within the measured volume increases. The spectrum becomes

more asymmetrical and more disturbed from the Gaussian function.

2.2.7 Model Application: the Influence of the Waist Beam Size within

the Measuring Area on the Spectrum

The light beam profile from a laser in free space can be approximated by a Gaussian. A

mathematical expression of the complex electric field amplitude can be found by solving



Chapter 2. Laser Light Scattering for Self-Mixing Sensor 59

Figure 2.17: Calculation of the spectrum of the light scattered off the target when
the velocity has a distribution, instead of being a delta-function. The parameters
used in the simulation are presented in Table 2.2. The velocity is distributed as follows:
a) 0.5 - 0.6 m/s, and b) 0.4 - 0.6 m/s. The results of the simulation show that the overall
spectrum is influenced by all velocities. The results are shown when dark current noise
was included in the main plots, and without noises in the inserts. The last results are
valid for experiments when the peak frequency is shifted away from the spectrum of

the noise.
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Figure 2.18: Calculation of the spectrum of the light scattered off the target when
the velocity has a distribution, instead of being a delta-function. The parameters
used in the simulation are presented in Table 2.2. The velocity is distributed as follows:
a) 0.3 - 0.6 m/s, and b) 0.2 - 0.6 m/s. The results of the simulation show that the overall
spectrum is influenced by all velocities. The results are shown when dark current noise
was included in the main plots, and without noises in the inserts. The last results are
valid for experiments when the peak frequency is shifted away from the spectrum of

the noise.
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Table 2.2: Parameters of the system used for the simulation presented
in Fig. 2.17 and 2.18.

Parameter name Value

Laser wavelength λ = 650 nm
Angle between optical axis and velocity direction α = 70◦

Spot size radius r = 2 µm

Figure 2.19: Schematic interpretation of the interaction of a laser beam with a Gaus-
sian distribution incident on moving particles within a fluid, shown in red. The light
is focused on the centre of the fluid channel. The blue coloured particles represent
the ones which give a contribution to the SM signal. The light blue coloured particles
are within the laser path, however, their contributions are assumed to be insignificant.
The grey coloured particles are out of the sensing area. The particles which give a
contribution are located within the depth of focus. The distribution of the velocities
(bottom part of the figure) of the particles within the illuminated volume depends on
the angle α between the laser axis and the velocity vector. A dotted vector shows the

velocity of particles where the light is focused.

the paraxial Helmholtz equation [1], yielding:

E(r, z) = E0
w0

w(z)
exp

(
− r2

w(z)
− ikz − ikr2

2R(z)

)
. (2.23)

Here r is the radial distance from the centred axis of the beam, z is the axial distance from

the beam’s narrowest point (the “waist”), E0 = |E(0, 0)| is the electric field amplitude

at the origin at the time 0, w(z) is the radius at which the field amplitudes drop to

1/e of their axial values at the plane z, w0 = w(0) is the beam waist size and R(z) is

the radius of curvature of the beam’s wavefront. The field’s time dependence factor has

been suppressed in the above expression.

The schematic interpretation of the interaction of the focused laser beam with a fluid

channel is shown in Fig. 2.19. If the laser beam (red) is focused at the centre of the flow

channel, some particles out of the laser focus (light blue colour) can still contribute to

the signal since they also scatter some portion of light. The particles which are marked

with a bright blue colour contribute the most to the overall spectrum.

The amplitude of the scattered spectrum is inversely proportional to the velocity

of the target and proportional to the beam waist radius, see Eq. 2.19. However, it
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is proportional to the cross section of the initial light beam, i.e. before the lens, and

inversely proportional to the illuminated area of the target. The illuminated area can

be calculated from the beam radius w(z):

A = πw(z)2 = πw2
0

(
1 +

( z
zR

)2)
, (2.24)

where zR is the Rayleigh length and is equal to:

zR =
πw2

0

λ
. (2.25)

The divergence of the beam is equal to:

θD ∼=
λ

πw0
. (2.26)

Assuming that the target is located at a distance z, which is very close to the focus

plane, i.e. z << 2zR (within the depth of the focus), then the spectrum of the scattered

light can be written as:

I(ω) =
2πσ2

πw2
0

(
1 +

(
z
zR

)2)N〈s2〉E0
2

v/w0
exp

(
− (ω − ω0)2

2v2/w0
2

)
∝

1

vw0
exp

(
− (ω − ω0)2

2v2/w0
2

)
.

(2.27)

An important fact to note is that the Gaussian peak and its broadening are inde-

pendent of the distance, z, to the object. The amplitude of the scattered light increases

with decreasing size of the beam waist. The amplitude increases with an increase in

the amount of scattered centres and their roughness (N〈s2〉 component). However, even

though there is a clear dependence of the amplitude on the distance z, when the target

is located close enough to the focus point, i.e. within the depth of the focus 2zR, the

amplitude of the scattered light does not vary much. This is a promising result for the

alignment and adjustment of the system for measurements.

Assuming that the illuminated volume or measured volume is within the optical

density, which has an optical intensity higher than 1/e2 of the peak intensity, the radius

varies from w0 to
√

2w0 within the depth of focus 2zR. In this approximation, only those

particles which travel within the illuminated volume contribute to the SM signal. The

measured volume is centred on the focus plane of the beam. The schematic interpretation

of the laser beam incident on the fluid with the particles within the fluid is presented

in Fig. 2.19. Ideally, the light is focused on the central part of the flow channel, which

is marked with blue scattering particles. The light blue coloured particles are still on

the laser path, however, their contributions are assumed to be insignificant. The grey

coloured particles are out of the sensing area and therefore do not contribute to the

overall spectrum. The amount of particles, which interact with light, depends on the

geometry of the system, especially on the angle α between the direction of movement,
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see the velocity vector in Fig. 2.19, and the laser axis. This leads to a distribution of

velocities within the overall spectrum, since each particle has a different velocity.

2.3 Conclusion

The working principle behind an SM velocimeter is that light backscattered from a

target is coupled back into the laser cavity where the initial light mixes with it. The

operation of the SM sensor is strongly dependent on the level of light coupled back into

the laser cavity. The amount of backscattered light can be calculated based on scattering

theory leading to different results depending on the properties of the scattering object.

A solid target is assumed to scatter light uniformly in all directions within the solid

angle (0, π). In contrast, the scattered intensity of light obtained from fluids has an

angular distribution, which depends not only on the wavelength and optical properties

of scattering centres, but on their size as well.

In this chapter I have presented the theoretical background which will be the basis

of the rest of the work presented in this thesis. This includes a detailed study into the

performance of an SM sensor, when applied to solid targets and to water flows seeded

with additional particles. Firstly, theoretical studies and simulations into different seed-

ing particles were aimed on improving the level of feedback for the SM effect in the

case of flows. Secondly, since any kind of flow has particles off which light scatters, this

comprehensive study can lead to a greater understanding when an SM sensor is applied

to flow targets such as other liquids or gases.

To achieve these goals I needed to develop a scattering theory based on Mie theory

to understand the behaviour of the SM sensor when applied to different targets. I

therefore derived general formulas for scattered spectra for random geometries and for

any kind of object, which had previously never been done before. Previous theories

only included the case of the laser light at normal angle with respect to a rotating

disc. The theory developed in this chapter has demonstrated that the light, which is

backscattered from any type of target for both solid and fluid flows, is not just shifted

by a frequency proportional to the target velocity, but rather the properties of the entire

overall spectrum, such as its peak, the FWHM and its amplitude, are also influenced.

Solid targets, such as mirrors and rotating discs, are assumed to be characterised with a

velocity distribution function close to a delta function. The overall expected spectrum for

this case was found to have a clear peak in the frequency domain. The expected overall

spectra for fluids were calculated as well, showing the influence of different parameters on

the results. These influences included parameters such as the distribution of velocities,

and also the laser parameters. Moreover, assuming that fluids have a distribution of

velocities within the illuminated area, this distribution strongly affects the overall spectra

resulting in their different shapes. Simulations, based on this theory, have shown how the

shape can vary, and one spectrum can not only provide information about the average

velocity of the fluid, but leads to a full characterisation of the distribution of velocities
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of the measured particles. It demonstrates the potential of the SM sensor when applied

to fluids. Experimental studies of both investigations and a comparison with the theory,

developed in this chapter, will be demonstrated in Chapters 3 and 4.



Chapter 3

Application of the Self-Mixing

Technique to Solid Targets

In this chapter an overview of different parameters and the sources of possible limitations

for SM sensor applications are given together with a characterisation of lasers to be used

and ways to detect an SM signal. The set-up for the investigation of fast moving solid

targets is shown with a discussion over the accuracy and precision which can be obtained

for different geometries and solid objects. Experimental results from measurements with

different solid targets, including a mirror and white paper target in different geometries,

are presented for different SM regimes, followed by displacements and velocity measure-

ments. The targets include a translational stage and a rotating disc, and application of

650 nm and 1550 nm lasers were studied, up to the limitation of the electronics used.

The analysis of different parameters which can influence the performance of the sensor

are also presented. These include: sources of possible limitation from the measurement

set-up, bandwidth of the lasers, reflectivity of the measured targets, level of feedback

from the target, velocity magnitude, and the angle between the laser axis and the target

surface axis. The analysis contains both experimental results and simulations of spectra

obtained for different parameters of the experiments.

3.1 Light Sources for Self-Mixing Measurements

3.1.1 Introduction

The main advantages of the self-mixing scheme, with respect to traditional interferome-

try, can be listed as follows: the possibility of unambiguous measurements from a single

interferometric channel; applicability to use rough surfaces instead of mirrors through

diffusion rather than reflection; compactness of the set-up; much lower cost; and ease

of alignment. While the first two advantages constitute a breakthrough in interferom-

etry from a more scientific point of view, the last three are of the utmost interest for

technological applications.

65
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Table 3.1: Influence of different parts of an SM sensor on the limitation of measurable
velocities.

The parts of self-mixing sensor Possible sources of limitation

Laser Oscillation frequency
Emission bandwidth

SM technique Level of feedback from the target
The backscattered light spectrum

Detection items Their bandwidth
(photodiode, photoreceiver, amplifier) Quantum efficiency

An SM system consists of several parts, each of which influences its performance,

and, in particular, dictates the limits on the measurable velocities. The sources of these

possible limiting factors are listed in Table 3.1. Previously, only small velocities, for the

case of SM velocimetry sensors applied to fluids, were studied, as previously discussed.

While SM sensors have never been applied to gas jets, this thesis attempts to investigate

this possibility. Velocities of gas jets are much higher than applications where SM sensors

have previously been applied. Therefore, the properties of the laser sensor, and all of its

parts, should be adequate to achieve the aims of the measurements.

It is important to choose a suitable laser for SM measurements. The LD employed for

measurements should have a high sensitivity and small beam divergence. A discussion

of different laser systems was given in Chapter 2, which includes a review of the lasers

used for SM measurements (see Table 1.3).

The possible limiting factors, as listed in Table 3.1, are as follows:

1. The SM method implies that the laser itself responds to the external excita-

tion with a frequency proportional to the velocity of the target, i.e. the frequency of

the Doppler shift. The laser can respond only to a frequency which does not exceed

its oscillation frequency. Additionally, the frequency can be amplified only within the

bandwidth of the emission of the laser.

2. The SM technique can only work at certain levels of feedback from the target

(I/I0 > 10−12 [89]). Moreover, the spectrum of the backscattered light depends on the

velocity of the target as well as other parameters of the target (see Chapter 2).

3. The detection items (photodiode, photoreceiver, amplifier) are crucial components

of any light dependent sensor, and they only work within a certain bandwidth and with

a specific quantum efficiency.

Through the experiments presented here, the effects of all these parameters are

discussed in detail for specific cases. The effects from the level of feedback on the shape

of the SM signal and its amplitude were presented in Chapter 1. The effects from the

target velocity and laser parameters on the spectrum of the SM signal were presented

in Chapter 2.
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3.1.2 Optical Bandwidth Measurements

Optical bandwidth values may be specified in terms of frequency or wavelength. To

convert a wavelength interval ∆λ into a frequency interval ∆ν, the following equation

is used:

∆ν =
c∆λ

λ2
. (3.1)

For laser characterisation and investigations on the limiting factors, emission spectra

were measured with an optical spectrum analyser (AQ6370Z). For measurements, the

laser was coupled into the analyser using different fibres. A single-mode fibre with a

9 µm diameter core and a multi-mode fibre with a 250 µm diameter core were used. The

lasers under consideration were:

1. A series of lasers with wavelengths in the range of 635 - 650 nm were characterised.

These measurements demonstrated that the laser bandwidth was less than 400 MHz.

The resolution of the optical spectrum analyser did not allow the bandwidth to be

determined more precisely. However, velocities of up to 200 m/s can still be measured

given a 400 MHz bandwidth.

2. The second type of tested lasers was a DFB (distributed feedback) laser with

a wavelength of 1550 nm [108] (PL15N0021FCA-0-0-.5 laser from Laser Components).

The measured spectrum is shown in Fig. 3.1 and 3.2, and the output power distribution

as a function of wavelength is shown in Fig. 1.5. The wavelength bandwidth varies with

injection current. In the case of emission at 10 mA, which is close to the threshold

current (Ith = 9.8 mA), the wavelength and bandwidth are 1538.88 nm and 0.13 nm

respectively, which leads to a frequency bandwidth of 16.7 GHz. The central wavelength

and bandwidth were found by fitting the spectrum of the laser output with a Lorenz

function, see inset of Fig. 3.1. The structure of the emission spectra demonstrates that

the laser is a DFB laser, which can be concluded by comparing the schematic intensity

distribution in Fig. 1.6 with the experimental intensity distribution in Fig. 3.1. The

measured spectrum has a clear peak, a stop bandwidth of 295.6 GHz, a separation

between modes of 139 GHz, and the length of the cavity is 1.08 mm.

The emission wavelength and bandwidth of the laser change with the injection cur-

rent, see Fig. 3.2 and 1.5. At high injection currents the output spectrum is no longer

smooth as oscillations are observed within the bandwidth. For example as in Fig 3.1, at

30 mA the bandwidth is 60.8 GHz at a wavelength of 1539.266 nm, and the emission peak

has spikes across the main peak, which is no longer Lorenzian. The resulting oscillation

(or beating) of the output spectrum from an SM sensor has a well-defined frequency of

the Doppler shift. When using an LD with unpredictable and non-linear oscillations in

the emission spectrum, the detection of the oscillations of the output spectrum of the SM

signal is difficult to achieve. For example, when the laser is operated at a current much

higher than the threshold, the operation of the SM sensor is hard to predict. Conversely,

at an injection current which is slightly above the threshold current, up to 15 mA in the

case of this laser, the shape of the spectrum is almost Lorenzian. This allows a smooth
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Figure 3.1: Measured spectrum of a DFB laser diode operating at 1538.9 nm (peak
wavelength at room temperature) with operational current I = 10 mA. The shape of
the emission spectra demonstrates that it is a DFB laser, see Fig. 1.6, as it displays a
clear stop band. The inset shows the details of the peak wavelength at which the laser

operates.
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Figure 3.2: Measured spectrum of the diode laser at 1539 nm at different currents
showing the characteristics of the DFB laser. The deformation of the shape of the laser
emission line demonstrates the red-shift of the wavelength with increasing injection
current. The inset shows the change of the shape of the laser line in detail as the laser
injection current is varied, which is presented in different colours, see labels on the

right.

response of the SM sensor to be observed. Furthermore, the relatively high bandwidth

guarantees the frequency response of the laser to the external excitation with a wide

range of frequencies. For example, the bandwidth of the DFB laser PL15N0021FCA-0-

0-.5 varies from 16.7 GHz (at 10 mA) to 31.6 GHz (at 15 mA). This laser allows a wide

range of velocities, of up to 2,000 m/s, to be detected.

3. The third and final laser tested was a Multiple Quantum Well (MQW) InGaAsP
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Figure 3.3: Measured spectra with an offset on the y-axis (curves shifted for clarity)
of MQW InGaAsP LD above the threshold lasing condition (1.1·Ith - 9.0·Ith) at room
temperature. The plots demonstrate the typical behaviour of FP lasers with a number

of longitudinal modes and a shift in lasing wavelength with injection current.

FP laser with a wavelength in the range of 1550 - 1580 nm which has demonstrated a

potentially promising bandwidth up to 1.5 GHz. Its spectrum was measured at different

currents above the threshold condition (1.1·Ith - 9.0·Ith), using an optical spectrum

analyser with a wavelength resolution of 0.05 nm. The obtained spectra are shown in

Fig. 3.3, where they are presented with an offset in the y-axis to demonstrate the shift in

lasing wavelength. The stepwise red-shift of approximately 15 nm of the peak wavelength

with increasing injection current is typical for FP lasers. The main advantage of the

MQW InGaAsP FP laser is its high bandwidth. The drawback of the laser can be seen

from its emission spectra, see Fig. 3.3. The main frequency of the spectrum can hop

between modes, see the schematic spectra for FP lasers in Fig. 1.6.

Figure 3.4 shows one emission spectrum of the MQW InGaAsP laser which was

obtained at room temperature at 1.8·Ith. The spectrum represents the typical charac-

teristics of an FP cavity. During the emission, the main wavelength of the laser hops

between different modes, the main three of which are highlighted in yellow in the in-

set of Fig. 3.4. The linewidth of the laser emission varies from 0.18 nm to 0.22 nm

for 1551.75 nm and 1557.32 nm which leads to a frequency bandwidth of 22 - 27 GHz

according to Eq. 3.1.

If the emission spectrum of the laser stays stable during the measurement, it can be

used in an SM sensor. However, it is not certain that the laser will emit on that exact

wavelength. This can lead to an inaccuracy of the measurement. The sensitivity of DFB

lasers are higher than FP types of lasers for the specific coupling coefficient and cavity

length values [22].
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Figure 3.4: The emission spectrum of the laser at room temperature at 1.8·Ith, with
spikes at different wavelengths. The inset represents the lasing wavelength with three
main peaks between which the laser wavelength hops. The numbers at the top give
information of the wavelength λ and the bandwidth ω (in nm) obtained by Lorenzian

fitting.

For the majority of the results presented in this thesis, the SM experiments were

performed using an LD with 650 nm wavelength (L650P007) on a single longitudinal

mode with a power of less than 5 mW, and driven by a constant current just above the

threshold current. This laser was chosen as it is one of the most commonly used lasers

for displacement and vibration measurements, so it has proven itself to work with the

SM technique [39, 42, 109, 110]. The DFB laser of 1.55 µm was also tested as it is easier

to use at accelerator-related facilities; these results are also presented in this chapter.

3.1.3 Detection Schemes in the Self-Mixing Technique

The SM effect influences both the power and the frequency spectrum of the laser. The

external influence of the coupled-back light causes changes in the laser power and thresh-

old gain. This is a result of the light interference, which is formed inside the active laser

medium. The SM effect can be detected as a change in the power. The resulting power

exhibits a beating (see Eq. 1.39) with a frequency proportional to the difference between

the frequencies of the initial light and the backscattered light. This difference is effec-

tively equal to a Doppler shift. At the same time, the laser emits light at a slightly

changed wavelength (see Eq. 1.35) as a result of the SM effect. This change in the

wavelength, however, is very difficult to detect without expensive equipment for high

resolution wavelength measurements. The easiest way to detect the SM effect is to mea-

sure the output power oscillations. This measurements can be made in three different

ways:

1. Photodiode monitoring. The variation of the output power can be detected using

a photodiode (PD). Depending on the LD, the PD can be part of the laser package,

otherwise the light has to be detected by an external PD. When the PD is a part of
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the LD package, it is used for monitoring the laser power stability. The PD detects the

reflected laser beam. As a result, the PD can also detect the SM signal oscillating at a

Doppler frequency. Very weak changes in photocurrent can be amplified by a broadband

transimpedance amplifier and used for the detection of output power oscillations.

2. Injection voltage detection (automatic detection). As a result of the SM effect,

the driving current of the laser changes, hence the terminal voltage also changes. These

variations can be directly measured [40, 45].

3. Antenna detection. This method is widely used for the detection of waves in the

THz regime. It is based on the change in conductivity of a dipole antenna [111]. The

same principle can be used for SM detection. The antenna can be placed outside the

active medium of the laser, and the electric charge can be induced on the antenna as

a result of the oscillation caused by the SM effect within the active medium. However,

this technique has not previously been used for SM detection.

The automatic detection and the PD-based methods were compared, and the results

were the same [45]. Therefore, preference was given to the PD detection method due to

its simplicity [45]. Together with the PD-based method, the current detection should

be very useful for higher velocities, when the Doppler frequency shift is far away from

the spectrum corresponding to dark current noise.

As mentioned earlier, one of the main limitations on the performance of the system is

the bandwidth of the detecting elements. If an LD is chosen as a light source, the built-in

PD is usually part of the LD package. The built-in PD operates as a current detector to

control the injection current. The PD is responsible for the power stability of the LD.

The SM sensor can be designed in such a way that the current detector (PD) is used

to obtain the SM signal itself. However, the limitation on the detectable frequency is

dictated by the bandwidth of not only the laser and the PD, but of the transimpedance

amplifier as well. The transimpedance amplifier converts the current from the PD into

a voltage and then amplifies it. There are some commercially available transimpedance

amplifiers, but the equipment is more expensive for bandwidths higher than 100 MHz. A

photodetector with a high bandwidth can be used instead of a transimpedance amplifier.

This adds some advantages, such as the possibility to use additional lasers to amplify

the signal, increased flexibility in location of the system, and the possibility to use fibre

optics. However, the price of these detectors is still quite high. Alternatively, custom-

designed electronics can be used, and possible solutions are as follows:

1. If the beating frequency of the SM signal can be fixed to a known value, then

the detection and amplification can be easier. A specially made circuit board or a

transimpedance amplifier of lower than GHz bandwidth can be used for this purpose.

In order to obtain an SM signal at a fixed frequency, a modification of the system using

an additional laser (slave laser) as a reference point must be used.

The additional laser must have the same wavelength as the source-laser and its

temperature and current must be precisely controlled. When the master laser (where the

SM effect appears) is used for measurement, the beating of the voltage is proportional to



Chapter 3. Application of the Self-Mixing Technique 72

the Doppler shift. By adding a slave laser, and by adjusting the current (or temperature)

of the slave laser, a beating between the slave and master laser wavelength also appears.

When the SM frequency is the same as the beating frequency of the two lasers, and the

system detects an increased beating due to the resonance, the shift in frequency can

be determined from the wavelength of the slave laser, and not by direct measurement

with an oscilloscope. The value of the current (or temperature) allows the difference

in frequency with respect to the initial source-laser frequency to be calculated. A fixed

frequency can be detected using filters and an integrator; the changeable and detectable

factor is the frequency of the slave laser, so the exact peak will be detected as soon as

there is a match between the two.

2. Another way to improve the system is to use an additional laser, if the light is

delivered to an external photodetector. For example, in the case of using fibre optics,

laser light can only easily be added at the last stage before the photodetector. Additional

laser light of well-known frequency (wavelength) can, therefore, increase the level of the

signal which is detected by the receiver.

3.2 Application of Self-Mixing Technique to Solid Targets

3.2.1 Set-up Description

The SM technique can be applied using different lasers. The properties of both the target

and the laser itself need to be correctly taken into account in order to fully understand

the overall signal.

Since SM is a sensitive technique, a detailed investigation into the technique had

to be performed. Different targets were first studied to gain a better understanding of

the working principle and how it may be applied to different targets. The following

subsections will cover experiments where the SM method was applied to solid targets:

1. Study of different regimes of SM.

2. Variation of velocity and distance.

3. Investigations into scattering targets (see Fig. 3.5):

3i. A mirror with a 92% reflectivity on a translational stage.

3ii. White paper on a translational stage.

3iii. A rotating disc.

The SM sensor is based on an LD of 650 nm wavelength (L650P007) with a power

of less than 5 mW, driven by a constant current. Schematic of the experimental set-

up is presented in Fig. 3.5. The light from the LD of 650 nm is focused by means

of multiple lenses with a numerical aperture (NA) of 0.26 onto a target. Light then

scatters off the target and is coupled back into the laser cavity, leading to an SM effect.

A signal is produced by a built-in PD, amplified and converted into a voltage signal by

a transimpedance amplifier by Femto, DHPCA 100 [112].

The right-hand part of Fig. 3.5 demonstrates the projection of the velocity on the

laser axis in different experimental set-ups. Only the velocity component along the laser
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Figure 3.5: Illustration of the layout of the experiments on the left side, and a
schematic illustration of the projection of the velocity on the laser axis for each case on
the right side. Two experimental set-ups were established for testing the SM velocimetry
technique: (a) a translation stage and (b) a rotating disc. The translation stage (a)
moves the target (mirror or white paper) towards and away from the laser, as a result,
the scattered light has a Doppler shift proportional to the velocity vector in the direction
of movement. In the case of rotating disc (b) covered with white paper, the direction of
the rotation defines the direction of the velocity vector relating to the laser axis. The
projection of the velocity vector on the laser axis is dependant on the incident angle α.

light axis interacts with the laser light. The translational stage, with a diffusive surface

mounted on it, allowed additional experiments to be performed to study the effect of

the angle on the signal. However, most experiments regarding angle variation were

performed using the set-up with a rotating disc.

The translational stage (Fig. 3.5 (a)), which was used for experiments, allowed both

the distance (up to 30 cm with a step size of 100 µm) and the velocity of the stage

(1 mm/s - 10 cm/s) to be controlled. These parameters were known with high precision

and served as a benchmark for the data obtained using the SM sensor. A rotating

disc (Fig. 3.5 (b)) allows high velocities to be reached without changing the distance

between the SM sensor and the target. Studies into the influence of the angle are easy

to perform in such a set-up. However, this set-up resulted in some complications, which

will be discussed later.

3.2.2 Signal Processing for Velocity Measurements

The principle of obtaining the velocity of the target from the SM signal is based on

the measurement of the Doppler shift, which is the beating frequency of the signal. As



Chapter 3. Application of the Self-Mixing Technique 74

previously shown, if the target moves with a constant velocity, the spectrum of the SM

signal has a peak in the frequency domain, which is proportional to the velocity. The

property of the target, however, can influence the spectrum. The peak frequency might

be widened and even shifted, depending on the distribution of the velocity within the

measured area. The main principle of signal processing remains the same: to calculate

the spectrum of the signal.

A program written in MatLab was used for data analysis and signal processing to

calculate the spectrum, and then to extract the peak frequency. The basic idea is as

follows. Based on the collected experimental data, a Fast Fourier Transformation (FFT)

of the signal is performed, the peak of the spectrum is extracted from a fit using, for

example, a Gaussian distribution. The result can then be presented by the value of the

peak and the velocity, which can be calculated taking into the account the wavelength

of the laser. Alternatively, the spectrum can be analysed in more detail if additional

information is needed.

The spectrum of the signal is calculated by performing an FFT of the SM signal.

Since the measurements are obtained from the oscilloscope, they have discrete values.

The Discrete Fourier transformation (DFT) produces frequency domain components in

discrete values or bins. FFT is an optimised implementation of DFT. The real signal

always has a finite set of data. A Fourier Transformation (FT) is based on the assumption

that the signal for the calculation is infinite, and the FT calculates the frequencies of

the sine or cosine components of the signal [113]. The FFT works in a way that the

infinite signal for the calculation is achieved by copying the signal itself. The actual

FFT assumes there is a finite data set with a continuous spectrum that is one period

of a periodic signal. For the FFT, both the time domain and the frequency domain are

circular topologies, so the two endpoints of the time waveform are interpreted as though

they were connected together.

As a result, two different cases can appear, see Fig. 3.6:

1. When the measured signal is periodic and has an integer number of periods within

the acquisition time interval, the FFT works correctly as it matches this assumption. The

spectrum has only one frequency, corresponding to the actual frequency, see Fig. 3.6 (a).

2. In any other case, the measured signal is not an integer number of periods,

so the endpoints are discontinuous. These artificial discontinuities appear in an FFT

as additional frequency components not present in the original signal. Therefore, the

spectrum obtained using an FFT is not the actual spectrum of the original signal, but a

smeared version, which leads to a spreading of the fine spectral lines into wider signals,

see Fig. 3.6 (b).

Different windows (Rectangular, Hamming, Hanning, Blackman, etc. [114]) are used

for smoothing the overlapping interval of neighbouring data sequences. Windowing

consists of multiplying the time record by a finite-length window with an amplitude

that varies smoothly and gradually toward zero at the edges. This makes the endpoints

of the waveform meet and, therefore, results in a continuous waveform without sharp
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Figure 3.6: Two types of real signals (top plots), which can appear during exper-
iments. An FFT can be used to obtain their spectra (bottom plots). The figure
demonstrates the influence on the spectra when an FFT performed on the periodic
sinusoidal signal with only one frequency in the original data. (a) When the signal has
an integer number of periods within the acquisition time interval. The resulting FFT
calculation gives only one true frequency in the spectrum. (b) In any other case, FFT
calculation adds many frequency components due to a discontinuity at the endpoints.

The resulting spectrum is different from the true spectrum [113, 114].

transitions. This leads to two main results. Firstly, as soon as the analysed signal

is not a sine or a cosine function, the additional frequencies appear in the spectrum.

To overcome this effect, window functions are usually applied to the signal. Secondly,

a window function disturbs the original signal, since window functions also have their

own spectra. Therefore, the resulting spectrum is a multiplication of two spectra: the

original one and the one from the window function. There is no universal approach for

selecting a window function. In general, the Hanning window is satisfactory in 95% of

cases [114], but it is advised to compare the performance of different windows for specific

applications.

3.3 Application of the Self-Mixing Technique to a Trans-

lational Stage

3.3.1 Different Regimes of the Self-Mixing Signal

The main application of the SM technique is to measure vibrations or small changes in

the position of an object under study. A small displacement of the target leads to an

easily identifiable signal, such as a sawtooth-like type of signal, see Chapter 1. The dif-

ferent regimes, which can be defined from the shape of the signal, depend on the amount

of light coupled back into the laser cavity. For the first set of experiments presented

in this section, different regimes of the SM signal were studied whilst investigating the

influence of the distance between the laser and the object.

For the experiment, a mirror was located on a translational stage moving with a

well-known velocity. The system is shown in Fig. 3.7. A plane mirror was chosen as a

target since it allows a stable moderate signal without speckle effect to be obtained. The
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Figure 3.7: The SM set-up used for the first experiments with the mirror located on
a translation stage as a target.

Figure 3.8: First experimental results obtained from the SM set-up. The signals are
periodical, and their period correspond to the respective velocity of the target. However,
they are far from the signals which are expected from the SM technique, i.e. sawtooth-
like or sinusoidal shape. Despite the signals not looking like the theoretical ones, the
frequency of the beating can still be defined with lower resolution compared to the ideal

SM signals. Furthermore, those signals can be used for displacement measurement.

utilisation of the sensor was limited in this case, however, it was practical for studying

the effect. Moreover, using different density filters between the laser and the target

allowed the effect of the level of feedback on the shape of the SM signal to be studied.

During these experiments, the main goal was to investigate the ways to obtain the

required type of signal. Examples of the first signals can be seen in Fig. 3.8. The

obtained signals are completely different from what is expected from an SM signal, such

as saw-tooth-like or sinusoidal shape. However, the signals are still periodical, and hence

the frequency and thus velocity can be calculated. These results have lower accuracy

relative to those calculated from ideal SM signals. These distorted types of signals can

still be used for displacement measurements. In order to receive ideal SM signals for

the velocity measurements, many factors need to be optimised such as a distance to the

target, noise in the LD, noise in the amplifier and light collimation (defocusing for the

mirror and focusing in the case of scattering), etc.
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The next step was to study the influence of a change in the level of feedback. The

measured signals are not sharp, but have a smooth increase with a subsequent decay.

Strong feedback is obtained for a high level of the back coupled light, resulting in a

sawtooth-like signal, which is expected to have a sharp rise (or fall) followed by a linear

decay, see Fig. 1.11 (c) and (d), rather than a smooth curve, which was obtained during

experiments presented in Fig. 3.8. The following changes to the set-up were made during

the experiments in order to achieve a higher level of light coupled back into the laser

cavity:

1. Focusing/defocusing the laser light: Defocusing is needed when an SM sensor is

used for mirror-like targets due to the high reflectivity of the target. When the laser is

focused on the mirror, a high level of light is coupled back into the cavity. Consequently,

the laser experiences chaotic overloading, and its lasing properties become unpredictable.

As a result of defocusing, feedback level decreases compared to focusing on the mirror,

and the phase lock is achieved more easily;

2. Changing the distance between the laser and the target as per Chapter 1. When

the target is further away from the diode laser, the amount of light which can be coupled

back naturally reduces due to the beam divergence.

To study these effects, experiments with a mirror and white paper were performed

using the same set-up where the target moves back and forth along the laser light axis.

Figure 3.5 (a) shows the schematic set-up, and Fig. 3.9 presents the results from the

experiments. The target was moved by a stage which was driven by a direct current

motor controller. This allowed velocities in the range of 0.01 - 10.00 cm/s to be reached

with a precision of 0.5 mm/s. The four feedback regimes, which were described in

Chapter 1 (1.4.8), see Fig. 1.11, were observed and studied. Different regimes were

obtained depending on how focused or defocused the light was onto the target.

Figure 3.9 demonstrates different types of SM signals and the distortion of the shape

of the signal depending on the amount of light coupled back into the laser cavity when

(a) a mirror and (b) a white paper were used as targets. Both plots show the obtained

signal for different values of the feedback coefficient C presented by different curves

with the value of C on the right side. An offset of curves along the y-axis allows

signals corresponding to different level of feedback to be compared with each other. The

magnitudes of the signals were not changed, so an estimation of the actual levels of

the signal amplitudes could be made and an evolution of the signals corresponding to

different C can be tracked.

The curves in the middle with C < 1 correspond to weak feedback for which the shape

of the signal is close to a sinusoid. As the amount of light coupled back into the cavity

increases, the shape of the signal becomes distorted and a non-symmetrical sinusoidal

signal for C ≈ 1. In the case of strong feedback with C > 1 the signal is sawtooth-like,

which can be seen from the top and bottom curves in both Fig. 3.9 (a) and (b). These

results can be compared with simulated signals, see Fig. 1.9, 1.10, and 1.11.
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Figure 3.9: Experimentally obtained self-mixing signals for two different types of
surface: (a) mirror and (b) white paper when the translational stage was moving with
a velocity of 5.00 cm/s toward (top curves) and away (bottom curves) from the laser.
The curves are shifted along the y-axis so that they can be compared with each other
and as a function of the level of the feedback re-entering the cavity. The coupling

efficiency is related to the coefficient C.

The direction in which the target moves can be derived from the tilt of the signal

for asymmetrical signals. The evolution of the shape of the signal for different levels

of feedback in Fig. 3.9 also demonstrates the changes of direction. The top signals in

both, Fig. 3.9 (a) and (b), are tilted to the left which corresponds to the case where the

targets move towards the LD. The bottom curves, when the signal tilts to the right, are

when the target was moving away from the laser.
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Experiments with a mirror, which moves across the transverse axis of the laser beam,

were performed to understand the SM technique as a whole, such as the best geometry

of the set-up, reduction of the noise level, the focusing/defocusing properties of the LD

and the system itself. In the case of a well-adjusted set-up, the mirror target was moved

up to 90 cm away from the laser without changing the shape of the signal, see Fig. 3.9 (a)

where C > 1. In some cases, the laser beam was defocused in order to reduce the amount

of light coupled into the laser cavity. For further reduction, density filters were tested,

and applied by placing them between the target and the LD in order to avoid changes

in the focusing point of the laser.

Based on the shape of the signals obtained from the SM system, some assump-

tions about the reflectivity of the target can be made as well. The reflectivity directly

influences the feedback parameter and thus the performance of the SM technique. Re-

flectivity is a function of the refractive index and incident angle. The reflectivity of

an aluminium mirror at a normal angle for 650 nm is around 92% [90], and it is easy

to obtain a sawtooth-like signal or even to overload the laser with the amount of light

coupled back resulting in a chaotic behaviour of the laser. With a rough surface target

such as paper, weak or moderate feedback is expected due to a lower reflectivity equal

to approximately 60% when normal to the surface for laser light of 650 nm. Typical

examples of the signals received with white paper are shown in Fig. 3.9 (b).

For both targets, the signals are similar in shape, and the precision of the methods

is the same. However, the amplitude of the signal is smaller when compared with the

same type of signal in the mirror experiments. In the case of white paper in Fig. 3.9 (b)

the signal amplitude is slightly reduced and distorted in shape as a result of speckle

effects [10]. In contrast, the shape and trends are the same using the mirror as a target,

see Fig. 3.9 (a). The amplitude of the signal is smaller as well, as can be seen from

the offset axis. The offset gives sense of scale to the signal, which can be seen from

the difference between the maximum and the minimum of each curve. The size of the

laser spot on the white paper required readjustments whilst the distance between the

LD and target was changed. Using the mirror as a target allowed measurements up to

90 cm away from the target to be carried out without changing anything in the set-up.

However, when using white paper as a target, readjustments for additional focusing of

the laser beam were required periodically up to 50 cm. No signal was detected at larger

distances between the laser and the target.

The experimental results which are presented in Fig. 3.9 have demonstrated the

evolution of the SM signal waveforms obtained for different values of the feedback pa-

rameter C. The experiments have also demonstrated the possibility to obtain different

types of signals for both mirror and white paper targets.
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3.3.2 Self-Mixing for Displacement Measurements

The aim of the measurements presented in the following section was to establish the

accuracy with which a linear translation stage could be controlled. Displacement mea-

surement can be achieved using a variety of different sensors applying inductive, ultra-

sonic, piezoelectric and optical technologies. However, the SM sensor was used due to

its simplicity and sensitivity.

For measurements of displacement larger than the wavelength of the laser light, the

amount of peaks within the SM signal can be calculated. Each peak corresponds to

a change in position of the external cavity by half a wavelength along the laser axis.

The regime of the SM sensor with strong feedback is best suited for distinguishing the

fringes.

Figure 3.10 (a) demonstrates data collected during the measurements. The part of

the signal enclosed by a red box corresponds to the SM signal which was used for the

analysis of the displacement of the target. The part of the signal outside the enclosed

region is noise from the electrical equipment. By counting the number of peaks in the

signal within the red box, the absolute total distance travelled by the target can be

calculated with a half-wavelength resolution (325 nm).

The displacement profile in time can be reconstructed starting from the moment

when the target has advanced over half a wavelength, see Fig. 3.10 (b). Based on the

leaning of the peaks with a sharp edge on the left side with a longer decay time on the

right side, a conclusion on the direction of the displacement can be made as well. In

this example the target was moved towards the laser. In Fig. 3.10 (a), the stage was

moved by 5.2 µm, which was confirmed by SM sensor measurements as well. As it can

be seen from the part of the signal enclosed by the red box, there were 16 fringes, so the

displacement was equal to 5.2 µm.

The reconstructed displacement profile shows that the velocity of the target was

not constant over time, see Fig. 3.10 (b). On the contrary, the stage was moving fast

at the beginning and was slowing down towards the end. The velocity profile can be

reconstructed from the displacement function, or from the spectrum of the SM signal.

However, only the measurement of the displacement was within the scope of this exper-

iment. The measurements were done for displacements of the target in the region from

0.35 µm to 6.5 µm with a step of 325 nm, which was sufficient for the required reference

measurements. Using the SM sensor allows the distances the stage was instructed to

move to be benchmarked with the distances the stage actually moved, see Fig. 3.10 (c).

The expected gradient for this graph was 1; a gradient of 1.01 was found, indicating a 1%

error. The error accounts for the disappearing of one of the peaks in the SM signal due

to the initial phase of the wave at the start of the measurement [77]. The translational

stage itself is assumed to move with a precision of 50 nm.
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Figure 3.10: An SM sensor applied to displacement measurements. (a) Example of
the signal obtained experimentally. The part of the signal enclosed with a red box
corresponds to the SM effect in the case of moderate feedback level. Every peak within
the enclosed region corresponds to a half-wavelength displacement. The information on
the direction of the movements can be obtained from the leaning of the signal, which
denotes that the target was moving towards the laser. (b) The absolute displacement
profile in time along the laser axis was reconstructed from the signal, which is shown in
(a). (c) The plot shows the relation between the reference distance (x-axis), over which
the stage was supposed to move, and the displacement which was measured by the SM

sensor (y-axis).
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Figure 3.11: Depending on the roughness of the surface, the light can be reflected in
different ways. (a) When the surface is perfectly smooth, or mirror-like, the scattered
spectrum has one specific direction of reflection. (b) The light scatters off a rough
surface over a wide angle around the specular direction. Dotted arrows and dotted lines
represent scattered (reflected) light on the left hand side diagrams, with the scattered
light spectrum on the right hand side plots, of both plots (a) and (b). The solid arrors

shows the incident light on both diagrams and spectra [1]

3.3.3 Mirror and White Paper on a Translation Stage: Reflectivity

Effect

Using the same experimental set-up, measurements of the velocity of a mirror and white

paper were performed. The main difference between these two types of targets is the

nature of the reflection they produce. In Chapter 2, the scattering theory was described

which allowed the angular distribution of the light scattered off particles to be calculated.

In addition, the light interacts with the target in terms of directionality in two different

ways: specular reflection and diffuse reflection [1], see Fig. 3.11.

1. Mirror-like reflection, or specular reflection, can be described according to the law

of reflection, i.e. the refection angle equals the incident angle, see Fig. 3.11 (a).

2. Diffuse reflection occurs at surfaces where light is reflected at many angles rather

than only one, see Fig. 3.11 (b). An ideal diffusive surface has equal luminance in

all directions, this is referred to as Lambertian reflection. A non-ideal surface should

be described using Mie scattering theory to find the amplitude of scattered light as a

function of the incident angle.

Examples of SM signals which can be obtained using these two different types of

surfaces can be seen in Fig. 3.9 and Fig. 3.12. After obtaining satisfactory results with

the mirror as a target, the same experiments were performed with white paper. White

paper is a target which scatters light as a diffuse reflector. In this case, alignment is

not such a critical issue as misalignment would not lead to a disturbed peak (splitting)

as it was the with the mirror. The amount of light which goes back into the laser

cavity depends on focusing/defocusing of light onto the target. Strong feedback can be

obtained for sharp light focusing onto the target, see Fig. 3.9. A similar evolution of

the SM signal can be obtained by using attenuating filters in front of the target or by

changing the focusing properties of the laser beam. It needs to be pointed out that even

when the signal is noisy and disturbed, most of the time the frequency can be easily

calculated for relatively small velocities of the target. The examples presented in Fig. 3.8

are far from SM-like signals. However, the period of the oscillations can be found and

the velocity can be estimated, even though with a 10% lower accuracy.
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Figure 3.12: Examples of signals received from SM when the feedback parameter is
C � 1: (a) with a mirror as target, and (b) with white paper as target. The target

moves at the same speed, but in opposite directions.

3.3.4 Mirror and White Paper on a Translation Stage: Velocity and

Distance Variation

During subsequent experiments, the accuracy of the velocity measurements of the targets

moving with well-defined and well-referenced velocity was assessed. The translational

stage (Fig. 3.5 (a)), which was used in the experiments, allowed for the velocity change

within the range 1 mm/s - 10 cm/s with a precision of 0.1 mm/s. The measured

velocities of the targets were calculated (see Section 3.2.2) by performing an FFT of

the voltage signal, and applying Hamming and Blackman-Harris windows. The spectra

were processed using a smoothing filter, and the peaks of the spectra were found by

fitting a Gaussian distribution in the frequency domain. This fitting function was chosen

according to the investigation demonstrated in Chapter 2.

Examples of different types of the SM signals are shown in Fig. 3.9. Any of which can

be used to calculate the frequency, and hence the velocity of the target. The influence

of the distance on the accuracy with which the velocity can be calculated was then

studied. The velocity of the translational stage was fixed at different values and a set

of measurements was performed. The starting point from which the target moved was

fixed at a different distance, enabling the investigation of the influence of this distance

on the accuracy and precision of the measurements.

The results of the measurements are presented in Fig. 3.13, which shows both the

accuracy and precision of the measurements. The thin red straight solid line is the
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Figure 3.13: Examples of measurements using a movable stage which allowed precise
velocity measurements of a mirror (black dotted lines) and white paper (blue dotted
lines) to be taken in the range of 0.01 - 10.00 cm/s at different distances between the
laser and the target. The reference velocities are shown by straight red solid lines.
Velocity measurements were carried out up to 90 cm for the mirror and 50 cm for the
white paper and showed a better than 1% accuracy and 1.5%, respectively. The error
bars indicate the range of the measured velocity obtained in different independent sets
of the experiments. The reference velocity error is assumed to be negligible at this plot

since the manufacture claims the velocity precision to be 0.1 mm/s.

reference velocity, which was defined by the velocity of the translational stage assumed

to be moving with a precision of 0.1 mm/s. The measured velocities are shown by black

and blue dotted lines for mirror and white paper as targets, respectively. Each curve is

presented with associated error bars, which give the range within which the measured

velocities were obtained over multiple readings. The measurements are presented at the

different distances where they were obtained.

Accurate measurements with a precision better than 1.5% of the velocity were ob-

tained in the range of 0.01 - 10.00 cm/s at a distance of up to 50 cm between the LD

and white paper target; and up to 90 cm with a mirror as a target.

It should be mentioned that the roughness of the paper is about 40 - 50 µm whereas

the laser light wavelength is 0.63 µm. As a consequence of this, the so-called speckle

effect occurs and the coherence decreases. Moreover, whereas the mirror target in the

case of a well-adjusted set-up was moved up to 90 cm from the laser without changing

the shape of the signal, the white paper target needed constant readjustment to have

strong feedback. The set-up was modified, so the distance between the target and the

laser was fixed. This allows measurements of velocities up to the limit of the set-up,

which was determined to be 10 cm/s, with high precision, see Fig. 3.13.
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Figure 3.14: The spectrum of a typical signal, when a mirror is used as a target
for velocity measurements demonstrates the effect which appears in the case of strong
feedback with parameter C � 1. The sawtooth-like signal leads to multiple frequencies
in the power spectrum. The insert shows the fitting algorithm for extracting the exact

peak of the spectrum.

3.3.5 The Influence of Different Levels of Feedback on the Spectra

In the case of the SM effect, the measurement of different targets can lead to various

spectra. Different levels of feedback cause the shape of the signal to deviate from a

sinusoid, and hence the change in the shape of its spectrum. For example, for the SM

signal with feedback parameter C � 1, its spectrum has additional frequencies caused

by an FFT analysis of the function which differs from a sinusoid. An example of a

spectrum obtained after data analysis for a signal similar to the ones in Fig. 3.9 is

shown in Fig. 3.14. The reference velocity of the target was 5 mm/s. Together with the

main peak, additional multiple peaks appear because of the type of SM signal used for

measurements, i.e. a sawtooth-like signal leads to the appearance of additional peaks

on the spectrum calculated by FFT.

Strong feedback from the target in the SM effect can not only lead to additional mul-

tiple peaks in the spectra, but also to a splitting of these peaks. This effect is illustrated

in Fig. 3.15. Two cases are presented: the aligned case and a slightly misaligned one

(inset). Since the target was a mirror, the system was very sensitive to misalignment.

Only the light which was reflected under exactly 0◦ angle contains a non-disturbed shift

in the frequency. The light which was misaligned even for a few minutes of an angle was

still coupled back into the cavity, and any diode laser has a beam divergence of several

minutes. As a result, the frequency of this additionally coupled light was shifted due

to the error in the angle leading to a broadened spectrum in addition to splitting the

peaks, see inset in Fig. 3.15. In the case of moderate feedback, the effect is limited to a

broadening of the peak. If the SM sensor works under strong feedback, it demonstrates
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Figure 3.15: The spectrum of a typical signal in the case of a mirror used as target
for velocity measurements which demonstrates the effect of misalignment in the case
of strong feedback or C � 1. The sawtooth-like signal leads not only to multiple
frequencies in the power spectrum, but to a splitting of the peaks as well. The plot
shows the spectrum corresponding to the aligned case, and the inset illustrates the

effect from misalignment.

Figure 3.16: The set-up used for testing the 1550 nm fibre-based laser. The coupler
allows two different detection systems to be tested and used: one built-into the laser

photodiode and one external to the system photodiode.

an extreme sensitivity and immediate response even to a small change in the system.

Any misalignment then leads to a lower amplitude of the spectrum as well, as it can be

seen in both spectra.

3.3.6 Self-mixing Velocimeter Based on 1550 nm Laser

A DFB laser with a wavelength of 1550 nm and with a power of less than 2 mW delivered

using fibre optics was used for testing its potential use. Fibre optics can improve the

level of the signal and the delivery system. The set-up for the 1550 nm laser was similar

to those used before in the experiments, see Fig. 3.16. Using a coupler, a fraction of 90%

of the emitted light is directed towards the moving target where it is scattered and then

coupled back into the fibre. The coupler allows light to be sent back into the laser, where

the SM effect occurs. The remaining 10% of the laser light is sent to the photodiode by

the coupler, which allows the testing of two schemes for signal detection: using the built-

in PD and the external PD. Using the external PD allows for extending the bandwidth

if it is needed.
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Figure 3.17: Examples of signals obtained for different types of fibres for transporting
light: a) single-mode fibre (9 µm diameter core); and b) multi-modes fibre (250 µm

diameter core).

Fibres exist in two types, single-mode and multi-mode. They differ in the size of

the core with 9 µm (single-mode) and 250 µm (multi-mode) diameters, used in the

experiments. The larger diameter fibre allows more light to be transported and coupled

into the fibre. However, multi-mode fibre supports more than one propagation mode

leading to a distortion in the light propagating within the fibre. Examples of obtained

signals using different fibres are presented in Fig. 3.17 with (a) single-mode and (b) multi-

mode fibres. It can be seen, that in the case of the single-mode fibre, the amplitude

of the signal is lower compared to the multi-mode one. However, the signal for the

multi-mode fibre is noisier compared to the single-mode fibre, which was expected.

The translational stage was again used to study signals off a mirror, and after, a

white paper. Verifications of the results were done based on the reference velocities

obtained from the translational stage. The corresponding spectra of the signals, which

were collected during the experiments with white paper, with the velocities ranging

from 2 mm/s to 7 mm/s, can be seen in Fig. 3.18. Different colours relate to the signal

originating from various velocities of the target. The precision of the measurements

were better than 1%, and the fibre optics demonstrated the potential of the application,

however it had much lower signal levels.
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Figure 3.18: Examples of the spectra of signals related to the signals obtained from
targets moving with velocities ranging from 2 mm/s to 7 mm/s. Different colours of

spectra are related to various velocities.

3.4 The Self-Mixing Technique with a Rotating Target of

Low Reflectivity

3.4.1 Set-up Description

A rotating disc covered with white paper allowed the limitations of the SM set-up to be

investigated at high velocities. The distance between the target and the laser was fixed

to 10 cm in the geometry shown in Fig. 3.5 (b) and 3.19. The rotational speed of the

disc can vary from 2 π rad/s to 300 π rad/s which translates into tangential velocities

from 1 cm/s to 100 m/s. The power spectrum of the light scattered off rough surfaces is

anticipated to be Gaussian with a frequency corresponding to the Doppler shift typical

for the SM system (see Chapter 2, Section 2.2). The Doppler shift for the SM system is

equal to

f = 2
~n · ~v
λ

, (3.2)

where the velocity vector ~v and the unit vector ~n changes according to the position of

the laser spot.

The co-ordinate system is defined to be (x, y) on the surface of the disc with the

origin at the centre, and z is parallel to the normal vector of the disc surface. In

Fig. 3.13 (a), for vectors ~v = v(0, 1, 0) and ~n = (0, cosα, sinα) the Doppler shift is equal

to f = 2ωR cosα/λ . In the case when the laser is shining on any point on the disc

surface (see Fig. 3.13 (b)), the vector ~v is given by ~v = v(sinβ, cosβ, 0). Thus, the

Doppler shift in the most general case is equal to

f =
2ωR cosα cosβ

λ
. (3.3)

The reflectivity properties of the white paper are that 60% of the light is expected to

scatter at a wavelength of 650 nm. The amount of light scattered in different directions
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Figure 3.19: The laser light from the LD is focused by means of multiple lenses onto
a point on a rotating disc located a distance R from the point of rotation. The origin of
the (x, y, z) coordinate system is defined to be at the point of rotation of the disc. ~n is a
unit vector in the direction of propagation of light, and ω is the rotational speed of the
disc. (a) In the case of the laser shining onto any point on the x axis, the Doppler shift
depends only on the angle α between laser light direction and the disc surface (y axis).
(b) At any other point, the Doppler shift depends on the angle β between the velocity

vector and y axis.

depends on the incident light angle with a maximum at 90◦. At the same time, the angle

has to be different from 90◦ since cos 90◦ = 0 and the Doppler shift is equal to zero here

as well.

In order to validate the results of the measurements obtained by using the SM sys-

tem, a photo-interrupter circuit based on a OPT101 photodiode amplifier from Texas

instruments [115] and a microcontroller board (ATMega 328 [116]) were used for measur-

ing the rotational speed of the motor. The system therefore comprises of a photodiode

coupled with an amplifier in saturation mode of operation. When it detects light it pro-

duces a pulse equal to the power supply voltage which is 5 V. On the same perforated

board an LED was placed to produce the light signal. The signal of the photodiode

provides the input to a microcontroller board where the pulses are measured within a

fixed time and the rotation speed is calculated. For every value of the velocity defined

in such a way, the rotation speed can only be measured with a certain accuracy, which

affects the precision of the velocity calculated from the experiment.

3.4.2 Rotating Target with Low Reflectivity: Spectra

The calculated velocity is found from the frequency extracted from the signal spectrum.

The different parameters influence both the signal itself as well as its spectrum. A

typical example of the collected results is presented in Fig. 3.20 and 3.21.

The behaviour of the signals, see Fig. 3.20, 3.21 (a), demonstrates the modulation of

the intensity which is much higher compared to the signals obtained in the experiments

with a translational stage (see Fig. 3.9). The modulation appears due to the speckle

effect, since the signal is collected over time while the laser light is reflected or scattered

off the independent areas of the disc. An additional reason for a high modulation of the

signal is that the laser spot is a non-point-like, hence the laser light is scattered off the

points with different velocities, as opposed to the translational stage, where all points

had exactly the same velocity.
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Figure 3.20: Example signal received from set-up with a rotating disc. The reference
and measured velocity were 4.6 m/s and 15.3 m/s. The angle between the velocity vector
and laser axis was 83◦. The direction of the moving target is backward with respect
to the laser, as it can be seen from the curve leaning to the right. It demonstrates the

intensity modulation effect due to a non-point-like laser spot and speckle effects.

Figure 3.21: The experimental results for velocity measurements of the rotating disc
are presented: (a) the SM signal; (b) the enlarged part of the signal from 0.08 ms
to 0.1 ms; and (c) calculated spectra of the signal, the frequency from which can be
used for the velocity calculation. The velocity of the measured point was 64.4 cm/s
(ν = 6, R = 2.05 cm) and the angle α of 65◦. The measured frequency is 0.85 MHz,

and the expected frequency shift is 0.84 MHz.
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Figure 3.20 shows the signals at two different velocities, 4.6 m/s and 15.3 m/s at the

same angle of 83◦. Here, the typical profile of the signal can be clearly seen at different

times. The intensity modulation due to the speckle effects can be seen from the plots of

the signal in Fig. 3.20, where the signals have shapes typical of weak feedback. For the

top plot, the direction of the movement can be defined from the signal leaning to the

right denoting a backward movement with respect to the laser. The bottom plot has

less distinguishable leaning therefore the direction of the moving cannot be determined.

Figure 3.21 (a) shows the acquired signal for velocity measurement during 0.2 ms

with high modulation of the amplitude do to speckles. Figure 3.21 (b) demonstrates

that within a small period of acquisition, of around 0.02 ms, the amplitude of a signal

varies little. The signal corresponds to the SM signal for weak feedback. The frequency

of the fluctuation can be found by FFT, and Fig. 3.21 (c) shows the spectrum of this

signal with a relatively narrow and clear peak at 0.85 MHz. The value agrees well with

a reference frequency corresponding to the parameters of this experiment: 0.84 MHz for

64.4 cm/s velocity (ν = 6, R = 2.05 cm, and α = 65◦).

Additional effects, other than those due to speckles, in this experiment were from

a non-point-like laser spot, resulting in spreading of the spectrum. The laser spot has

a finite size (see Fig. 2.15), i.e. it is non-point-like, which means that for each point

on the disc, a different tangential velocity is measured which results in a distribution of

velocities with different weights in the measured signal. In the case of a translational

stage with a mirror on it, the whole surface moves with the same velocity. As a result,

the resonant peak of the spectrum is quite narrow, even if the spot of the laser light is

non-point like. In contrast, each point on the disc has a different velocity causing the

broadening of the peak when the size of the laser spot is even slightly different from

point-like.

On top of broadening due to speckle effects, the fundamental broadening of the

spectrum of the scattered light appears as an effect from the values of the velocity of

the target, the angle between target and the laser axis, and the waist size of the light,

as shown in Chapter 2.

As the theoretical discussion has demonstrated, different parameters, such as the

velocity, v, the angle, α, and the size of the laser spot, w0, can influence the spectra

and hence the performance of the sensor and impose limitations on the measurable

velocities. The results of different experiments were compared with simulations of the

Doppler spectra, which were obtained for fixed parameters using the previously obtained

Eq. 2.19:

I(ω) = I0
1

v sinαw0
exp

(
− (ω − 2v cosα/λ)2

2(v sinα)2/w0
2

)
. (3.4)

That means that the obtained spectrum has a peak corresponding to the Doppler shift

in the frequency domain equal to 2v cosα/λ. A measure of the FWHM describes a
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broadening of the spectrum; this was calculated and found to be equal to

∆f = 2
√

2 ln 2
v sinα

w0
. (3.5)

The amplitude of the peak is proportional to the following:

I ∝ 1

w0v sinα
. (3.6)

Hence, the spectrum has a peak at the frequency centred around the frequency of the

Doppler shift and is broadened proportionally to the velocity v of the target and to the

sine of the incident angle α and inversely proportional to the beam waist radius w0.

The Gaussian peak and its broadening are independent of the distance to the object.

The amplitude of the scattered spectrum is inversely proportional to the velocity of the

target, to the sine of the incident angle α and to the beam waist radius w0.

The results presented in the following subsections contain data obtained through both

experiments and simulations. Since large data sets were collected, only the important

results are presented here, with each subsection dedicated to the influence of a particular

parameter.

3.4.3 Variation of the Target Angular Velocity with a Fixed Position

of the Laser Spot

The variation of the velocity was achieved by changing two parameters separately: the

rotational speed of the disc (ν) and the position of the laser spot on the disc which

changes the radius R.

The following experiments were performed to measure the influence of the magnitude

of the velocity on the signal by varying the angular velocity of the disc. For each case,

the laser spot position on the disc was fixed, as was the angle between the disc and

the laser beam axis. The angular velocity was increased by varying the speed of the

motor, hence the linear velocity was different as well. Measurements were performed for

various combinations of fixed parameters allowing for a broader analysis. According to

Eq. 3.5 and 3.6, the peak of the spectra is expected to be widened and its amplitude to

be lowered with increasing velocity.

Figure 3.22 (a) shows the Doppler spectra of the resulting signals for the measure-

ments obtained when the laser light was shining onto the disc under an angle of 65◦, and

the laser spot was located on the disk at 1.7 cm from the rotation centre for different

rotational speeds ranging from 4 to 15 revolutions per second (rps). The results can be

compared with simulated Doppler spectra in Fig. 3.22 (b) with the same parameters.

Additional experiments were performed for higher velocities in the range of 3.3 m/s

to 7.7 m/s which lead to a larger Doppler shift in the frequency spectrum. Figure 3.23

demonstrates the spectra obtained in the experiments and in the simulation. Measure-

ments were performed at a fixed angle of 72◦ between the laser axis and the disc surface
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Figure 3.22: The result of variation of the angular velocity by changing the rotation
speed on the Doppler spectra obtained (a) experimentally and by (b) simulation. The
angle between the laser axis and the surface of the disc was fixed at 65◦ and the laser
spot was fixed at a radius of 1.7 cm from the center of the disc. The rotation speed
here is 4, 6, 7, and 15 rps. The corresponding velocities were varied from 0.43 m/s up

to 1.6 m/s.

Figure 3.23: The result of variation of the angular velocity by variation of the rotating
speed on the Doppler spectra obtained (a) experimentally and by (b) simulation. The
angle between the laser axis and the surface of the disc was fixed at 72◦ and the laser
spot was fixed at a radius of 2.5 cm from the center of the disc. The rotation speeds
here were 21, 31, 36, 44, and 49 rps. The corresponding velocities were varied from

3.3 m/s up to 7.7 m/s.

and when the laser beam was focused at a distance of 2.5 cm from the centre of the disc.

The tangential velocity was varied by changing the angular speed of the disc, to 21, 31,

36, 44, and 49 rps.

The experimental and simulated results agree well. The resonance frequency and its

FWHM increase linearly with the disc’s angular velocity. The amplitude of the peak

decreases with increasing velocity. For both sets of experiments, shown in Fig. 3.22

and 3.23, however, the amplitudes, which correspond to the larger, more than 5 MHz

frequencies, decrease much faster than expected. This is possibly due to the response of

the amplifier used in the experiment. On top of the influence of the value of the velocity

itself on the width and on the amplitude of the peak, the imperfection of the laser spot

within the measured area of the disc leads to a reduction in amplitude and also widening

of the FWHM of the peak, see Fig. 2.15.
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Figure 3.24: The result of variation of the measured velocity by changing location of
the laser spot on the disc. The Doppler spectra were obtained (a) experimentally and
(b) by simulation. The angle between the laser axis and the surface of the disc was
fixed to 60◦ and the rotation speed was 15 rps. The laser spot was moved along the
diameter of the disc and the radius was varied from 1.6 cm to 4.7 cm. The corresponding

velocities were varied from 1.5 m/s up to 4.4 m/s.

3.4.4 Variation of the Position of the Laser Spot with a Fixed Angular

Velocity

The variation of the velocity was achieved not only by changing the angular velocity,

but also by varying the laser spot position on the surface of the disc. The theoretical

trend should be the same as was discussed in the previous subsection due to the fact

that the velocity of the spot is defined as v = ωR, where R is the radial distance

between the center of the rotating center and the laser spot, and ω is a rotational speed,

see Fig. 3.19 (a).

The laser spot position plays the same role as it did with the rotational speed, i.e. it

should have the same effect on the Doppler spectra. The results of the experiments and

of the simulation for the parameters used are presented in Fig. 3.24. The angle was fixed

at 60◦, and the rotation speed at 15 rps. The laser spot was moved along the x-axis of

the disc surface, see Fig. 2.15 for explanation, therefore the projection of the velocity

on the laser axis depends only on the angle α and not on the angle β, see Fig. 3.19.

The radius was varied from 1.6 cm to 4.7 cm leading to a variation of the velocity from

1.5 m/s to 4.4 m/s. The experiments and the simulations, shown in Fig. 3.24 (a) and

Fig. 3.24 (b) respectively, agree well in terms of the Doppler shift and hence the velocity.

The amplitude of the peak reduces with the velocity growth. In case of the experimental

results, the peak’s amplitude decreases much faster compared to the simulation results.

The peak widens when the velocity is increased, which is to be expected.

3.4.5 Variation of the Angle between Laser Axis and Velocity Vector

The behaviour of the spectrum function depending on the angle between the laser light

axis and the velocity vector is important to study since it defines the geometry in which



Chapter 3. Application of the Self-Mixing Technique 95

Figure 3.25: The result of variation of the angle between the laser axis and the velocity
vector on the Doppler spectra obtained (a) experimentally and (b) by simulation, when
the linear velocity was fixed at 1.5 m/s. The angle was varied from 85◦ to 25◦ in
steps of 5◦, allowing the effect of the angle on the spectra to be studied and hence the

performance of the sensor.

the sensor can be applied. The angle is one of the main parameters which can be changed

in the experiments for the velocity characterisation of different targets, and vice versa.

According to Eq. 3.4, the peak of the spectrum should be centred on a frequency

equal to kv cosα. This means that when the angle α is close to 0◦, the Doppler shift

will have a maximum value, and when α approximates to 90◦ the Doppler shift will

approach zero. Based on Eq. 3.5, the peak should be narrow when α is close to 0◦, and

it broadens when α approaches 90◦. At the same time, Eq. 3.6 shows that the amplitude

of the peak is maximum when α is close to 0◦, and a minimum when α is close to 90◦.

The angle between the laser light axis and the velocity vector (see Fig. 3.19) was var-

ied to verify the theoretical prediction. The angle was varied from 85◦ to 25◦ in 5◦ steps.

The rotational speed of the disc and the position of the laser spot were fixed such that

the tangential velocity was equal to 1.5 m/s.

The experimental and simulated results of the Doppler spectra for different angles

are presented in Fig. 3.25 (a) and (b) respectively. When the angle approaches 90◦, the

velocity projection decreases, hence the Doppler shifted frequency is small and easy to

detect using photodetectors with lower bandwidth. The amount of light coupled back

is also reduced. Moreover, as it can be seen from the simulations, for angles close to

90◦ the bandwidth of the peak is wider and the amplitude of the peak is smaller. As

the angle decreases, the peak in each power spectrum becomes sharper and should have

a larger amplitude. However, the bandwidth of the amplifier is limited (10 MHz), and

the amplification coefficient of the amplifier reduces, so in the experimental results the

amplitude of the peak decreases.

The frequencies of the peaks, obtained experimentally and by simulations, agreed

well and were within an error of less than 5%. The experimental spectra had a broader

FWHM and additional peaks around the main peaks compared to the simulations.

According to Eq. 3.5, the FWHM should decrease with decreasing angle while other

parameters remain fixed. Interestingly, during the experiment, this was the case up until
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the angle reached 50◦. After that when the angle became smaller than 50◦, not only did

the amplitude of the peak decrease, but the peak also broadened dramatically.

Each of the presented spectra was obtained based on signals, which were collected in

a relatively short period of time, see examples in Fig. 3.21, 3.20. However, for the full

assessment and estimation of the velocities, data collected within longer periods of time

gave smoother spectra with one clear peak.

The theoretical analysis is unexpected since a smaller angle between the laser light

axis and the velocity vector should be more desirable, i.e. when the light is shining

exactly towards the moving target, as in the case of a gas jet or any other flow. At

the same time, this means that the Doppler shift frequency is at its maximum, hence

the detection system must have a very high bandwidth for high velocities. In the case

of gas jet measurements, the angle is the only parameter of the system which can be

changed. When applied to the disc, the geometry with a small angle between the laser

light axis and the velocity vector affects the size of the laser spot on the surface causing

it to spread over a larger area. This meant the light was scattered off the area of the disc

with a wider distribution of velocities ultimately leading to a widened overall spectrum.

3.4.6 Other Contribution to the Spectra

In all experiments, the focusing of the beam was adjusted to have a maximum level of

signal. One of the parameters of influence on the spectra is the size of the laser spot.

An attempt was made to make this spot as small as possible, which would lead to a

maximum scattering signal. However, a smaller laser light spot means a slightly lower

amplitude and wider peak. This effect can be clearly seen when comparing the signals

and corresponding spectra for the mirror and the disc experiments. In the first case, the

peaks were indeed more narrow when the laser spot on the target was relatively large.

However, it was crucial to have a small laser spot on the disc, since a larger spot leads

to a greater spread in velocities and results in multiple Doppler shifts in the frequencies,

hence a wider peak as a whole.

Another additional effect was the instability of the rotational speed and surface

roughness of the disc, which was unavoidable during the experiments. These factors

lead to the variation of the velocities hence to the wider spectrum with lower peak

in the amplitude as well. Hence, the balance between the influence of the different

parameters is an important thing to consider for the velocity measurements using the

SM technique.

3.4.7 Studies into the Accuracy of Velocity Measurements

From every measured signal a corresponding frequency spectrum was found from which

the velocity was calculated. In the case of the rotating disc, a reference velocity can be

found based on Eq. 3.3. The relative error of the reference velocity can be calculated

by differentiating Eq. 3.3 with the angle variation between the laser and the disc giving

the most significant uncertainty. The uncertainty of the radius ∆R is defined as the
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Figure 3.26: The theoretical and experimental relative error dependence on the angle
between the disc covered with white paper and the laser. The theoretical error was cal-
culated based on uncertainties in the experimentally measured quantities and shown by
the solid line. The experimental accuracy is shown by the dashed line with round dots,
which represent the mean accuracy calculated from multiple readings over a range of
velocities. The error bars on the experimental plot represent the range of the measured
velocities obtained after a set of independent experiments and demonstrate the preci-
sion of the results. The experimental results follow the same trend as the theoretical
one. In the range of 15◦ - 85◦ relative errors were better than 5%, and the most precise

measurements were received in the range of 30◦ - 75◦.

size of the laser spot on the paper; all other errors are limited by the instrumentation.

The experimental uncertainty of the velocity, based on the uncertainties in the mea-

sured quantities, was calculated according to δvlaser =
√

(δR)2 + (δν)2 + (δα)2, where

δR = ∆R/R, δν = ∆ν/ν, and δα = tan(α)∆α.

The calculated dependency of the velocity uncertainty on the angle from the set-up

is shown by a solid black line in Fig. 3.26, where the dashed line represents the 5% level

of accuracy. For calculations, it was assumed that the angle could be measured with

a 0.5◦ precision. The rotational velocity was measured with an accuracy of 1%. The size

of the laser spot on the paper depends on the angle α as it is proportional to the cosine

of this angle. This leads to an increasing relative error of the measurements at small, less

than 10◦, angles due to a broadening of the frequency spectrum. Speckle modulation

increases dramatically at angles larger than 80◦ which also results in frequency spectrum

broadening [44, 56]. Considering the trend of the calculated experimental uncertainties,

presented in Fig. 3.26 by a black solid line, the optimal range of angles from an accuracy

point of view is between 13◦ - 77◦ which gives an error of less than 5% and between

25◦ - 63◦ less than 3%.
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Figure 3.26 demonstrates the results of the accuracy which was achieved during the

experiments for different angles, which are shown by a dashed line. The accuracy of the

measurements was defined as the relative error in relation to the reference velocity. For

each angle shown on the plot, multiple measurements were taken over a velocity range

of 0.5 m/s to 30 m/s with at least 10 measurements for each velocity. The points in

Fig. 3.26 represent the average of the uncertainty over the velocity range for each angle.

Along with the accuracy of the measurements, the error bars are shown for each point,

These are equivalent to the precision of the independent measurement within the total

accuracy of the results.

The experimental accuracy follows the same trend as the theoretical one in Fig. 3.26

with sharp improvements of the accuracy starting from an angle of 15◦ with a plateau

of 3 - 4% of the accuracy in the range of 25◦ - 80◦ and with a rise of inaccuracy above 85◦.

The error bars for each point in the plot show that the precision of the measurements

improves within the range of 25◦ - 75◦.

Figure 3.27 demonstrates typical waveforms and their FFTs in the case of an accu-

racy below and above 5%, see Fig. 3.27 (a) for 1.4% accuracy and Fig. 3.27 (b) for 6.7%.

The signals were chosen such that the peaks of the FFTs were relatively close to each

other for comparison. The Doppler shifts in the frequency are 3.41 MHz for Fig. 3.27 (a)

and 3.23 MHz for Fig. 3.27 (b), which correspond to tangential velocities of 1.76 m/s

and 1.06 m/s respectively whilst the angle between the laser axis and the surface of the

disc was 51◦ and 9◦ respectively, see Fig. 3.12. The signals in Fig. 3.27 have a shape typ-

ical for weak feedback. The set-up allows calculation and verification of the self-mixing

method with velocities of up to 50 m/s. The only limitation of the experiment found

so far is from the electrical circuit parameters (bandwidth of the amplifier/detection

system). As a result, the high velocities were measured only when an angle α of close to

90◦ was applied, so the corresponding resonant frequency is within the bandwidth of the

detection system. As a consequence, the measurements were performed with reduced

accuracy.

3.4.8 Discussion

The experimental results of the velocity measurements with the white paper target are

shown in Fig. 3.28. Using a disc as a target allows the self-mixing velocimeter to be

validated. During the experiment, the following parameters were varied: the position

of the laser spot on the disc, the angle α and the rotational speed of the disc. As

the experimental and theoretical calculations have shown, different parameters influence

the performance and the accuracy of the SM sensor. The major effects arise from the

magnitude of the velocity, the velocity range, and the geometry of the set-up. The central

Doppler frequency is defined by the velocity of the target at the centre of the laser spot

and the angle between the laser light axis and the velocity vector. Its amplitude and

FWHM are influenced by the velocity magnitude and the angle, and those parameters

have a major influence on the result.
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Figure 3.27: Examples of typical SM signals and their FFTs in the case of a rotating
disc for the case of a relative error (a) below 5% and equal to 1.4%, and (b) above
5% and equal to 6.7% . The reference and measured velocities were (a) 1.76 m/s and
(b) 1.06 m/s respectively. The angles between the velocity vector and laser axis were
(a) 51◦ and (b) 9◦ leading to Doppler frequencies of 3.4 MHz and 3.23 MHz, respectively.
The waveforms demonstrate the intensity modulation effect due to non-point-like laser
spot and speckle effects leading to a broadening of the frequency spectrum. In case (b),
the spectrum is expected to be broader due to the changing of the size of the laser spot

on the disc.

Accuracy studies of the SM sensor for the disc measurements were performed. The

accuracy is dominated by the angle between the target and the laser, see Fig. 3.26.

The accuracy of the reference velocity was obtained based on the uncertainties of the

variables used for calculations. The measured velocity shown in Fig. 3.28 is an average of

repeated measurements with a combined error. Starting from 20 m/s, only large values

of α were used, close to the normal of the disc surface, due to the low bandwidth of

the transimpedance amplifier (10 MHz) in the readout electronics. The precision of the

results are, on average, better than 6%. Typical measurements of the signals for the

case of a disc rotating at 15 revolutions per second with an incident laser angle of 29.5◦,

and a laser spot size on the disk of 1.65 cm are shown in Fig. 3.20. The corresponding

velocity is 0.77 m/s with 0.3% accuracy. Here, the typical profile of the signal can be

clearly seen through different times, so it can be seen that the SM signal has a shape

typical for weak feedback.

3.5 Application of Self-Mixing Sensors for Accelerators

Applications of the SM sensor for measurements of solid targets in accelerators can

be widely extended for monitoring the displacements of test equipment, such as, for

example, translational stages for delivering collimators, scrapers, laser light, etc., and
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Figure 3.28: Experimental results from measurements of a rotating disc covered with
white paper. The difference in the measured and estimated velocity is within the limits
of uncertainty. The upper limitation of the velocity was due to the bandwidth of the
amplifier used for the SM velocimeter. The increasing uncertainty at high speeds,
equal to and higher than 20 m/s, is caused by the angle, close to 90◦, used for the

measurement.

measuring the speeds of various objects such as the speed of moving screens used for

many diagnostics (for example mechanical shutters) and including rotating components,

such as choppers and rotating wheel targets, which are used as neutron sources. The SM

sensor can be used for characterising any kind of object which has changed its position,

and the measurements can be performed efficiently and with a high degree of accuracy,

which is desirable for diagnostics and for the correct operation of the particle accelerator

equipment.

SM sensors are well-suited for detecting small movements and lateral, as well as

angular displacements. In beam diagnostics, screens are widely used which include

moving things in and out. For example, scrapers for beam diagnostics are effectively

blades located in the direction of the particle beam which are moved across the beam

aperture. The information of the displacements of scrapers and the time profile of

their movement are essential for the correct beam positioning [117]. Cameras, with

any types of shutters, would give a profile from the exposure which would allow more

information about the obtained image to be gathered and hence the diagnostics itself to

be improved. Most equipment is delivered using a translational stage and in some cases,

as it is with laser knife movements, which was measured and shown in this chapter,

an independent assessment of such displacement is required. This is the case with the

delivery of collimators, scrapers, lasers, optical components, lens, etc. An SM sensor

can also be used for angular measurements, which can be used for defining the angle of

screens and mirrors when a high precision is essential.



Chapter 3. Application of the Self-Mixing Technique 101

Moreover, a displacement measurement from just one set of measurements, per-

formed with an SM sensor, allows a profile of the change in the position of measured

object to be built which is useful for careful studying of the process of thermal distor-

tion of the measured object. The thermal expansion-contraction cycle of the material

remains constant in time, unless the structural modification of the material occurs which

inevitably leads to the change of the material properties. Some materials behave differ-

ently when their structure changes which is usually an indicator of a possible break in

the material, which leads to the breakdown of the equipment. Based on this expansion-

contraction profile, breakdown of equipment under tension can be predicted. This makes

SM sensors incredibly useful devices for real time monitoring of changes in position, for

example of accelerator components during the cool-down [118, 119] the phase within

a cryostat, which are widely used in accelerators [117, 120] in superconducting radio-

frequency cavities and superconducting magnets [121] and in the study of expansion due

to heat and hence detection of stress and strain factors in harsh environments, such as

a reactor, or for space applications as a potential application.

Mechanical or electro-mechanical chopper devices are used in proton therapy to

control the radiation level being delivered to the patient. Mechanical choppers are

also used for producing pulsed beams of particles for timing. The rotational speed of

choppers can be measured using the SM set-up in the way described and applied in

this chapter. A 4-tonne helium-cooled tungsten wheel, a target [122] for producing the

neutron particle for European Spallation Sources, is designed to rotate in order to spread

a heat load around the wheel, and its rotational speed provides the information for the

most energy-efficient design.

3.6 Conclusion

This chapter addresses a design and characterisation of the sensor based on the SM effect

in laser diodes and its application to solid targets. An LD SM velocimeter was developed

as an easy-to-build and compact solution when compared to alternative measurement

techniques. The measuring system includes a laser, a photodiode, a current controller,

a transimpedance amplifier with a specially developed current delivery system to it, and

an oscilloscope. The data analysis system consists of a dedicated MatLab code which

includes velocity calculations based on collected signals and spectra. The SM sensors

in this chapter were designed utilising commercially available laser diodes of 650 nm

operated at a power of 5 mW, and of 1550 nm at a power of 2 mW. The majority of

the experiments, presented in this thesis, were performed using 650 nm LD. Several

experiments were performed with 1550 nm laser using fibre optics to deliver the light to

the target and back to the laser. The 1550 nm lasers, embedded with fibre optics, were

also used to test different detection schemes of the SM effect. It has been demonstrated

in this chapter that each of the components of the SM sensor affects the performance

of the sensor and limits the measurable velocity. Measurements of the laser parameters
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have shown that the most suitable laser, as well as detectors of light and amplifiers,

requires a bandwidth which corresponds to the range of velocities, which the sensor

is aimed at. The system can address different needs as it can be applied to different

types of measurements for multiple purposes, e.g. velocimetry and displacement, both

with a high sensitivity. An initial calibration and verification of the method as well

as SM sensor accuracy was performed on a set-up which permitted velocities up to 50

m/s to be studied. A detailed analysis of different parameters which can influence the

performance of the sensor was conducted. These include: sources of possible limitations

from the measurement set-up; bandwidth of the lasers; reflectivity of the measured

targets; level of feedback from the target; velocity magnitude; and the angle between

the laser axis and the velocity vector.

In order to understand and estimate the limitation of the SM method, the theory,

which was developed in Chapter 2, of the expected spectrum of light after scattering in

the case of an SM sensor was tested. Experimental and simulation studies, performed

by myself, into the influence from the magnitude of the target velocity, the geometry

of the SM sensor and different reflectivities of solid targets on the overall spectrum,

were found to be parameters having the strongest affect on the results. The experi-

ments demonstrated an agreement with the theory of the scattered spectra developed in

Chapter 2. For example, the FWHM of the peak of the calculated spectra widened with

increasing velocity magnitude, while the amplitude of the peak decreased. It has been

demonstrated that for the best performance of the sensor, a balance between different

parameters is required. An angle close to 90◦ leads to a smaller shift in the frequency,

which allows amplifiers with a lower bandwidth to be used, but, at the same time, it

means less amount of backscattered light. Moreover, the accuracy of the measurement

reduces as well. The best precision and accuracy was achieved in the range of 13◦-

77◦. The experimental results showed that the velocity of a white paper target can be

measured with an accuracy of better than 2% and micrometer spatial resolution over

a velocity range from 0.5 mm/s to 50 m/s. The studies presented in this chapter, and

performed by myself, allow a limitation on the maximum velocity which can be mea-

sured by an SM sensor to be improved upon by an order of magnitude. This is a very

significant enhancement of this technology which had not previously been applied in the

context of particle accelerators. The studies have also yielded the capability of being

applied to the measurement of much higher velocities than ever before.



Chapter 4

Self-Mixing Technique Applied to

Fluids

This chapter covers experimental measurements of the velocities of fluids and the spectra

obtained from the SM effect. This includes studies into the velocity of the particles which

make up the fluid, the distribution of velocities of these particles, the concentration

of seeding particles added to the fluid to increase the signal, particle size and their

optical properties as well as the laser focusing properties. The results are linked to

the theoretical investigations into the spectra which were obtained and discussed in

Chapter 2. The application of the sensor for such purposes at particle accelerators is

also presented.

4.1 Introduction

SM sensors have demonstrated excellent performance when working with solid targets.

Velocities of up to 50 m/s were measured with different geometries for mirror and paper

targets. However, in the case of flows light is scattered and reflected differently compared

to hard surfaces. In particular, instead of scattering off the whole surface, light interacts

with separate particles or with some inhomogeneity within the illuminated volume. Ad-

ditional investigations into this subject have to be conducted to assess the performance

of the sensor in the case of flows. As the designed SM set-up was able to measure the

velocities of solid targets up to 50 m/s, the same set-up was used with fluids. A gas jet

differs from a solid in terms of several parameters, such as its high velocity and its low

level of reflectivity. Tests on fluids allow the SM sensor to be assessed by changing only

one parameter: the nature of the scattering process. Since the velocities of liquids are

easier to control, the influence of different parameters on the SM measurement can be

studied.

The theoretical review and investigation into spectra which can be obtained from

the moving particles within the fluid was presented in Chapter 2. The simulations which

are presented in this chapter are based on the theory developed there.

103
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4.2 Fluid as a Target

During subsequent experiments, the application of the SM sensor to fluids was studied.

The nature of light scattering off liquids is different from solid targets. In particular, it

involves scattering off particles within the fluid, which can be natural particles within

the fluid or artificially seeded ones. When applied to water, the level of the amount

of scattered light is low, so the initial studies were performed using different seeding

particles.

The seeding material for velocimetry, in case of laser interferometry generally and for

the SM sensor itself, varies a lot. Since a number of experiments of a similar character

have previously been performed for Particle Imaging Velocimetry, the first choice of

material can be taken directly from there, see Table 1.4. Moreover, SM sensors have

previously been applied to measure the dynamics of seeded water. The types of seeders

used for SM experiments were chosen mostly in order to imitate the biological targets,

such as blood and viruses [59, 65]. The table with all seeders and the properties of

applied SM sensors from different experiments were presented in Table 1.3. The main

easy-to-use seeder is milk. The velocity measurements demonstrated in literature did not

exceed 15 cm/s for milk as a target [43]. Different seeders demonstrated the following

results: measured velocities of up to 17 cm/s with polystyrene spheres as seeders of

1.23 µm size [66], and with lower velocities in case of the smaller sizes of the seeders,

and up 30 cm/s [66] for the blood measurements for very high concentration and without

reference verification of the experimental results.

4.2.1 Set-up Description

An experimental set-up was designed to measure the velocity of liquids, and the set-up

is presented in Fig. 4.1. An LD with 650 nm wavelength with 5 mW power as a source

of light and built in photodiode for monitoring the current bias was used for the velocity

measurements. The light from the LD was focused using a lens onto the fluid target at

different angles α, see the schematic set-up of the SM sensor in Fig. 4.1 (a). Different

angles allow a wider range of velocities for the measurements to be investigated. The

backscattered light from the target was coupled back into the cavity using the same lens.

The data analysis based on an FFT allows the spectra of the signal to be calculated,

which can be compared with spectra obtained theoretically.

The liquid was discharged into the atmosphere using a nozzle at the end of the tube,

see Fig. 4.1 (b). Steady laminar flow with a constant velocity was achieved using a pump

allowing control of the pump speed. The laser light was focused on the centre of the

liquid flow at a distance of 0.4 cm from the nozzle outlet at 28◦.

The transition between laminar and turbulent states can be predicted from the

Reynold’s number, which is equal to the ratio of inertial to viscous forces [19]. The

laminar regime is achieved when the Reynold’s number is less than 2,300. The range of
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Figure 4.1: Set-up of the SM sensor used for velocity measurements with a fluid as
a target. (a) The SM set-up contains an LD with light focused onto a target at an
angle α from the normal of the target surface. A PD takes the role of a detector of
the SM modulated light, the signal from which is converted into the voltage signal
by a transimpedance amplifier.(b) The liquid flow discharges from the nozzle into the
atmosphere using a controlled pump system, which allows a reference velocity to be

defined.

applied pump rates supported the laminar flow allowing a stable and measurable refer-

ence velocity of the water stream. For the presented set-up, a laminar flow is predicted

up to a fluid velocity of 3 m/s. The variation of the diameter of the nozzle and viscosity

of the liquid allows for higher velocities to be reached without entering the turbulent

regime flow.

The experimental set-up was constructed in such a way that different parameters

can be varied. The seeding material parameters, such as the material itself and the size

of the seeders, were changed without changing the viscosity of the fluid. Based on the

information from Tables 1.4 and 1.3, the experiments were performed with the following

seeders:

- Milk: 3 - 6 µm;

- Titanium dioxide: 1 µm ; 150 nm; 21 nm.

All solutions and powders used in the experiments have a white colour. The white

colour of the fluid meant that all wavelengths within the visible spectrum of light scat-

tered equally. Light scatters off the moving particles with some angular distribution of

scattering efficiencies corresponding to the properties of the scattered particles.

4.2.2 Milk and Titanium Dioxide as Seeders: Verification of the Mea-

surements

A mixture of water with milk was used for fluid velocity measurements at first. Milk

is an emulsion of fat globules in water, where 87% of the milk is water, and only 4%

is fat globules. The refractive index for the milk at 650 nm wavelength is 1.45 and

the light absorption coefficient is less than 10−5 [123], which results in a reflectivity of

approximately 3.5%.

In the first set of experiments the velocity of the diluted milk was measured in the

range between 1 and 20 cm/s. The distance between the LD and the target was fixed

to 4 cm. The measurements were performed for different concentrations of milk in the

water: 10%, 5%, and 1%. The shape of the fat globules is close to spherical. The average
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Figure 4.2: Experimental results from measuring the velocity of fluids. Examples
of the signal received from the set-up with (a) milk and (b) a titanium oxide water
solution as the target. The reference and measured velocity was 0.55 m/s in case of
titanium dioxide. (c) The results of the measurements of the velocity up to 1 m/s were
measured with an accuracy better than 4%. Velocities in the range of 1 to 20 cm/s
were carried out for milk diluted in water to a 5% concentration, shown by round dots.
Higher velocities, up to 1 m/s, shown in the graph are obtained from measurements
of the titanium oxide in water solution with less than 1% concentration in volume and

were also measured with accuracy greater then 4%.

size of the fat globules is 3 - 6 µm [123]. The approximate amount of particles is 106 per

volume for undiluted milk [124]. This results in 105, 0.5×105, and 104 particles for the

10%, 5%, and 1% concentrations of the diluted mixtures respectively. An example of

the SM signal obtained during the experiment with milk can be seen in Fig. 4.2 (a). The

errors in the velocities of the fluid were within the limits of uncertainty of measurements

and calculations. Figure 4.2 (c) shows the measurements of the velocities, where the

velocities of up to 20 cm/s correspond to the case of milk being used as a seeder.

In the second set of experiments, the velocity of water seeded with titanium dioxide

(TiO2) was measured using the same set-up with a laser of wavelength 650 nm. The size
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of seeders was less than 1 µm. The concentrations of less than 1% of the volume were

investigated. The value of the refractive index (1.49) of the TiO2 solution was calculated

based on a measurement of the critical angle from a measurement of the angle of total

internal reflection.

An example of the SM signal obtained during the experiment with TiO2 can be seen

in Fig. 4.2 (b). The signal can be characterised as a signal with weak feedback. The

velocities of fluids up to 1 m/s were successfully measured with high accuracy, as shown

in Fig. 4.2 (c). The reference velocity of the fluids (the dashed line) was calculated based

on the pump rate and the diameter of the nozzle. The differences in the resulting and

estimated velocity of the fluid were within the limits of uncertainty of measurement and

calculations.

The measured velocity was found from the averaged spectrum of 50 power spectra

for each velocity on the plot. The acquisition time was of the order of 10 ms, therefore

the sensor can be regarded as an on-line monitor. TiO2 seeders allowed better signal

with higher velocities of up to 1 m/s to be achieved even though the size of the seeders

was smaller, when compared to the milk solution with the maximum measured velocity

of 20 cm/s.

4.3 Effects of Variation of Different Parameters of the Flow

The influence of different parameters on the spectra was studied analytically in Chap-

ter 2. The experimental set-up was used to verify the effect from these parameters in

experimentally obtained spectra.

The influences of different parameters on the spectrum of the SM signal were studied

while measuring the velocity of the liquid. This included varying the pump speed of the

liquid which allowed the laminar flow velocity to be changed. The concentration of

the seeding particles was also varied which allowed the amount of scattered light to be

controlled. TiO2 particles of different size were used for the experiments and analysis.

The measured velocity of the fluid was calculated by performing an FFT of the

SM signal. The peak of the spectrum corresponding to the frequency shift was found

by fitting a Gaussian distribution. The FWHM of the Gaussian distribution should be

proportional not only to the velocity of the target and the inclining angle, but also to the

distribution of the velocities of the moving targets within the interaction or illuminated

volume, see Fig. 2.19.

In order to validate the results which were obtained by the SM system, the pump

rate of the flow was used to calculate the maximum reference velocity which could be

achieved within the fluid channel. The experimental uncertainties of the velocity are

based on the uncertainties of experimentally measured quantities. These include: the

pump speed, the diameter and shape of the nozzle, the inclination angle α, and the

assumption that laminar flow was achieved when the fluid discharged from the nozzle.

The influence on the accuracy of the velocity measurement on the angle α has been
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studied and demonstrated, and it was shown that at an angle of 70◦, the relative error is

lower than 3%. From every measured signal and spectrum obtained from it, the velocity

can be calculated from the Doppler shift. However, the fitting of the spectrum brings its

own uncertainty on the measurement, in particular on the precision of the determined

value of the peak.

4.3.1 Velocity of the Laminar Flow

Sets of experiments were undertaken to study the influence of the velocity of the target

on the spectrum of the SM signal. The velocity of the fluid was steadily increased

from 0.5 to 1.5 m/s for each experiment. The spectra of the SM signals measured with

increasing velocities are presented in Fig. 4.3 (a). Different colours represent different

flow pump rates. The liquid was seeded with TiO2 with an average diameter of 1 µm.

Their concentration was fixed at 0.6%. The concentration was calculated as the ratio of

the mass of the solute over the mass of solution. Such a low concentration guarantees

the negligible change of the viscosity of the seeded water.

The influence of the pump speed on the peak frequency (squares) and the amplitude

of the peak (circles) are presented in Fig. 4.3 (b). The peak frequency coincides with

the peak of a fit to the FFT coefficients, and the amplitude of the peak is the maximum

value of this fit for the spectra. The frequencies corresponding to the peaks, which are

proportional to the velocity of the fluid, follow a linear trend (blue dashed line). Whilst

the amplitude of the peak is inversely proportional to the fluid velocity (green dashed

line). The inverse of the amplitude for the peak frequency is shown by the green line in

the figure on the right side of the Fig. 4.3 (b). For reference, the measured velocity of

the fluid is presented on the top x-axis.

The experimental results agree with theory regarding the velocity influence on the

spectra. The characteristics of the spectrum of the SM signal strongly depend on the

velocity of the target. The frequency corresponding to the peak of the spectrum is

proportional to the velocity. The FWHM of the peak also increases with increasing

velocity. The amplitude of the peak decreases at the same time, see Fig. 4.3.

As expected from Eq. 2.19, the amplitude of the peak of the spectrum is inversely

proportional to the fluid velocity. The amplitude of the peak decreases such that there

is a maximum velocity which can be measured. Figure 4.3 (b) can be used for the

prediction of the level of expected signal for higher velocities, based on which and using

additional algorithms can allow the signal analysis to be improved.

4.3.2 The Shape of the Spectrum

If the laser light is focused on the centre of the fluid discharging from the nozzle,

each spectrum should have a clear peak which corresponds to the case illustrated in

Fig. 2.14 (d). When the laser light is focused on particles moving with the maximum

velocity, the spectrum is broadened due to the particles moving with lower velocities,

hence it is shifted into the blue frequency domain. This means that the spectrum is
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Figure 4.3: The spectrum of typical SM signals received whilst measuring the velocity
of the laminar flow with different experimental variables fixed. The seeding material,
TiO2, had an average diameter of 1 µm with a concentration of no more than 1%. (a)
The velocity of the liquid was increased in each experiment. Each spectrum corresponds
to an experiment with a different laminar velocity of the flow in the range of 0.12 l/min
to 0.25 l/min. (b) The processed results of the experiments. The measured velocity
linearly increases with the pump speed, as expected. The experimental results of the

amplitude of the spectrum peak measurements are presented by green dots.
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broadened towards lower velocities (see Fig. 2.14 (b) and (d)). The simulations were

shown in Chapter 2.

Figure 4.3 (a) shows the spectra obtained for different velocities of the fluid using

the SM sensor. The spectra are not symmetrical in relation to the maximum frequency

(Fig. 2.14 (c) and (d)), neither do they have a plateau (Fig. 2.14 (a) and (b)), both cases

correspond to the light being focused on the particles moving with maximum velocity.

Instead, each spectrum, represented by different colours, has a sharp rise of the curve and

a following gradual slope. The noise level (a thick black solid line) is not high enough

to influence the shape of the spectra in that regard. A possible explanation of the

asymmetry of the spectra obtained in the experiments is shown in Fig. 4.4, where both

symmetrical (a, b) and asymmetrical (c, d) overall spectra are shown. Figure 4.4 shows

the interaction of the light with fluid when the light is focused at the centre of the fluid (a)

and at the point which is shifted from the centre (b). The overall spectra for these cases

are shown on the right part of the picture. The velocity of the particle where the light

was focused and correspondent components of the spectra are shown by dotted black

lines. The additional components are shown by blue lines. When the light is focused

on particles moving with velocities lower than the maximum, see the red vector for the

maximum and black dotted line for the focus point in Fig. 4.4 (c), a part of light still

scatters off the particles moving with higher velocities compared to the velocity of those

on which the light is focused. Those particles and their velocities contribute significantly

to the overall spectrum so it changes the symmetry. The colours of spectral components

are correspondent to the colours of the velocity vectors themselves. Figure 4.4 (d)

demonstrates the overall spectrum for the shifted focus point, and how it leads to a shift

of the symmetry of the peak of the spectrum towards a higher frequency, thus higher

velocities, see red colour, compared to the plot (b) of the symmetrical overall spectrum.

The overall spectrum in Fig. 4.4 (d) demonstrates how light scattering off particles

with higher velocities can shift the spectrum and change the symmetry of it. The

maximum amplitude of the overall spectrum corresponds to the frequency proportional

to the velocity of the area on which the light was focused. However, light scattering

off particles which move faster than those on which the light is focused leads to a

broadening of the spectrum and changes the type of spectrum symmetry. Since the

overall resulting spectrum is a superposition of all spectra of scattered light, it undergoes

a broadening from the components corresponding to the particles moving with higher

velocities, see Fig. 4.4 (d). The spectrum which can be obtained from the particles

with higher velocities is represented by a red thin line in Fig. 4.4 (d). The spectrum

obtained from the focus point is shown by a black dotted line. Even though the light

beam is focused at a specific point in the fluid, the light still scatters off all particles the

light beam illuminates before the focus point. The spectra, which are obtained from the

particles outside the focus point, are represented by blue lines. The overall spectrum is

shown by a black solid line, demonstrating a sharp rise towards the peak followed by

a gradual slope away from it as a consequence of additional particles which the light
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Figure 4.4: Schematic explanation of the spectrum obtained in the experiments with
different velocities. The laser beam focus is (a) at the centre of the fluid and (c) shifted
from the area of maximum velocity. The distribution of the velocity across the fluid is
shown on the bottom of the pictures (a) and (c) where the dotted vector corresponds to
the velocity of particles on which the laser light is focused. In case of (a), it is the centre
of the fluid. In case of (c), the maximum velocity is shown by red colour. Comparing
with (a), the point which the laser light was focused (c) on was shifted from the area
of the maximum velocity within the fluid. (b) and (d) The overall spectra of the signal
for 2 cases, where the individual contribution from the velocities are marked with the
same colours. The grey-green thick solid line represents the noise background. The

solid black line shows the overall spectra.

scatters off.

The spectrum, which is broadened towards higher frequencies, can be seen from the

results of the experiments presented in Fig. 4.3 (a) where each of the spectra is broadened

asymmetrically towards the right.

4.3.3 Concentration of the Seeding Materials

One of the biggest advantages of the SM sensor is its sensitivity, as even a small amount

of moving particles within the sensing volume can produce a detectable signal. The

limitation on the minimum detectable concentration depends on the size of the particles,

the refractive index and cross section together with the level of noise. The effect from
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Figure 4.5: The experimental influence of the concentration of seeders (TiO2, 1 µm
diameter) in the flow of water on the spectrum of the self-mixing signal with fixed peak
velocity at 1.2 m/s. The spectra obtained in experiments with different amount of
seeding particles in water: 0.8%, 0.36% and 0.12% demonstrate the effect of differences

in concentration on the spectra.

the size of the particles is presented later in this chapter. The variation of concentration

of the seeding particles and its effect on the overall spectrum will be presented in this

section with details for one specific size of particles, namely 1 µm.

The amplitude of the self-mixing signal is proportional to the amount of scattered

light, and so is proportional to the concentration of particles the light scatters off. The

same set-up was used to study the effect of varying the seeder concentrations while

keeping the velocity fixed.

Figure 4.5 shows an example of three representative average spectra for water seeded

with titanium dioxide particles with an average diameter of 1 µm. The plots show the

results of the experiments when the peak velocity of the liquid was fixed at 1.2 m/s.

The concentration of the seeders was varied from 0.8% to 0.03% with increasingly small

steps after 0.3%. The concentration was calculated as ratio of the mass of solute to the

mass of solution. The noise level is obtained when the laser light did not interact with

the water. Figure 4.6 (a) shows the processed result of all experiments with variation

of the concentration of the seeders in water. The results of the measurement such as

the dependence of the amplitude (left side) and of the frequency of the peak (right

side) are shown for each tested concentration. The frequency of the peak was constant

in two regions: at a concentration above 0.5% and below 0.22%. Figure 4.5 shows

the spectra for the concentration of 0.8% (above 0.5%), 0.36% (in the region between

0.5% and 0.22%) and 0.12% (below 0.22%). These three concentrations were chosen to

represent three ranges of the spectra where their behaviour and hence obtained results

were different.
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At higher concentrations starting from 0.2% and up to 0.8% the spectrum has an

asymmetrical shape, see Fig. 4.5. It shows that the light was focused on particles moving

with a velocity less than the maximum, as it was discussed in the previous subsection.

The spectrum looks like the one in Fig. 4.4 (d). The distribution of the velocities within

the measured area, which is illuminated by the laser light, is shown in Fig. 4.4 (c). The

distorted shape of the spectra may be a result of additional higher frequency components

which occur due to light scattering off particles with higher velocities. Moreover, this

leads to a shift of the peak of the spectrum toward the maximum velocity.

At concentrations of above 0.5%, the frequency of the spectra is constant and equal

to 1.02 MHz. In the range of 0.5% and 0.22% the frequency of the peak shifts towards

higher values, and at low concentrations, below 0.22%, it is constant again and equal

to 1.11 MHz. This means that when light scatters off particles at a high concentration,

the light does not interact with particles moving with velocities that are higher than

those where the light is focused. When the concentration decreases, the light scatters

off particles with higher velocities which hence contribute more to the overall spectrum.

At lower concentrations the spectrum becomes more symmetrical at which point the

frequency of the peak value remains constant, see the dark-blue spectrum in Fig. 4.5 for

a typical spectrum for lower concentrations and Fig. 4.6 for the results. This means that

at lower concentrations more light is scattering off particles moving with the maximum

velocity. The spectra which relate to concentrations higher than 0.5% correspond to

the velocities of particles on which the light was focused. At concentrations lower than

0.22% the peak of the spectra corresponds to the maximum velocity of the fluid. The

gradual change of the peak of the frequency from 1.02 MHz to 1.11 MHz demonstrates

the effect of scattering off the particles with higher velocity with more of the single

particle scattering processes involved.

After an analysis of the shape of the spectra obtained for the different experiments

was completed, the interaction point between the laser beam and the fluid was studied

closely. It appeared that the focus point of the laser light was shifted from the centre of

the fluid by 10% of the fluid channel width, which meant that the light was not focussed

on the maximal velocity and that the spectrum was broadened for reasons just discussed.

The frequency peak of the spectrum corresponds to the maximum velocity of the liquid

after the concentration of seeders was reduced to 0.25%.

The amplitude of the spectrum decreases gradually when the concentration is de-

creased, see Fig. 4.6 (a). It was still possible to observe the SM signal to obtain informa-

tion of the velocities at the lowest concentration of 0.03% of seeders in the water. The

trend of the peak amplitude of the spectrum is shown in Fig. 4.6 (a) on the left side of

the plot. The amplitude is proportional to the square root of the concentration of the

seeders. Figure 4.6 (b) shows an enlarged part of plot (a) for the amplitude dependence

for the concentration in the range of 0.3% to 0.03%. This relationship is valid up to

the concentration of 0.17%. The data was split into two sets and interpolated using a

square root function: y = k
√
x with two different values of k (green and orange lines in
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Figure 4.6: The experimental influence of the concentration of seeders (TiO2 of a 1 µm
diameter) in the flow of water on the spectra of the self-mixing signal with fixed flow
velocity (1.2 m/s). (a) Experimental dependence, after subtracting the noise, of the
amplitude of the spectrum peak on the concentration of the seeders on the left axis
of the plot, and the extracted peak frequency depending on the concentration of the
seeders on the right axis of the plot. The concentration of seeders was decreased in each
experiment from 0.8% to 0.03%. (b) A detailed amplitude dependence, see embedded
square in plot (a), in the concentration range of: 0.3% - 0.03%. The green and orange
lines represent interpolation using a square root function, y = k

√
x, of the data with

different values of k respectively, which represented splitting the data into two sets.
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Fig. 4.6 (b)). The data for concentrations higher than 0.17% can be interpolated using

k ≈ 2.1, and for lower concentrations with an interpolation coefficient of k ≈ 2.25.

Figure 4.7 shows spectra for different concentration of the seeding particle of 150 nm

and 21 nm in more details. The spectra behave in the same way as described before.

4.3.4 Size of Seeding Materials

According to the theory developed in Section 2.2, the amplitude of the peak of the

spectrum should be proportional to the number of seeders in the flow, i.e. to the con-

centration. The size of the scattering particles influences the level of the signal, which

can be obtained applying the SM technique. Sets of spectra were obtained during ex-

periments for a certain size of the seeding particles and their concentration, which was

gradually varied from a starting value towards pure water. Figure 4.7 shows the rep-

resentative spectra obtained for particles of size of 150 nm with a concentration range

of 2% to 0.03% and 21 nm with a concentration range of 3.7 % to 0.04 %. The green

colour on all plots represents the spectra with maximum concentration for the exper-

iments. The grey coloured spectra show the noise level spectra which were obtained

by measuring at a time when the laser light did not interact with fluid. The obtained

noise spectrum varied dramatically over different sets of experiments due to conditions

beyond control: temperature variations, electrical mains fluctuations, etc.

The effect of the asymmetrical spectra, which was previously discusses, was also

observed in the results presented here. Figure 4.8 shows all processed data of results

obtained for the experiments, presented in Fig. 4.7, with various size seeders. The plots

show the dependence of the concentration on the amplitude of the peak for the same type

of seeders (TiO2) of different diameters: 1 µm, 150 nm, and 21 nm. The pump speed

was fixed such that the maximum velocity inside the flow was 1.3 m/s. The amplitude

is presented with error bars which were based on the error in the fitting of the peak.

The interpolations of the dependence for each different set of particles are shown by thin

green lines.

The spectra obtained from the experiments were influenced by different parameters

of the performed experiments, such as the size of seeders, their optical properties and

concentration, the distribution of velocities, and an additional analysis and verifications

were required prior to drawing any conclusions about the measured velocity of the fluid.

The results of the experiments have shown effects such as, for example, the shift of the

frequency with the concentration, or the change of amplitude behaviour, all of which

were studied in details. When analysing the amplitude dependence on the concentration

from Fig. 4.8 (a), they were fitted to a square root function within error bars for each

diameter. However, the data changes trends at certain values, see enlarged section in

Fig. 4.8 (b), and a polynomial function fits the data more precisely, while a square root

function for fitting allows the analysis of physics behind the effect to be explained. The

points, or regions, where the trends change are deemed of special interest and are marked

by inflection points similar to those shown in Fig. 4.6. For the data, corresponding to
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Figure 4.7: The experimental influence of the concentration of TiO2 seeders in the
flow of water on the spectrum of the self-mixing signal when the size of the seeders
is different: (a) 150 nm, and (b) 21 nm when the concentration was decreasing from
maximum to pure water (no seeders). The amplitude of the spectrum peak decreases

steadily with decreasing concentration.
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Figure 4.8: (a) The experimental influence of the concentration of TiO2 seeders in
the flow of water on the spectrum of the self-mixing signal with a fixed flow velocity
(at 1.3 m/s). The obtained result for seeders with 1 µm diameter are shown by round
white dots, 150 nm diameter by black square dots, and 21 nm by grey triangular dots.
The interpolations of the dependence for each different set of particles are shown by
thin green lines. The amplitude of the spectrum peak decreases steadily with decreasing
concentration. The part of the amplitude-concentration dependence within the enclosed
region is shown in plot (b) demonstrating more details of the behaviour the functions.
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the 21 nm seeding particles, the fitting function changes its behaviour at a concentration

approximately equal to 1.7%, for 150 nm the change is at around 0.75%, and for seeders of

size 1 µm, the critical or inflection point is located at approximately 0.17% concentration.

Figure 4.6 shows a detailed representation of the last function corresponding to the

particles of a 1 µm diameter seeders. The general behaviour of the fitting functions

does not change; however, it shows small steps at the various critical or inflection points

before resuming the overall square root trend. A reason for this is the change of scattering

process from multiple to single or vice versa at the concentrations corresponding to the

infection points. When the particles are separated by a large distance compared to their

sizes, it is considered as single scattering. These particles contribute to the scattered

light equally, and the overall scattered field is the sum of all the individual components.

As the particles approach each other, i.e. the concentration of the scatterers grows, the

Maxwell equations must be solved by satisfying boundary conditions for all particles.

In this case, the simplified analytical solutions cannot be used, and numerical methods

have to be applied. One of the computational modelling methods is density functional

theory [125] which is used for the investigation of the electronic structure of many-body

systems. The finite-element approach is an alternative method which is usually adapted

to solve Maxwells equation under many conditions, and this method is implemented

into different commercially-available software, for example EMFLEX from Weidlinger

Associates Inc. Another approach for studying the multiple-scattering effects is radiative

transfer techniques [126]. All of these methods require additional information about

many parameters of the system.

The amount of backscattered light strongly depends on the size of the particles,

particularly if the size of the scattering particles is of the order of the wavelength of the

incident light. In Fig. 4.8, the peak amplitude of the spectrum is higher for the 1 µm

diameter seeding particles compared to 150 nm and to 21 nm. However, when the size

of the seeding particles was 5 µm, the amplitudes of the peaks were observed to be also

lower compared to the amplitudes correspondent to the 1 µm diameter seeders. The

peak amplitudes reach saturation level at the certain concentration which means the

level of SM signal spectra cannot be raised higher by increasing the concentration.

4.3.5 Focus Point of the Laser Light

The shapes of the spectra obtained from the experiments with fluids are different when

compared with results from the experiments with solid targets. In particular, the SM

spectra obtained for fluids are broadened and non-symmetrical. This occurs as a result

of the way the light scatters off moving particles and the properties of these particles.

Firstly, when the scattering particles are characterised by a velocity distribution different

from a delta function, the superposition of all spectra leads to various possible shapes of

the overall spectrum. As a result, it cannot necessarily be fitted by a Gaussian function.

Secondly, the majority of light scatters off the area of fluid where the laser light is focused,

hence the predominant contribution to the overall spectrum corresponds exactly to the
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velocities of the particles in this area. However, other contributions from the particles

which are not in the focus of light also influence the shape of the overall spectrum

with minor effects mostly resulting in its broadening. Thirdly, the contribution from

other particles in the fluid depends on the concentration of the scattering particles and

this influences the intensity of the scattered light. A higher concentration of particles

scattering the light leads to a higher amplitude of the scattered signal. However, Fig. 4.8

demonstrates that amplitudes of the spectra reach a saturation at certain levels of seeder

concentrations with the exception of the particles of 1 µm diameter for which they can

reach higher values for bigger concentrations. Moreover, depending on the character of

the scattering process, i.e. it is either multiple or single, additional unwanted components

can appear in the overall spectrum.

When the laser light is focused onto different points of a fluid, the overall spectrum is

expected to vary. Experiments for the verification of the theory of the overall spectrum,

which was developed in Section 2.2, were designed and performed as a part of this thesis.

Using the same experimental set-up, the laser was gradually moved along the light axis,

and the obtained spectra were collected. The displacement of the laser along the laser

light axis allowed the laser focus point to be moved. Figure 4.9 (a) shows a picture of

the set-up being used. The angle between the laser axis and the fluid’s velocity vector

was varied from 80◦ to 55◦ in the experiments, and the obtained results for different

angles are presented later in Section 4.3.6. TiO2 particles of 150 nm diameter were

used as seeders, and their concentration was fixed at 0.5%. Figure 4.10 shows the

schematic representation of the experiment when the laser focus point was studied. The

obtained spectra at an angle of 80◦ are shown along the laser axis at different points,

where the data were collected from. A schematic picture of the laser light and fluid

and approximate location of the interaction point are shown on the left side of Fig. 4.10.

Each presented spectrum corresponds to different interaction points when the light focus

was moved with a step of 100 µm. The first measurement was taken when the laser light

was focused on the farthest point from the laser with respect to the fluid (i.e. behind it).

The rest of the data were obtained while moving the laser with a fixed step so that the

focus goes through the centre of the fluid. The particles within the centre of the fluid

were expected to have a maximum velocity of approximately 1.65 m/s, see Fig. 4.9 (b).

The processed data obtained during the experiments are presented in Fig. 4.11, while

the right part of Fig. 4.10 presents the same results in a schematic way to demonstrate

the coordinates the spectra were obtained at.

Figure 4.11 (a) shows several spectra obtained when the laser light focus was within

the centre of the fluid. The light-blue thick line represents the noise inherent to the SM

system. The brown spectrum was the first obtained data. Every successive spectrum

has a higher peak amplitude when compared to the previous spectrum moving toward

the centre of the fluid, see the red spectrum shown above the line representing the fluid

centre. Each peak in these spectra can be fitted with a simulated function according

to Eq. 2.19. The spectra are centred at a frequency of approximately 600 kHz, which
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Figure 4.9: (a) Set-up of the focus point study, where the laser was moved along the
laser axis when the light was fixed at 80◦. The variation of the angle and the direction
of the movements of the laser are shown by the white lines. The dotted line represents
the laser light axis. (b) Fluid velocities distribution within the fluid channel for different
points from the centre of the fluid channel. It was calculated assuming the pump speed
of 0.22 mL/min and the radius of the nozzle of 0.84 mm radius based on Poiseuille’s

law.

Figure 4.10: Schematic representation of the set-up for focus point study is shown
on the left side of the picture. The spectra, which were obtained during the SM exper-
iments, are presented on the right, along with the laser light axis with an approximate
location of where they were obtained from. The evolution of the spectra along the laser
axis demonstrates the difference in shape of the spectra when the focus point is shifted.
For a fixed angle, the spectra were obtained at each fixed position of the laser as it
was moved along the laser light axis in small steps of 100 µm. The experimental data

obtained is presented in Fig. 4.11.
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Figure 4.11: The obtained spectra for studying the focus point while measuring the
velocity of the fluid. Thin black lines show the fitting of the spectra. Different colours
of the data correspond to results from different focus points. a) The laser was focused
behind (first curve, brown colour) the fluid centre and moving towards it in steps of
100 µm; and a red coloured symmetrical data for the centre point. The blue spectrum
corresponds to the next step of 100 µm and is shown for the comparison on both plots.
b) The laser was focused very close to the centre of the fluid, but, in front of it. While
the focus point moves along the laser axis away from the centre, the amplitudes of the
spectra decrease with each step, and their shapes are not symmetrical (towards the
brown curve). The spectra represents the obtained results from the interaction of the
fluid with the laser light, shown in Fig. 4.10 in the region above and bellow the dotted

line representing the centre of the fluid channel in plots (a) and (b), respectively.
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is shown by the dotted line. The shapes of the spectra are symmetrical, and their

amplitudes increase while moving the focus point closer to the centre of the fluid channel.

The next 100 µm step along the laser axis led to a complete change of the shape of

spectra, see the blue spectrum in Fig. 4.11 (a).

Figure 4.11 (b) shows the next set of data, which were obtained for the light focus

point moving further away from the centre of the fluid along the laser axis. The blue

spectrum is shown here as well, having the maximum amplitude when compared with

other spectra. Starting from it, shapes of the obtained spectra are asymmetrical. More-

over, the amplitude decreases with every step along the axis as well. Several spectra,

collected last, were obtained when the focus point was outside the fluid.

Figure 4.12 (a) shows several spectra from Fig. 4.11 (b) which were obtained when

the laser light focus was outside the fluid channel together with two spectra (green

and orange) from the inside the fluid for comparison. On two representative spectra

black lines demonstrate how the data can be fitted with two different types of functions

with different peak frequencies. The spectrum obtained from the fluid when the laser

focus point is shifted from the centre leads to the asymmetrical spectra. The theory,

which was developed in Chapter 2, was used for the simulation of spectra utilising

various experimental conditions, such as the laser wavelength, the waist of the beam,

the angle, the velocities distribution, in order to fit the results from the simulations

to the experimental data. Figure 4.12 (b) demonstrated the simulations of spectra

when applying Eq. 2.19, where the distribution of velocities within the measured area

has been accounted for. The experimental data for a green curve corresponds to the

simulations performed for the range of the velocities of 0.6 m/s to 1.55 m/s, which

corresponds to the range of frequencies 320 - 830 kHz with a peak at 460 kHz. As it

was demonstrated in Section 2.2.6 during simulations, the shape of the overall spectra

provides information about the distribution of the velocities within the measured area.

The red experimental spectra were fitted with results from simulations performed for the

distribution of velocities within 0.9 m/s to 1.65 m/s, the orange spectrum corresponds to

velocities in the range of 0.65 m/s to 0.85 m/s, and the turquoise spectrum corresponds

to velocities within 1.1 m/s to 1.4 m/s. These spectra were chosen for demonstration as

they represent the spectra collected from the centre of the fluid channel (red), from the

point after the centre of the fluid close to the laser (green and orange) and from the point

before the centre of the fluid further from the laser (turquoise). All simulations were

obtained for velocities range with the precision of 0.05 m/s for the presented spectra.

As soon as the laser light focus point was shifted outside the fluid the behaviour

of the spectra changed, see spectra starting from the pink one in Fig. 4.12 (a). All

presented spectra still have a peak at a frequency of 600 kHz. However, the second peak

has a higher amplitude. This can be extracted from the data by fitting it to a Gaussian

function, centred around 450 kHz. Both frequencies are shown by dotted lines to help

display the results. All the obtained data have peaks at around both frequencies, given

that a majority of the light was scattered off particles with a velocity corresponding
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Figure 4.12: (a) Enlarged overall spectra for studying the focus point while measuring
the velocity of the fluid when the laser was focused a fractionally before the centre of the
channel, see Fig. 4.11 (b), the colours of curves have been preserved from the previous
figure. The first black fitting line of the green spectrum shows the asymmetry of the
obtained spectra when the light is focused outside the centre of the fluid channel. The
second black line of the pink spectrum shows that spectra have more than two peaks
after being shifted outside the fluid channel. (b) The simulation of the spectrum to

match the asymmetrical spectrum obtained during experiments.
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to the 450 kHz frequency. Since smaller velocities produce higher amplitude spectra

when all other conditions are identical, the conclusion may be drawn that the minimum

velocity within the fluid corresponds to a peak of 450 kHz. At the same time, part of

the laser light scatters off particles with the maximum velocity and these correspond to

600 kHz. The emergence of two peaks occurs because the majority of the light scatters

off the edge of the fluid and the nature of the scattering process changes, which leads to

the presence of two independent spectra from inside and outside the fluid channel added

together.

Figure 4.10 shows the evolution of the spectra along the laser axis for a graphic

representation of the experimental data. The explanations, which were given before,

can be observed from the change of all spectra. When the focus point of the light moves

along the fluid from the edge of the channel to the centre, the amplitude of the spectra

increases and then decreases from the centre to the opposite edge. The experimental

spectra obtained from the centre of the fluid channel are symmetrical. It is still possible

to extract the velocity of the fluid even when the laser is not properly aligned with the

centre of the fluid channel. The data were more easily retrieved when the laser light was

focused in front of the fluid centre rather than behind it.

4.3.6 Angle Variation

The same set of experiments was performed when the laser was fixed at different angles:

70◦, 60◦, and 55◦. The laser was shifted along the laser axis in 500 µm steps. Figure 4.13

shows all spectra obtained during the experiments with angles of 70◦ and 60◦; Fig. 4.14

is for an angle of 55◦. The numbers demonstrate how far the laser focus point was moved

from the centre of the fluid with the number 1 corresponding to the farthest point. The

diagrams on the right side of each plot show the approximate locations of the focus point

(red) for each number within the fluid core (blue). The colour intensity within the fluid

shows the change in the magnitude of the velocity of the particles. The deformations of

the circles demonstrate that the optical path for the laser light varies when it is turned

at different angles. As it was with previous experiments, the laser was firstly focused

behind the centre of the fluid, and then the laser focus point was moved towards the

centre and, subsequently, in front of it. The amplitude of the spectra increases with

each step up to the point where the laser was focused onto the centre of the fluid, and

it decreases henceforth. Taking into account the previously shown results for an angle

of 80◦, the following conclusions can be made. The amplitudes of the spectra, which

correspond to focusing the light at the centre of the fluid, decreases with the angle.

Moreover, the range within which the laser focus point can be moved decreases as well.

When the angle was fixed at 80◦, the laser was moved all together within more than

2 cm. In the case of 70◦, 60◦, and 55◦, the laser could be moved within a range of 4 mm,

3 mm, and 1 mm respectively.

A possible explanation for this is the following. When the angle is smaller than 90◦,

the smaller this angle the longer the light path becomes along which light scattering
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Figure 4.13: The obtained spectra when varying the point of the laser light focus for
different angles a) 70◦, b) 60◦. For both cases, the first point where the laser light was
focused lies behind the centre of the fluid channel, and after it was moved along the
laser axis towards the centre and in front of it. The light-blue thick line represents the
noise within the SM system. The numbering of the data corresponds to the areas of
focus (red) on the diagrams of the fluid (blue) on the right side of the figures. It allows
the evolution of the spectra to be observed in details. The spectrum number 3 should

be approximately at the centre of the fluid channel.
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Figure 4.14: The obtained spectra for a fixed angle of 55◦ when varying the point
of the laser light focus are presented by different colours. The light-blue thick line
represents the noise within the SM system. The numbers demonstrate how far the
laser focus point was moved from the centre of the fluid. The diagram demonstrates
the approximate locations of the focus point (red) for each number within the fluid core
(blue) with the number 1 located at farthest point from the laser. The colour intensity
within the fluid shows the change in the magnitude of the velocity of the particles.
The arrow shows the direction of the laser light. The spectrum number 2 should be

approximately at the centre of the fluid.

Table 4.1: Results of the theoretically calculated frequency and measured frequency
based on the velocity value of 1.654 m/s.

Angle 0◦ 80◦ 70◦ 60◦ 55◦

Maximum calculated frequency, MHz 5.1 0.9 1.7 2.5 2.9

Obtained maximum frequency, MHz – 0.6 1.1 1.8 1.9
Second peak, MHz – 0.45 0.7 1.1 1.4

occurs. As a result, less light scatters off the centre of the fluid and the peak broadens.

The spectra appear to have a plateau towards higher frequencies, see Fig. 4.13 and 4.14.

It was only possible to obtain a significant data-set at an angle of 80◦. However, all

spectra can be fitted with spectra functions. Table 4.1 presents the results. It includes

the calculated frequency, which is based on the pump rate (0.22 mL/min) and the size

of the nozzle (0.84 mm radius) for different angles. The maximum velocity was expected

to be equal to 1.654 m/s, see the distribution of the fluid velocities within the fluid

channel for different distance from the centre in Fig. 4.9 (b). The second part of the

table provides two peak frequencies that are obtained through fitting for each angle.

The measured frequencies are found to be within 5% of the calculated frequencies.
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Figure 4.15: The obtained spectra when varying the point of the laser light focus
for water without seeders at an angle of 80◦. The light-blue thick line represents the
noise coming from the laser. The numbers demonstrate how far the laser focus point
was moved from the centre of the fluid. Focus point number 1 was located at the
farthest point from the laser. The diagrams on the right side shows the approximate
locations of the focus point (red) for each number within the fluid core (blue). The
colour intensity within the fluid shows the change in magnitude of the velocity of the
particles. The arrow shows the direction of the laser light. The deformations of the
circles demonstrates that the optical path of the laser light varies when it turned at
different angle. The spectra number 2 and 3 are obtained near the centre of the fluid.

4.3.7 Water without Seeders

After adjusting the set-up to the best possible location, i.e. with highest amplitude

spectra, measurements with clean water were also performed. The angle between the

laser light and the fluid was fixed at 80◦. Figure 4.15 shows the spectra, which were

obtained along the axis in 200 nm steps. They can be compared with spectra obtained

in the same geometry for the seeded water, see Fig. 4.11. The obtained spectra can be

fit with a Gaussian functions, and the peaks are in the range of 680 - 710 kHz. Even

small variations of the angle between 79◦ and 80◦ lead to the expected frequency in the

range of 660 - 720 kHz.

4.3.8 Flow Velocity Profile Measurements and Resolution Discussion

Based on the obtained results from the experiments, the velocity profile can be obtained

with µm resolution. To measure the velocity profile, the scanning was done across the

water channel and the laser focus point was moved in 100 µm steps. The depth of the

focus can give an estimation of the sensing volume, and can be calculated according to

Eq. 2.25, and for the experimental condition, it is equal to approximately 6 mm, which

is much larger than the flow channel width. That means all velocities within the flow

channel should exist in the frequency domain of the SM signal. However, the moving
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of the focus point with 100 µm steps changed the profile of the spectra. Moreover,

none of the profiles exhibited the flat profile which is expected to be obtained in the

case of the velocity values changing from zero towards the maximum. Signals collected

from the centre of the fluid channel produce spectra with a Gaussian peak, while other

points within and outside of the fluid channel exhibit asymmetrical spectra of signals,

i.e. signals have different shapes when collected from different points. This indicated

that signal processing has to be adapted for each point where the signal is collected

from. Taking into account that the sensing length in the direction of the laser axis is

much higher than the fluid channel, the effective signal, which changes the shape of the

SM spectra, appears from a laser light beam waist of 35 µm. Moreover, when the light

propagates inside the fluid, the path is less compared to the laser light in the air due to

refraction according to dwater = nwater ·dair/(2 cos(nwaterα)) ≈ 0.67 ·dair. The following

conclusions can be drawn:

• The point of collection of the signal should be used for analysing the signals. The

shape of the SM spectra defines the distribution of the velocity and has to be taken

into account for the calculation.

• The particles on the path of the laser light can be backscattered and cause the

change of the signal spectra even if they are not in the focus.

• The SM spectra shapes vary for different points of data collection hence not all

particles are participating in the production of the spectra with the biggest amount

of backscattered light appearing from the focus point.

• When the signal was collected close to the fluid edges, it had a wider velocity

distribution compared to the centre point, where the velocity profile is symmetrical,

see Fig. 4.4 (a).

• The spatial resolution of the obtained results is lower than the step of the laser

movement or the size of the focus point due to influence from different particles.

• With decreased angle, the laser light is focused on the particles with a larger

distribution of velocities. Moreover, the light has a longer path inside the flow

causing a higher contribution from the sensing area hence further reducing the

resolution of the result as well.

The distribution of the velocity within the same light path is bigger for points which

are close to the edge and smaller when the light is focused in the centre of the fluid.

However, the simulation has shown that the obtained spectra correspond to higher ve-

locities distribution than expected if the light scatters off only the particles within the

focus point. For example, the green and red spectra from Fig. 4.12 correspond to the

light path of 400 µm, while the orange and turquoise spectra were obtained for the ve-

locity distribution which fits within 100 µm. The overlapping of the measured velocity

distribution obtained from the simulation results using Eq. 2.19 allows the velocity pro-

file to be reconstructed based on the experiments presented in previous sections with

high resolution.
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4.4 On the Properties of Spectra from an SM Sensor

When the experiments with solid targets were performed, the obtained spectra of the SM

signals allowed the velocity to be calculated from the Doppler shift, which appeared as

a clear peak in the spectra. Experimental results demonstrated the influence of different

parameters of the experiments, such as the broadening of the spectra and the changing of

the amplitude of the spectra depending on angle, the focus point and the velocity value.

The peak was still easy to identify and to verify with a reference value. When the target

was changed to fluids, the experimental results were far from what was obtained for solid

targets. The initial goal of the thesis was to study the limitation of the SM method with

the aim to achieve it and to improve the maximum velocity which can be obtained using

the SM sensor. From a theoretical point of view, the SM sensor should allow high velocity

measurements to be measured. The limitations of which were found in this thesis to

be coming from the electronics and from the bandwidth of the detecting system, see

Chapter 3 for details. However, the experiments with fluids showed new challenges first

in getting enough signal, and then with analysing the results. The literature review on

the fluid characterisation using the SM sensor has revealed the confusion when explaining

the spectra obtained from fluids. In particular, 1) the spectra did not have a clear peak

and instead it was a wide peak; 2) the peak was not correlated to the reference velocity

and had some shift; 3) the shapes of the spectra were not symmetrical anymore, and

they varied a lot depending on the condition of the experiments.

It was found that the SM sensor performance when applied to fluids was studied by

several groups all over the world, and generally there were three approaches to explain

the results:

1. The groups from Japan [70, 127] used the SM sensor for studying the dynamics

of small particles aiming at a biological object. When the fluid spectra were obtained,

they were assumed to be Gaussian with a peak related to the Doppler shifts. However,

the group found that the reference frequency was larger than the one obtained in the

experiments. They found the correlation parameter to be the same for the same set of

experiments, so they used it as a calibration coefficient. The explanation [70, 127] of

the shift of the spectra was that the observed spectra is the summation of the spectra

corresponding to different velocities within the fluid channel.

2. The group from Italy calculated [64] the Doppler spectra specifically for the

parabolic velocity profile when the velocity varies from zero to the maximal value. They

calculated the impinging power on the PD assuming one ray of light passing through

the optical laser system (leading to scatters behaving as a medium with linear scatter

density). The resulting calculated spectra demonstrated a reduction and broadening

with increasing pump speed. Their experimental result for velocities of 22 mm/s and

100 mm/s corresponded to the symmetrical shapes of the calculated spectra. They

presented [64] several experimentally obtained spectra for fluid velocities of 110 m/s and

165 mm/s, which agreed with reference velocities, however, the shapes of the spectra
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were asymmetrical and there was no study of the influence of the angle on the broadening

of the spectra.

3. An Australian group published their study [56] of the SM sensor spectra applying

studies, which were performed in 1971 by Estes [107], on the scattering of light from

a rough rotating target when the laser light was shone perpendicular to the surface.

Estes [107] has shown the influence of the velocity on the spectra and found them to

broaden with increasing velocity. Prior to the theoretical investigation, experiments

were performed to study the broadening of the spectra depending on the angle for the

rotating disc. It was found [56] that the peak of the frequency shift is proportional to the

sine of the incident angle while the broadening of the peak is proportional to the cosine

in the geometry presented in the paper. The appearance of the cosine dependence has

been explained based on the shift of the random phase variation due to the roughness

of the surface.

In Chapter 2 for developing the theory, a generalisation of the work done by Estes [107]

was obtained without the assumption of perpendicularity of the laser light beam with

respect to the target. Afterwards, the idea of the Japanese group about summation of

all spectra was used on the result (see discussion in Chapter 2 on that matter), and the

integral was written. As it was shown, the mathematical equivalent of the summation

of spectra is the integration of Eq. 3.4 over the distribution of velocities ∆v within the

measured area and over the intensity of the laser spot ∆w0 within it. If the velocity

is changing from v1 to v2, and the waist of the beam is assumed to be constant, the

integral can be written as:

I(ω) =

v2∫
v1

I(ω, v)dv,

where:

I(ω, v) = I0
1

v sinαw0
exp

(
− (ω − 2v cosα/λ)2

2(v sinα)2/w0
2

)
. (4.1)

This integral can be solved, however, the analytical expression contains the error

function, and hence is difficult to evaluate. When the target can be characterised with

a velocity distribution, the mathematical model shows that the maximal point does

not correspond to the maximal velocity. The experimental results which are presented

in this thesis and by other groups have demonstrated the same effect. According to

Fermat’s theorem [128], the local extremum of a differentiable function occurs where its

first derivative is equal to zero:

I
′
ω(ωmax) =

d

dω

v2∫
v1

I(ω, v)dv = 0.
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According to the Leibniz integral rule [128], the function can be differentiated under the

integral sign as:

d

dx

∫ v(x)

u(x)
f(x, t)dt = f(x, v(x))

dv

dx
− f(x, u(x))

du

dx
+

∫ v(x)

u(x)

∂f(x, t)

∂x
dt.

In this case, the integral limits v1 and v2 of the spectrum integral are independent of

frequency, hence first and second terms are equal to zero, leading to:

d

dω

v2∫
v1

I(ω, v)dv =

∫ v2

v1

∂I(ω, v)

∂ω
dv.

Let function I(ω, v) from Eq. 4.1 be written as:

I(ω, v) =
a

v
exp

(
−
(
ω − bv
cv

)2
)
.

Let 1/x = v, then dv = −1/x2dx and

I(ω, v) = ax exp
(
−
(
ωx

c
− b

c

)2 )
.

Then the differentiation of the function is as follows:∫ v2

v1

∂I(ω, v)

∂ω
dv =

∫ x2

x1

2ax

(
ωx

c
− b

c

)
x

c

1

x2
exp

(
−
(
ωx

c
− b

c

)2
)
dx =

=

∫ x2

x1

2a

c

(
ωx

c
− b

c

)
exp

(
−
(
ωx

c
− b

c

)2
)
dx.

(4.2)

This integral has a solution, which is:

∫ x2

x1

2a

c

(
ωx

c
− b

c

)
exp

(
−
(
ωx

c
− b

c

)2 )
dx =

c

ω
exp

(
−
(
ωx

c
− b

c

)2
)∣∣∣∣x2

x1

=

=
c

ω

[
exp

(
−
(
ωx2

c
− b

c

)2
)
− exp

(
−
(
ωx1

c
− b

c

)2
)]

.

(4.3)

Then for I ′(ωmax) = 0 and for v1 and v2:

0 =
c

ωmax

exp

−(ωmax 1
v2

c
− b

c

)2
− exp

−(ωmax 1
v1

c
− b

c

)2
 .

This leads to: ∣∣∣ωmax 1
v2

c
− b

c

∣∣∣ =
∣∣∣ωmax 1

v1

c
− b

c

∣∣∣.
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Figure 4.16: The points of maximum and inflection on the function similar to one
obtained from SM sensor

The first solution is trivial and is v1 = v2, and the second one is:

ωmax
1
v2

c
− b

c
= −

(
ωmax

1
v1

c
− b

c

)
,

ωmax

(
1

v1
+

1

v2

)
= 2b,

ωmax =
2bv1v2

v1 + v2
. (4.4)

If the velocity distribution is close to a delta function, then Eq. 4.4 leads to the peak

of the spectrum at the point bv, which is as expected. In the general case, Eq. 4.4 allows

the maximum velocity to be found if the minimal velocity is known and the spectra is

obtained, and vice versa.

The additional equation for the solving the velocity distribution can be found from

the point of inflection of a differentiable function which can be found where its second

derivative is equal to zero [128]. The point of inflection of the function is the point where

the curvature of the function changes, see Fig. 4.16.

The same equation can be used for the analytical solution, applying the Leibniz rule:

I
′′
ω(ωinf ) = 0,

d2

dω2

v2∫
v1

I(ω, v)dv =
d

dω

∫ v2

v1

∂I(ω, v)

∂ω
dv.

Using the answer to the solution of the integral according to Eq. 4.3, and differentiating

it by ω, the result can be written as:

d

dω

(
c

ω

[
exp

(
−
(
ω

v2c
− b

c

)2
)
− exp

(
−
(
ω

v1c
− b

c

)2
)])

=
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= exp

(
−
(
ω

v2c
− b

c

)2
)[
− c

ω2
− c

ω

2

cv2

(
ω

v2c
− b

c

)]
−

− exp

(
−
(
ω

v1c
− b

c

)2
)[
− c

ω2
− c

ω

2

cv1

(
ω

v1c
− b

c

)]
.

This function in the point of inflection is equal to zero. Assuming that the experimental

data can easily provide the two frequencies: the frequency of the peak, ωmax, and the

frequency at which the direction of the curvature changes, ωinf , on the right slope of

spectrum function, then the system of two unknowns can be solved and v1 and v2 to be

found: 

ωmax =
2bv1v2

v1 + v2
,

exp

(
−
(
ωinf
v1c
− b

c

)2
)[
− c

ω2
inf

− c

ωinf

2

cv1

(
ωinf
v1c
− b

c

)]
−

− exp

(
−
(
ωinf
v2c
− b

c

)2
)[
− c

ω2
inf

− c

ωinf

2

cv2

(
ωinf
v2c
− b

c

)]
= 0.

(4.5)

This system allows the values of v1 and v2 to be found. Since the values v1 and v2 are

positive and v2 is larger than v1, from the first equation it can be found that the initial

velocity belongs to the interval of
[
ωmax

2b ; ωmax
b

]
, which allows the numerical solution of

the second equation from the system 4.5 to be obtained faster and in the correct range.

Generally, the second equation can have multiple solutions depending on the parameter

ωinf . This system of equations was tested on simulated spectra and on experimental

data. This system can be solved with one ωinf corresponding to the right side of the

spectrum, see Fig 4.16. However, this value can be found only with a certain accuracy,

and it is much more ambiguous compared to ωmax. The second point of inflection allows

the initial and maximal velocity to be checked and to be defined more accurately.

An example of a solution is presented for one of the functions from Fig. 4.12 pre-

sented by the green curve. This example is shown as a typical way of how the system can

be solved and as a demonstration of the developed theory. This function can be charac-

terised with the following parameters: ωmax = 460 kHz, ωinf = 700 kHz and 250 kHz,

though the point of inflection for frequencies bigger than the frequency of the peak is

more straightforward to define. The second equation can be solved analytically. The

left part of the second equation can be presented as the function with v1 as a variable.

The value of v2 can be calculated from the first equation of the system 4.5, and values of

other parameters, b and c, of the function can be found from the known parameters of

the experiment (an angle, a wavelength, a waist of the beam, etc.). The function from

the second equation is plotted for known parameters with v1 as a variable and then value

of v1 is found when the function crosses the zero axis. Figure 4.17 shows two functions

for ωinf > ωmax, 700 kHz, and ωinf < ωmax, 250 kHz, shown by green and blue lines

respectively, each of which has more than one solution (six and four solutions respec-

tively) which can be found from functions crossing the zero axis shown by an orange
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Figure 4.17: The numerical solution of the system of the equations 4.5 for experi-
mental data when two point of inflection were used for verifying the solutions, which
are presented by blue (ωinf > ωmax) and green (ωinf < ωmax) lines. The orange line
represents the solution of the equation, i.e. when the function crosses zero. The limi-
tation of the possible values of the velocities were not included in order to demonstrate

the behaviour of the function.

line. Figure 4.18 demonstrates the behaviour of these functions for the initial velocity

within the interval of
[
ωmax

2b ; ωmax
b

]
. Both functions cross the zero axis in two points

where both of them corresponds to the same velocities. As it was mentioned before,

only one of the solution is enough for the defining of v1 and v2. However, the numerical

solution for both points of inflection is shown with a green line for ωinf = of 700 kHz and

a blue line for 250 kHz. When the solutions were studied more closely, the solution at

point A, see Fig. 4.18, is a trivial one v1 = v2 and it always exists. The function, which

corresponds to the inflection point at the frequency less than ωmax, crosses the zero axis

in only two points, and hence the point B is the only solution of the equation. However,

it might be easier to find another inflection point, which corresponds to ωinf > ωmax. In

such a case, point C is the solution as well. This point corresponds to v1 and v2 being

equal to 0.56 m/s and 7.05 m/s, respectively. In the case presented here, the second

function (blue line) demonstrates that the true solution for this system of equations is

at the point C. Figure 4.18 (b) shows the enlarged plots around point C. The solution

for v1 and v2 is around 0.595 m/s and 1.53 m/s, respectively, which was the case for the

experiments. The solution for the point C could be the true solution when the spectrum

looks like a plateau due to its wide range of velocities.

The solution of this equations has been used for analysing the experimental data,

and has demonstrated an excellent performance with independent referencing using ad-

ditional properties of the obtained overall spectra of SM signal. The system of equa-

tions 4.5 allows the velocity range to be calculated with a high precision.
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Figure 4.18: (a) The numerical solution of the system of the equations 4.5 for one
of the experiments within the minimal velocity interval of

[
ωmax

2b ; ωmax

b

]
for the experi-

mental data. Two point of inflection were used for verifying the solutions (crossing with
orange line representing zero), which are presented by blue (ωinf > ωmax) and green
(ωinf < ωmax) lines. Points A, B and C represent the solution of the equations, i.e.
the point of function crossing the zero axis. (b) The enlarged function around point B

is showing the true solution for the presented case.

4.5 Application in Accelerators

Measurements, presented in this chapter, have demonstrated the potential of the SM

sensor when it is applied to fluids. The SM sensor allows for accurate rate measurements

with the resolution that the laser can be moved at along the laser axis. From one

measurement by SM sensor, the velocity range can be defined based on the overall

collected spectrum of the signal. The task can be reversed, and the angle between the

laser axis and the fluid can be identified.

Accurate and precise measurements of fluid rates by using a compact device can

be useful for the flow rate characterisation of cooling water, which is used for heat

removal from accelerator components, including accelerator structures [129], waveguide

networks [130], klystron collectors and electrical towers [130, 131] , Radio Frequency(RF)

cavities [132, 133] and RF guns [134], solenoid coils [129] and bending magnets [130],
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the injector cavity walls and RF couplers [135]. The cooling is essential for the main

heater exchange towers [129], which are responsible for all cooling subsystems, as well as

for electric heaters and power supplies [129–131]. The main challenge for currently used

flow meters is their limited life-time and the requirement that they be installed inside

coolant tubes, leading to difficulties in changing them when they break.

SM sensors can be used for measuring the velocities of liquid in an electrospray ion

source which is produced by allowing liquid [136] to flow through a small needle at the

tip of which is a high voltage gradient which disperses the liquid into electrically charged

droplets. These droplets are then used as a mass analyser and for the mass spectroscopy

of solids [137], liquids, and biomolecules [138]. The planar electrospray array of a liquid

ion source [139] can be used for coating, printing and nanosatellite propulsion. The flow

rate of liquids and droplets is important for the geometry of the resulting arrays and

hence for the performance of the ion source itself. At present, the characterisation of

velocities is based on indirect calculations [139].

Helium nanodroplet spectroscopy is widely used for bio-molecules spectroscopy and

vibrational spectroscope of metal clusters in water clusters at free electron Lasers [140].

The velocity of the fluid is crucial for its production as it defines not only the size of

the droplets, but the collision energy, which is important for the spectroscopy [141].

The conventional velocity measurements are too complicated so the only way the infor-

mation about the helium droplets velocity is found by solving the differential equations

describing their behaviour or by additinal photo-dissociation of the droplets using femto-

second laser pulses [141]. An SM sensor is sensitive enough to detect the velocity of such

droplets.

4.6 Conclusion

In this chapter, the application of an SM sensor for the measurements of fluid veloc-

ities was demonstrated and studied in detail. This includes the influence of different

parameters on the experimentally obtained spectra of the measured SM signal. It was

theoretically studied in Chapter 2 and experimentally for solid targets in Chapter 3. An

experimental set-up was developed which allowed measurements to be compared with

analytical and numerical solutions to verify and benchmark the SM velocimeter. The

velocity of the fluid in the set-up can reach up to 3 m/s without entering the chaotic

regime. The spectra were studied for different fluid velocities, scattering particles con-

centration, scattering particles size, particle types, laser focusing properties and angles

between the laser axis and velocity vector. I have demonstrated that increasing the tar-

get velocity reduces the peak amplitude of the spectrum and at the same time broadens

the frequency distribution. The concentration of the seeder particles allows the amount

of scattered light to be controlled, and hence the amount of light coupled back into the

laser cavity. The concentrations of scattering particles were tested in the range from 4%

to clean water with small steps, as low as 0.03%, in order to study the parameters which
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allow sufficient feedback and output signal to be achieved. Velocity measurements of

clean water were obtained once the set-up was adjusted and all parameters are taken

into account carefully. A range of particles of different sizes was studied: 10 µm, 1 µm,

150 nm, and 21 nm, and different particles such as milk and TiO2. Even though the

reflectivity properties of these two types of particles are similar, it has been shown that

smaller TiO2 particles provide less feedback. Depending on the size, the amplitudes of

the peak reach saturation level for certain concentrations. The spectral dependence on

the location of the focus point within the fluid was found to be in agreement with the

theory which was proposed in Chapter 2 regarding the shape of the obtained spectra

depending on: 1) the focal point of the laser light; 2) the velocity distribution function;

and 3) a number of seeders. It has been shown that, in the case of a fluid, the sensor

works better for angles close to 90◦ due to the distribution of the velocities. Fluids, which

were measured in this chapter, have a broader velocity distribution compared to solid

targets (see Chapter 3) with a distribution close to a delta-function. The measured SM

spectra contain frequencies from all velocities of particles the light scattered off, which

leads to broader and non-symmetrical spectral shapes. The model of spectra, which I

developed in Chapter 2, allows the precise distribution of the velocities to be included

and simulated when fitting the experimental data, and hence the velocity distribution

can be found based on this. The velocity measurements from the overlap of different

fluid regions allow the velocity range to be found based on one single measurement with

a precision of better than 0.05 m/s for the measurements of high velocities presented in

this chapter. The SM sensor has demonstrated the ability to measure the velocities of

pure water, however, a better and clearer signal was obtained for high seeder concentra-

tions. In this chapter, the laser velocimeter has provided detailed information about the

velocity and density of liquids, with a spatial resolution of less than 35 µm (the waist

size of the laser used in this chapter). The experiments allowed the velocities of fluids

up to 1.65 m/s to be measured, compared to only 30 cm/s achieved elsewhere [66].

In this chapter, I have derived the analytical solutions for matching the parameters

of the experiments, which allow independent calculations of the range of velocities to be

performed based on two points of the overall spectra obtained during the experiments:

the frequencies corresponding to 1) the peak of the spectrum, and 2) the point of in-

flection. The system of equations, linking these two frequencies with the velocity range,

has been obtained, and its numerical solution provides accurate values of the velocities.

This solution has never been obtained before. Previously, the empirical fitting was done

for each separate experimental data leading to a rather difficult analysis of experiments.

The studies and measurements in this chapter have demonstrated the application and

usage of the SM sensor for velocities with a much higher range and magnitude compared

with results currently presented in the literature. Finally, some potential applications

of the technique to the field of accelerator physics were introduced. The verification of

the SM sensor for the fluid case was essential before considering the application of the

technique to other targets such as gases or plasmas.





Chapter 5

Gas Jets in Accelerators and

Their Characterisation

The application of gas jets in accelerators is presented in this chapter. Possible existing

methods for gas jets characterisation demonstrate that new compact sensors are required

for non-invasive velocity and density measurements of gas jets. The application of the

gas jet to beam instrumentation is one of the areas where such sensors can be beneficial.

This chapter includes possible SM system integration into a gas jet set-up together

with calculation of the expected level of backscattered light for the SM sensor when

it is applied to gases. The application of the SM sensor for gas characterisation in

accelerators concludes the chapter.

5.1 Gas Jets

5.1.1 Gas Jets: Basic Definitions

A gas jet is formed when a gas flows from a region with a high pressure to a region with

a lower pressure through an aperture. This aperture is usually referred to as a nozzle.

The process of forming the gas jet is called gas expansion. The gas jet has a number of

properties which makes it suitable for various applications. Basic quantities used in this

chapter are as follows [142].

Type of flow. In fluid dynamics, a flow can be formed in two main regimes. The

continuous regime of the flow consists of relatively high densities of particles, collisions

between which occur frequently enough for the flow to have a collective pressure and

temperature. In the case of a molecular flow, each molecule is isolated, and all molecules

within the flow are treated individually. In both cases, the elementary constituent of

the flow is referred to as a particle, which is a volume element of a flow for a continuous

regime and an individual molecule for a molecular flow.

Mach Number M . A pressure perturbation, or a sound wave, within a fluid travels

at the speed of sound. For ideal gases, the speed of sound within the flow can be derived

from kinetic theory. For real gases, the pressure and density of the gas also influence the

139
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speed of sound. Particle velocity of a gas jet is usually characterised by the dimensionless

Mach number M , which is a ratio of the velocity of a particle to the speed of sound for

a specific gas at the local temperature. The dynamics of the flow varies for the different

geometries in which it is formed, which are usually defined by the nozzle. The behaviour

of the flow varies when it is subsonic M < 1 or supersonic M > 1. A supercritical gas

jet has a pressure and a temperature higher than its critical pressure and temperature.

Gas jet shaping. The property of the gas jet includes its density, which defines its

shape. Depending on the difference in pressure when a gas jet is formed, the jet can

achieve various densities while expanding. Various types of nozzles can be used for

the collimation of the gas jets to achieve certain speeds and density profiles, which can

then be used in a number of applications. For example, when a gas expands from a

conical-shape nozzle, it forms with a “pencil-like” distribution of gas density, and such

gas jets are used for atomic physics and for beam instrumentation. The “sheet-like”

gas jet is extracted by means of nozzles comprised of several slits; such jets can be used

for beam instrumentation as well as for laser-plasma acceleration. Gas cells are usually

closed volumes which contain a gas and the experiments are done inside that cell. The

products of the experiments are then studied, by looking into the gas jet expanding from

this cell via a nozzle. An example of the formation of a sheet-like gas jet as well as how

the gas jets are in use in accelerator-related facilities are presented later.

Gas jet characterisation. Gas jets as gaseous targets with special characteristics

of density and speed have been widely used in science and technology. The unique

properties of gas jets, such as low internal temperature and high directionality allow

for gas jets to be used in molecular spectroscopy [143], nuclear fusion [144] and atomic

physics [145, 146]. In these areas, the constant velocity and density distribution of the

gaseous target is a vital parameter for the best research performance and results. The

characterisation of gas jets is crucial for their implementation at accelerator facilities.

The properties of gas jets can be measured using different techniques or sensors to provide

required information. Gas jets in particle accelerators have very special demanding

conditions on the diagnostics (low density and non invasiveness) which massive, high

density jets for aircraft, for example, do not have. For the optimal usage and verification

of the properties of the gas jets, they should be characterised with high accuracy, in

particular with regards to their velocity and density profile. In these applications, gas

jet velocities can be up to 2,000 m/s and inhomogeneously distributed across the jet.

It is desirable to have a technique or a sensor which can be easily integrated into an

existing set-up with minimum additional optical components.

Many techniques for measuring supersonic flows have been proposed ranging from

mechanical [147–152], acoustic [153] and optical [2, 4, 6, 9, 154–162] ones, see Appendix A

for the complete description and the review on currently used methods. When judging

a method its range of application (low or high pressure), its precision, the complexity of

the set-up, and the level of flow disruption (invasive or non-destructive methods) have

to be considered. However, all currently used methods for such a characterisation are
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either not reliable or require a powerful laser system. For this, all sorts of expensive,

complicated, and large mechanical apparatuses are used, which cannot be installed in

accelerators (especially future very small laser-based accelerators), therefore research

into the area of new and compact methods has yet to be done. Even though, within the

available optical techniques many different tools for visualisation and characterisation

of the gas flows exist, accelerator facilities require techniques which can be used in a

harsh environment, so it is not simply a matter of using any of the techniques mentioned

earlier. Typical ways of observing and visualising gas flows are rather complicated and

usually demand additional equipment and substantial changes to the set-up where the

gas jet is used or produced. As a result, at accelerator facilities where gas jets are used,

the combination of various techniques have been applied to measure the properties of

gas jets, instead of only one sensor.

5.1.2 Application of Gas Jets in Accelerators

The areas where gas jets can have applications range from laser acceleration to air-

plane jet engines. What follows is a review of some of the applications more relevant

to low density jet (less then one bar), with a defined density profile. Gas targets are

an important tool with unique properties, such as low internal temperatures with high

directionality, which make them beneficial for a number of accelerator based experi-

ments. Gas jets are used for many purposes at accelerator facilities. Prior to using

gas jets shaped into a thin sheet as a non-destructive beam profile monitor for vari-

ous types of particle beams [163], gas jets operate in reaction microscopes for atomic

physics [146]. Supersonic gas jets in various configurations are used for the production

and spectroscopy of radioactive isotopes [164]. Gas jets produce a laser induced plasma

for laser-plasma acceleration experiments [165]. The utilisation of gas jets for nano-scale

surface treatment can be beneficial for Radio Frequency (RF) cavities to increase the

voltage breakdown strength [166].

The Reaction Microscope (ReMi) for Atomic Physics experiments was ini-

tially designed and developed at the Max Plank Institute for Nuclear Physics [146] for

the full characterisation of atomic and molecular reactions. ReMi uses a cold supersonic

(800 m/s) gas jet shaped into a thin sheet or a cylinder to study the point of collision

between the accelerator beam and the target. ReMi allows the distribution of the mo-

ments of the charged particles to be obtained. The reaction itself takes place between

the projectile ions and the gas target. The collimation of the gas jet to submillimeter

cross sections and focusing of the accelerated beam can give information on the abso-

lute position of where the reaction takes places [167]. ReMi allows to investigate full

differential cross section of a number of interactions from medium to high projectile

energies.
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The Production and Spectroscopy of Radioactive Isotopes (In-Gas Laser

Ionisation and Spectroscopy) is important on-going research for the nuclear spec-

troscopy which is aimed at a production of exotic radioactive isotopes and their investi-

gation using the resonance laser ionisation in gases. For the nuclear reaction products,

an accelerator beam is focused onto a target inside the gas, from which the isotopes are

obtained [168, 169]. A high pressure noble gas is used for thermalising and neutralising

the nuclear reaction products in their ground or low-lying metastable atomic states, and

they are transported by gas flow to the exit orifice. After the laser ionisation, it is anal-

ysed by mass separators. The spectral resolution of the resonance ionisation has been

improved by using supersonic gas jets instead of gas cells [169], when the laser beam is

crossed with a supersonic gas jet for the resonant ionisation. The ions can be obtained

from thick targets combined with hot cavities, and from the thin targets in combination

with gases, which can be gas cells or gas jets [168].

Laser-Plasma Accelerators are regarded as a next generation of compact accel-

erators [165] which can allow high accelerating electric fields of more than 100 GV m−1

to be sustained in a short acceleration length. Accelerators based on normal conduct-

ing radio-frequency cavities have an accelerating gradient up to 120 MV m−1 [117, 170]

past which breakdown appears. To reach TeV in a linear configuration in conventional

accelerator, the accelerator needs to be the order of 10s of km long. The accelerating

structure for laser-plasma acceleration consists of plasma, which is excited by a laser

pulse or an ultra-relativistic electron pulse [171]. While the pulse propagates through

the plasma, it excites a running longitudinal charge separation wave. The electrons are

pushed away from the front and the back of the pulse thereby forming a trailing lon-

gitudinal density [165]. A supersonic gas jet is used as a target to provide the plasma

medium for the laser-plasma acceleration [172]. The gas jet is ionised by the front of

the laser pulses, and for the best performance [165], a flat-top gas jet density profile

with a steep gradient at the edges is required. Another very important criterion is re-

producibility of the same properties of the gas targets, and, hence, of the plasma. The

monochromaticity of the gas jets gives a huge advantage by producing a well defined

profile of plasma with the same properties each time. The various configurations of the

gas jets and different gases, such as helium [173–175], nitrogen [175, 176], neon [175] and

argon [175, 177], are being tested to achieve the best accelerating gradient.

The increasing demand of gas jets means that their characterisation is essential, and

the characterisation of the gas jet’s velocity profile is required for their correct operation

at many applications and for their optimisation. Sensors are required to obtain accurate

information about the velocity, the density and the temperature, especially based on the

fact that all existing methods are not fully fulfilling all requirements. The SM sensor is

an excellent alternative for such purposes.
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5.2 Gas Jets for Beam Diagnostic

5.2.1 Beam Diagnostics: Gas Jet Set-up

Beam diagnostics play a vital role in the study of beam dynamics, enabling beam oper-

ation and machine optimisation. Even though many diagnostics have been developed,

they all have limitations and requirements on conditions under which they can be used.

When applied to accelerators with a high energy beam, well-established techniques such

as interceptive foils and scintillating screens can be utilised for beam diagnostics only

if a small fraction of the beam is used for the diagnostic purpose. In the case of low

energy beams, the challenge is not to destroy the beam in the process of using the beam

diagnostic sensors. Another important demand is to maintain the required vacuum con-

ditions. Non-interceptive and non-destructive monitors are highly desirable as they can

be used as on-line monitors without interfering with the operation of the beam. The

interaction of a beam and a gas allows gas-based diagnostics to be successfully applied

for beam diagnostics, which include Ionisation Profile Monitor (IPM) and Beam Induced

Fluorescence (BIF). IPM is a non-invasive method based on the detection of the ions

produced as the main beam ionises the residual gas. Another commonly used BIF mon-

itor detects the light emitted during the de-excitation of the same residual gas [178].

Both of these methods, though, require a long signal acquisition time when they are

used in non-destructive and non-invasive regime because that implies a low gas density

and ultra-high vacuum.

As an alternative technique for beam diagnostics, an ionisation beam profile monitor

utilising a supersonic gas jet was developed at the Cockcroft Institute [179–182]. The

monitor is based on a neutral gas, shaped into a thin sheet. The jet travels perpendic-

ularly to the particle beam propagation axis with its plane tilted at 45◦ with respect

to the horizontal plane and crosses the beam. The ionisation products are extracted

and used to determine a beam profile. A schematic drawing of the gas jet monitor is

presented in Fig. 5.1.

The experimental setup of the gas jet monitor is composed of seven main sections.

In the direction that the jet travels, see Fig. 5.1 from left to right, these are: a nozzle

chamber, an outer chamber, a differential pumping chamber, an interaction section, and

three damping sections [180, 182, 183]. The first three chambers evacuate the jet, and

the three differential pumping sections prevent overloading of the turbo-pumps with the

high gas flows in the first expansion stage, see Fig. 5.1.

In the nozzle chamber a neutral gas is injected through an aperture with a 30 µm

diameter with initial pressure between 1 - 10 bars. The first collimator with a diameter of

180 µm is located after the aperture within a distance of less than 2 cm. More than 99.9%

of the gas is evacuated from the nozzle chamber, by intense pumping. Without efficient

evacuation, turbulences would occur in the gas flow around the nozzle, disrupting the

supersonic flow. Further collimation is done by the second circular collimator with a

diameter of 400 µm. At this stage the density of the jet is reduced to less than 1016 m−3.
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Figure 5.1: Schematic representation of a beam monitor based on a gas jet setup
including vacuum system layout [181–183].

The third collimator with a rectangular slit of 4 mm by 0.4 mm is located 30 cm away

from the second aperture. It is rotated by 45◦ around the jet propagation axis and

shapes the jet into a thin sheet.

After the jet enters the interaction chamber, at the centre of the chamber it crosses

the beam. Ionisation occurs at the point of the interaction of the electron beam with

a gas jet, see an illustration of the set-up in the interaction chamber in Fig. 5.1. An

external electric field accelerates the produced ions toward a microchannel plate (MCP)

detector. Inside the MCP, every ion produces a cascade of electrons, which are then

incident on a phosphor screen. As a result, the phosphor screen emits light which is

then detected by a camera, allowing the two-dimensional beam profile to be imaged.

The gas jet consists of high density of 1015 - 1018 m−3 neutral molecules, which

can be molecular nitrogen, argon, or helium. The gas jet sheet is estimated to have

a velocity in the range of 500 - 1,500 m/s. It has an approximate width of 1.5 mm

and an approximate thickness of 0.15 mm at its interaction point with the beam. The

characterisation of the gas jet sheet is important for further calibration of the beam

monitor, so a sensor for obtaining this information is needed. The sensor is required to

measure the velocity and the density in these ranges. Moreover, it is desirable to have a

sensor which can be easily integrated into an existing set-up with minimum additional

optics components due to complexity of the set-up itself. For example, methods such as

PTV, PIV, LSV are impossible to use, and interferometric or absorbing techniques are

difficult to install and calibrate properly.

5.2.2 Currently Used Methods for Characterisation of the Gas Jet

The gas jet beam profile monitor itself can be used for the estimation of some gas jet

properties. This alternative technique for calculating the velocity of the gas jet is based

on the pictures of the beam profiles obtained from the interaction of the gas jet with
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the electron beam. Figure 5.2 shows the profile of the beam, which was imaged by the

residual gas and by the gas jet. The gas molecules were ionised and then accelerated

by an electric field towards the MCP. The velocity was derived from the offset of the

beam profile on the MCP. Examples of such measurements are presented in Fig. 5.2.

The images were obtained from the ionisation of the residual gas, see horizontal line on

pictures in Fig. 5.2, and from the gas jet, see the spot on pictures in Fig. 5.2. When

the beam ionises the atoms or molecules of the gas jet, the shift of an image in the

direction of the jet can clearly be seen, and the velocity of the gas jet can be calculated

from this offset. The bottom pictures in Fig. 5.2 show the experimentally obtained

image of the electron beam from both gas jet and residual gas on the left hand side,

and the simulated beam image on the right hand side. The ions from the gas jet have

initial mean velocity along the gas flow which causes the ions to drift along the x−axis.

During the simulations, different presumed initial velocities were scanned to match the

separation between two beam profiles from the offset of the images. The bottom plots in

Fig. 5.2 were found to correlate with a velocity of around 860 m/s. The simulations were

obtained for molecular nitrogen at room temperature for a separation of 2.63 mm [183].

For the reference value, the terminal velocity of the gas jet can be calculated as [142]:

vjet =

√
2γkT

(γ − 1)m
,

where k is the Boltzmann constant, m is the molar mass, γ is the heat capacity ratio,

and T is the stagnation temperature. For mono-atomic gases, γ is presumed to be 5/3,

and for polyatomic gases it is approximately 1.4. For molecular nitrogen, the theoretical

jet velocity is around 800 m/s at room temperature. The difference between the velocity

values obtained in the experiment and those calculated for an ideal gas is caused by the

accuracy of the measurement of the separation in the experiment and by the fact that

the gas in the chamber might have impurities so it differs from an ideal gas.

5.2.3 Installation of the Self-Mixing Sensor into the Existing Set-up

An SM sensor can be potentially used for independent measurements of the gas jet ve-

locity for following reasons. SM sensors, being self-aligning, do not require additional

changes of the set-up they are applied to, which is the case for any other technique [184].

It allows direct measurements to be obtained rather than indirect calculations and sim-

ulations currently required for velocity measurements.

As it was demonstrated in the previous chapters, the SM sensor provided information

about the Doppler shift, which occurs after the interaction of laser light with a target.

In the case of a gas jet, its velocity vector has the direction of the gas jet expansion. The

best performance of the SM sensor was found to be when the angle between the laser light

axis and the velocity vector was in the range of 13◦ to 77◦. An SM sensor requirement is

to have access to a gas jet to provide for such an angle. The SM sensor can be installed

into the gas jet in the following two alternative ways: 1) through a viewport or a window



Chapter 5. Gas Jets in Accelerators and Their Characterisation 146

Figure 5.2: An example of estimation of the gas jet velocity by studying the pictures
obtained from the MCP, which captured the beam profile as a result of interaction of
the electron beam with gases. The top picture shows typical image obtained from the
MCP, demonstrating two beam profiles: from the residual gas and from the gas jet.
The bottom left side picture and right hand side picture show the experimental image
and simulated beam image, which was obtained at the location of the MCP result
using experimental parameters, for calculation of the velocity of the gas jet from the

separation [183].

in one of the chamber ports and 2) through an optical feedthrough located at the flange

of one of the chamber ports. As described before, the beam profile set-up consists of

seven main sections. Several sections have vacuum chambers with ports, however, most

of these ports are occupied with equipment and other sensors. As a result, these ports

cannot be equipped with an SM sensor. The interaction chamber has several ports,

however, some of them are also occupied or they have obstructions on the path from the

port to the gas, so the light of the SM sensor cannot be delivered to the gas jet. The

first dumping chamber, however, has several free ports, and the properties of the gas jet

in this chamber are considered to be the same as in the interaction chamber.

A 3D model of the beam profile monitor is shown in Fig. 5.3 (a), which was pre-

sented earlier in Fig. 5.1. The first way to install and apply the SM sensor to gas jet

measurements is to use a view-port or a window to shine the laser light through, see

Fig. 5.3 (b). This allows the laser axis to be positioned in relation to the gas jet at

any angle, which fits into the geometry of the port, in the required range for the best

performance of the sensor. The viewport or the window of the chamber is transparent

to the wavelength of the laser of the SM sensor. In the case of the transparent window,

the flexibility of the angle is a big advantage. In this case, the SM sensor, which is

going to be used for testing this method of velocity characterisation, consists of 650 nm

LD, where the SM effect appears. Another laser, which is planned to be tested on the

gas jet is 450 nm LD, similar to the 650 nm laser series. The signal from the built-in

PD is to be delivered using the custom-built system to the transimpedance amplifier
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Figure 5.3: The gas jet monitor set-up for beam diagnostic with the ways to imple-
ment the SM sensor into it. The gas jet propagates from left to right, and it can be seen
by the blue line. The light from the SM sensor is presented by the red line assuming the
650 nm wavelength. (a) the gas jet monitor from Fig. 5.1 is presented in the 3D model.
The installation of the SM sensor in the first damping chamber, which is enclosed in
the dashed box, can be realised using: (b) the view port with a window transparent to
the wavelength of the SM sensor laser, which allows the laser to be used at any angle,
or c) the optical feedthrough with the SM laser, which has a fixed angle between the

laser and the gaseous target.

with a bandwidth of up 2 GHz. The signal is going to be collected for several minutes

to provide a higher intensity and better statistics. The viewport allows the angle and

distance to the gas jet to be varied, and the light focus point can be easily adjusted, to

provide the best level of signal. However, the window reduces the amount of light going

toward the target, and also the backscattered light and, therefore, the light coupled back

into the laser cavity. This method can be applied assuming the amount of backscattered

light is enough for the SM effect.

In order to improve the level of the signal, the investigation into the seeding of the

gas jet with additional particles was considered (see following subsections) and showed

that particles as small as 10 nm can be used for increasing the level of the SM signal in

the case of a low intensity gas jet. The seeding system is frequently used for multiple

purposes in gas jets, however it would not be desirable due to the possible contamination

of the chambers and/or vacuum.

As an alternative approach, one of the ports of the first damping chamber can be

replaced with a flange that has an optical feedthrough, see Fig. 5.3 (c). To have a

Doppler shift, the angle between the vector of the velocity and the laser light axis

should be non-zero. For that, the optical feedthrough, see Fig. 5.3 and 5.4, is tilted at

65◦ in relation to the surface of the port, which leads to the angle of 65◦ between

the laser axis and the velocity vector of the gas jet. This optical feedthrough has
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Figure 5.4: Pictures of the optical feedthrough, which was designed to use for gas jet
velocity measurements. The optical feedthrough is going to be coupled with the light
from the laser, and as a result the light axis has a fixed angle between the laser and

the gaseous target.

a fibre of 200 µm, which is hermetically sealed into the stainless steel shell and can

sustain a vacuum range of 760 Torr (1 atm) to 1×10−10 Torr [185]. It has a numerical

aperture of 0.22, which is equal to a whole acceptance angle of 24.8◦. The optical fibre

operates at wavelengths in the range from 400 nm to 2200 nm with some absorption at

1400 nm. The optical feedthough allows several lasers to be applied as a part of the SM

sensor, including 1550 nm LD, which was previously tested for velocity measurements,

see Chapter 3(3.3.6). In Section 3.3.6 the application of the 1550 nm fibre-based laser

has demonstrated that the SM sensor can be built using fibre optics, which allows the

sensor to be used in an environment where the access to the target might be restricted.

Using feedthrough and the focusing lens inside the vacuum, the light to the gaseous

target is easily delivered. Outside the feedthrough, the light is easy to couple, and

then, using the coupler, the SM signal can be enhanced and detected by an external

PD with a high bandwidth of 1.5 GHz. Alternative methods of the enhancement of the

backscattered light are presented in Chapter 3, and can be used on this set-up. Since

the optical feedthough operates at a wide range of wavelengths, the 650 nm LD can also

be used. It has to be coupled directly into the feedthough, using the coupling lens.

5.2.4 Self-mixing Technique: Expected Backscattered Light in Gas jets

Assuming an SM technique is used for the gas jet, an estimation of the expected backscat-

ter can be found using Rayleigh scattering theory. The optical power collected by the

detector can be found [4] using the following expression:

PDET = ηIINV

∫
∆Ω

9π2

N2λ4

(n2 − 1

n2 + 2

)2
sin2 φdΩ, (5.1)

where PDET is the power collected by the detector, η is a collection efficiency, II is an

intensity of the incident light, N is the number density of the gas (molecules/cm3), V is

the volume of the gas illuminated by the incident light, n is the index of the refraction

of the illuminated gas, and Ω is the angle of integration, measured from the direction

parallel to the incident light electric field oscillation. A light collection efficiency can
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be calculated using Eq. 1.45 presented ealier. The refraction index n is linked to the

density by the Lorentz-Lorenz equation [186, 187], which is valid for a dilute gas and

molecular flow:

n ≈
√

1 + 3A
P

RT
, (5.2)

where A is a volume occupied by a mole of scatterers. The volume of a single scatterer

Asingle (atom or molecule) can be calculated as A divided by the Avogadro’s number:

Asingle = A/Aav. The ideal gas equation can be used for substituting the pressure and

temperature with the density:

n ≈
√

1 + 3A
P

RT
=

√
1 + 3A

n

V
=
√

1 + 3AsingleN. (5.3)

Substituting Eq. 5.3 in Eq. 5.1:

PDET = ηIINV

∫
∆Ω

9π2

λ4

( Asingle
AsingleN + 1

)2
sin2 φdΩ, (5.4)

where AsingleN is dimensionless and represents the fraction of the gaseous volume occu-

pied by molecules. In a dilute gas, the distance between molecules is much bigger than

the diameter of the molecules, leading to a value of AsingleN << 1. Hence, the effect of

N on reducing the coupled power is overcome by the effect of increasing it by the N in

the numerator of Eq. 5.4.

The minimum level, required for the performance of the SM sensor, of the coupled

back power in ratio to the incident light power is found to be equal to -123 dB [89] of

attenuation. The incident power PI of the light can be calculated by multiplying II with

the area of the measured volume, which is assumed to have a constant cross sectional

area. Assuming that d is the depth of the measured volume, Eq. 5.4 can be written as:

PDET
PI

= ηNd

∫
∆Ω

9π2

λ4

( Asingle
AsingleN + 1

)2
sin2 φdΩ. (5.5)

The importance of the geometry and size of the depth d of the measurement volume is

highlited in different works [188, 189], however no precise formula has been provided for

its computation. The depth of the measured volume is a crucial factor in the evaluation of

the expected backscattered radiation as well as of the received signal, and it is strongly

dependent on the particular geometry of the optics. The depth of the measurement

volume influences on the finesse of the velocity mapping, and the simulation should

be done to obtain the measured depth in every specific case. In the geometry of the

gas jet set-up for the beam instrumentation, such a depth is equal to approximately

1.5 mm. It was assumed as well that working in the geometry of backscattering light

means working at an angle φ of around 65◦. Assuming the detector lens, which is the

same as the collimating lens in the case of an SM sensor, has a diameter of roughly 2 cm

and the measurements are done at a distance of roughly 15 cm from the investigation
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volume, the maximum achievable φ will be roughly in the range:

π · 65◦

180◦
− arctan

( 1

15

)
< φ <

π · 65◦

180◦
+ arctan

( 1

15

)
⇒ 61◦ < φ < 69◦, (5.6)

which means that 0.85 < sinφ < 0.93. The solid angle covered by the detector in the

geometry considered above can be considered as subtended by a small facet of a flat

surface dΣ at the distance r from a viewer as:

dΩ = 4π
( dΣ

4πr2

)
= 4π

π · 0.012

4π · 0.152
≈ 1.4 · 10−2. (5.7)

Making the approximation that AsingleN + 1 ≈ 1, Asingle is calculated by taking the

cube of the diameter of the particle: Asingle ≈ D3. Hence:

PDET
PI

= ηNd∆Ω
9π2

λ4
Asingle

2 = ηNd∆Ω
9π2

λ4
D6. (5.8)

This formula also demonstrates the expected Rayleigh scattering dependence, namely

that it is proportional to the sixth power of the diameter of the scatterers and inversely

proportional to the fourth power of the wavelength.

To calculate the level of the signal, the following parameters were assumed to be used

in the experiments [163, 181]: a perfect collection efficiency of η = 1; N = 4 · 1015 (cor-

responding to a pressure of 10−8 mbar at 20 K); d = 1.5 mm; ∆Ω = 0.014; λ = 650 nm;

D = 0.1 nm. The result of the calculation is an attenuation of -220 dB, which is far

higher than tolerated by the self-mixing technique. This means that one photon for each

1024 is backscattered. To bring the solution closer to the needed attenuation value of

-123 dB [89] for the SM sensor to work, seeding of the gas with particles as small as

10 nm is required. Using the optics with bigger lenses can improve the attenuation by

one order of magnitude. The laser wavelength of 450 nm can also increase the signal

level by one order of magnitude. This implies that seeding with 10 nm particles is nec-

essary and they will follow the flow quite closely. For example, TiO2 particles of about

500 nm are reported [7] to fulfil this condition. Seeding particles do not disturb the gas,

however, major differences in gas dynamics can occur only in regions of high velocity

gradients. As a result, the different regions of the gas jets with lower velocities can be

targeted instead of the high velocities for characterisation of the gas flow.

The laser velocimeter is a self-aligning device, based on the self-mixing method where

the laser is both a transmitter and receiver of the signal. It should be pointed out that

laser self-mixing is usually used for measurements of low velocities and vibrations. The

theoretical analysis presented here shows the possibility to extend these measurement

capabilities also to high velocities by altering the design.

The experiments with a 1550 nm laser based on fibre optics have demonstrated the

possibility to utilise such type of lasers for velocity measurements with the potential

feasibility to use it for gas jet experiments where it may be more practical.
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5.3 Conclusion

Gas targets are used for a number of applications in particle accelerators and accelerator-

based experiments. This includes beam diagnostic purposes where supersonic gas jets,

which combine low internal temperatures with high directionality, show great promise

as a tool to characterise beams of charged particles in least invasive ways. These gas

jets typically have velocities of up to 1,500 m/s and feature an inhomogeneous density

distribution across the jet.

All currently used methods for the characterisation of the jet itself are either not very

reliable or require a powerful laser system. A specific challenge lies in the measurement

of the gas jet density and velocity as these almost fully characterise the jet behaviour.

A possible way to obtain this important information was shown in this chapter.

A feasibility study on using an SM sensor for velocity measurements of gas jets was

presented. It was shown that such a compact sensor can be easily integrated into an

existing set-up without significant changes to the installation nor the need of major

additional equipment. Different geometries for such a sensor, as well as its fundamental

properties and ways to integrate it into a gas jet set-up have been discussed.

It was shown that an SM sensor can be installed at the location of an existing

viewport or by using an inclined optical feedthrough. A vacuum window on the one

hand allows an optimisation of sensor performance by varying the angle between the

target and the laser light axis during the actual measurement. On the other hand, an

optical feedthrough gives access to higher light intensities at the location of the target.

This in turn means that more scattered light can be coupled back into the laser cavity.

It had been shown in the earlier Chapters 3 and 4 that a wide range of velocities can

be determined with an SM sensor. Also, options to extend the accessible velocity range

and achievable accuracy with which velocities can be measured were discussed. The

biggest challenge of the SM sensor remains the measurement of very high velocities, up

to several times the speed of sound and this will be an interesting future challenge. The

work within this thesis provides a reliable estimate of achievable signal levels, presents

different options of sensor integration, and has established a comprehensive theory and

simulation basis for this particular application.





Chapter 6

Conclusion and Outlook

6.1 Conclusion

This thesis has focused on the development of a semiconductor laser based velocimeter

that has been developed for an application in the field of accelerator physics. It utilises

the self-mixing effect in lasers, resulting in a compact and self-aligned system. A range of

important data can be acquired including vibrations, small displacements, and velocities.

Prior to this project the main usage of self-mixing sensors was to measure relatively small

changes in a target position, and the measurement of small velocities due to the high

sensitivity of the sensor. It was not fully determined whether the sensor could be used

also for the measurement of a range of different targets and for higher velocities.

The main focus of this thesis was the study into the advancement of this sensor

technology and the underpinning theory to pave the way for a whole range of new appli-

cations. This included both, theoretical and experimental studies. A general theoretical

model was successfully developed for the SM sensor. This allowed an expected SM signal

to be calculated, the sensor fundamental limitations to be estimated, and hence allowed

the sensor performance to be pushed to its limits. Important progress was also made in

measuring velocities of solid and fluid targets, with at least a factor of ten higher pre-

cision than previously achieved. This was made possible by advancements in detection

and data collection, together with improved data analysis algorithms.

Chapter 1 gave an introduction to the general principles of optical diagnostics and the

theory behind the self-mixing effect. Examples of self-mixing applications and the state-

of-the art of this method were also given. It was shown that the self-mixing technique

can be used to detect small changes in target position, roughness or vibration. As a

result, sensors using this phenomenon have been mainly applied to the measurement

of vibrations, small displacements and slow movements, with measured velocities rarely

exceeding 5 m/s. Examples were given of measurements using solid targets detecting

velocities of up to 25 m/s, and fluids in the range of 0.1 mm/s to 10 cm/s. It was

also shown that the majority of earlier works had focused on the precision of such

measurement, in particular a high spatial resolution.

153
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Chapter 2 introduced the scattering theory. On this basis a theory of the spectra

which can be expected for the self-mixing sensor was developed. The effect from the

absolute velocity, the velocity distribution, as well as the laser properties were all in-

cluded in the theory. This was shown to provide a precise calculation of the expected

overall spectra in particular experimental setups. This theory was then used to model

the results of experiments and studying the reasons behind limitations discovered in the

frame of this thesis. This model was then benchmarked against experimental data in

order to establish a realistic velocity distribution. This new theory was shown to allow

the reconstruction of the velocity distribution on the basis of a single measurement, and

was also key to identifying the intrinsic limitations of the self-mixing technique.

Chapters 3 and 4 presented experimental results obtained as part of this PhD project.

All experimental set-ups were described in detail. These were developed specifically for

this project to fully understand all aspects of the sensor and its response to a range of

different targets. Self-mixing is a non-linear phenomenon which occurs inside the laser

cavity, and hence a comprehensive study into the different regimes in which the sensor

can be operated was required.

Chapter 3 focused on studies into the influence of velocity variations and of distance

between the laser and the target on the performance of the sensor. It also presented

an experimental study into the impact of reflectivity of the measured target on the self-

mixing signal; specifically on the types of feedback in different regimes (week, moderate,

strong) [71]. Theoretical and experimental investigations into the achievable accuracy

and precision of the sensor were then performed for various angles and velocities. These

experiments included the following objects: a remote-controlled translation stage as a

movable target with a mirror with 99% reflectivity; white paper target mounted on

the same translation stage; and a rotating disc covered with white paper [184]. The

mirror and white paper on the translational stage allowed further understanding of how

different types feedback impact on the final signal in the sensor. It was found that

the white paper mounted on a rotating disc gave access to detailed information about

the variation of the velocity. It was also the ideal target to study the impact from

changes to the geometry of the entire system. Such as how accuracy and precision of

the system varies with the angle of incidence/reflection under a fixed distance between

target and laser. It also allowed the current limits of the method to be determined for a

given sensor system. It was found that velocities higher than 50 m/s could be precisely

measured. The accuracy of the sensor was also studied and it was found that a relative

error of better than 3% could be achieved [72]. Finally, a theoretical analysis showed the

possibility to extend the measurement capabilities of the sensor to much higher velocities

by altering the design and electronics.

Compared to solid targets, fluids exhibit fundamentally different scattering processes

leading to a lower backscattered intensity. In Chapter 4, the application of the SM sen-

sor to fluids was studied, with emphasis on the investigation of seeding particles for the

improvement of the resulting signal [190]. It was shown that seeding particles can be
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used as a means to improve signal level and quality for both, fluid and gaseous targets.

Variables that influence the resulting spectrum were investigated to better understand

the individual contributions to the final signal. This included primarily the velocity of

the target and the concentration of the seeders. It was shown that the spectrum of

the signal directly depends on all these factors [191]. Experiments demonstrated the

possibility of using the SM technique to measure the velocity of fluids up to 1.7 m/s for

the case of pure water. This proved that even pure water provides sufficient backscat-

tered light for the SM effect to occur. Seeding particles can be used to increase the

amount of backscattered light, leading to an enhanced signal level. This means seeding

particles can be used to measure higher velocities. Theoretical investigations into the

overall spectrum and its dependence on different parameters as previously introduced in

Chapter 2, were used to fully understand experimental results and carry out a detailed

data analysis. It was found that increasing the target velocity reduces the amplitude

of the peak of the spectrum whilst also broadening its peak. Analysis of the spectrum

allows information on the distribution of the velocities within the volume of the flow

illuminated by laser light to be obtained. The limitation of the maximum measured

velocity of 1.7 m/s could be overcome with improvements to the optical system, bene-

fiting from the reflective properties of specific scattering particles, as well as optimising

laser parameters such as wavelength and beam waist. This chapter concluded with an

analytical solution for the analysis of the experimental spectra, based on two frequency

points. It was shown that by simply using the spectrum peak and the point of inflec-

tion, the velocity distribution can be obtained with good precision. This new approach

not only simplifies the experimental analysis considerably, it also provides more precise

information about the velocities.

Chapter 5 addressed the investigation into the application of the self-mixing sensor

on gaseous targets. This had not previously been studied. Calculations of the estimated

signal level from gaseous targets showed even lower expected levels of scattered light.

Using results from Chapters 2 and 4, it was shown how the sensor could be used and

integrated into a setup using a gas jet for the purpose of beam monitoring. This is an

area of high importance, as gas jets are used for a number of fundamental and applied

research applications. The chapter indicated possible ways of designing, integrating

and operating a self-mixing sensor in such a demanding environment. Theoretical and

simulation studies indicate likely signal levels which will be carefully assessed as part of

future studies.

This thesis has studied the application of a laser-based self-mixing sensor in an ac-

celerator environment. This is the first time that this has been studied in detail. A com-

prehensive study into the velocity limitations of the SM sensor was also performed [190].

This thesis presents measurements of velocities which are one order of magnitude higher

than reported anywhere before, for the case of both solids and fluids. This significantly

expands the range of applications for this type of sensor. A new theory was also de-

veloped which enhances data analysis and improves the overall understanding of the
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self-mixing phenomenon. It also provides comprehensive information about the profile

of the velocities within a measured area from a single measurement. This opens up

additional opportunities for data analysis and application of the sensor.

6.2 Outlook

The projects and ideas presented in this thesis have advanced the science of the SM

sensor and its potential applications beyond what had been previously presented in

literature. As stated in Chapter 5, the application of the sensor to the characterisation

of the gas jet will allow for not only simple benchmarking of already existing methods of

gas jets characterisation, but also potentially new and easier to implement approaches,

which can be utilised and advance many particle accelerators. Additional experiments

are planned for tests of the sensor on at least two gas jets: a gas jet for beam diagnostics

and a gas jet as a source for a laser-plasma driven accelerator (see Chapter 5). This

will open a unique opportunity to benchmark the sensor with various simulations and

to advance the monitoring of gas jets within the accelerator community. This work

provides the basis for further studies such as the characterisation of different gas jets;

studies into 3D position and motion detection in an ultra-high vacuum environment,

using different lasers and benchmarking of numerical studies; SM sensor optimisation;

and studies into different applications.

As a part of SM sensor optimisation, the method, as proposed in Chapter 3, of

enhancement of the data acquisition system to improve the overall performance of the

sensor can be studied in detail. This will include designing and building the optimised

electronics for use at 50 or 100 MHz, supported by the already available transimpedance

amplifier. Using an additional laser will serve as a reference point for a higher precision.

It will have the same wavelength as the primary laser, however, its frequency will be

measured through temperature control. This will allow any shift in frequency to be

measured not directly via the oscilloscope but with the additional laser and resulting

current changes that will be detected by the electronics. This will advance the SM sensor

in a completely new way in order to develop the detector into a stand-alone solution

where all components are housed in a single casing.

The experimental results obtained in Chapter 4 demonstrated scientifically interest-

ing effects, which were beyond the scope of the development of the SM sensor itself,

such as mapping the region of the concentrations for various seeding particles where

the border of the processes between the single particle scattering and multi-scattering

lies. Additional simulations and benchmarking with the SM sensor measurements can

significantly extend the research around this sensor.

Theoretical studies into the influence of the velocity distribution on the overall spec-

tra, which were verified with experiments, open the platform for a completely new

approach for analysing data for many applications of SM sensors for the first time. This

goes beyond particle accelerators and can be applied to the whole complex of various
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self-mixing sensors aimed at different applications. This thesis demonstrated the very

first verification of this theory. However, more extended research including experiments

for various fluids will advance the application of the theory for SM sensors. As a result of

such research, the additional information, which can be obtained from one measurement

will allow the 3D characterisation of the velocity profile of flows without the need for an

additional scanning system.





Appendix A

Characterisation of Gas Jets

A.0.1 Characterisation of Gas Jets

An optimised gas jet with specific parameters is a highly important tool which is used

in a number of applications in many fields of physics including aerodynamic, machining,

spectroscopy, and many other fields [192, 193]. Many techniques for measuring super-

sonic flows have hence been proposed for the gas jets characterisation. The method for

measuring velocities of flows (gases and liquids), spray and particle characterisation, and

combustion diagnostics are interchangeable from one field to another. When using these

techniques, it is important to understand the measurement principle, and its limitations,

such as maximum velocities and the conditions under which the different methods can

be used. It is also very important to find a compromise between the required parameters

and the financial cost of the set-up. The different methods used for classification can

be divided into three main groups: mechanical, acoustic, and optical techniques, all of

which differ depending on the application goal.

Mechanical techniques are based on the dynamic interaction of a gas jet with a

probe. These methods utilise one or several of the following processes: the variation

of some properties or a dynamical behaviour of the probe inside the flow, for example

an object flowing with the gas jet; the penetration of the flow into the probe such as

a Pitot pressure probe; and the tracking of the volume going through a certain area.

Mechanical devices can be based on the thermal characteristics of the gas jet and they

can measure the thermal conduction and heat transfer within the flow, for example Hot-

Wire Anemometry (HWA) [147]. A Pitot pressure probe is a tube, which is placed into

the flow. As the flow penetrates the tube, the pressure within the tube is measured.

The pressure within the flow is then calculated using the Bernoulli equation. The scan

can be performed by varying the position of the gas jet or the position of the tube

itself where possible, and from the pressure the velocity can also be calculated. This

method is intrusive, i.e. the probe changes the dynamic of the gas flow, therefore,

additional simulations are required. Figure A.1 demonstrates the obtained result and

the perturbation of the gas dynamic due to the probe. However, at most facilities, an

additional measurement of the gas jet also was required in order to verify the obtained

159
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Figure A.1: (a) Measurements of the impact-pressure flow field of the supersonic
gas jet displacing the supersonic nozzle relative to the Pitot probe and (b) computer

simulation of the impact from the Pitot probe for the gas jet [148]

results. This technique was applied for the characterisation of the gas jet, which was used

for spectroscopy at the HITRAP facility at GSI [148] and at the facility at Jyvaskyla,

Finland for IGISOL [149].

Another group of mechanical sensors are based on magnetohydrodynamics and elec-

trohydrodynamics phenomena, and they include measurements of ionisation level or

discharge tracking. The dielectric barrier discharge effect was suggested [150] for the

visualisation of gas flows. Another more recent technique of visualisation of the jet by

measuring the glow discharge under pressure was proposed for use at GCIB accelerators.

These methods do not require difficult equipment [151], but they have not revealed the

cross-section of the jet [152].

Mechanical methods are reliable and relatively simple to build. For supersonic flows,

though, mechanical techniques are too intrusive and they are only occasionally suitable

for low densities. Any modification to the free expansion is bound to result in major

perturbation of the investigated system. It leads to erroneous measurements, and it is

also disruptive of the jet itself, which loses its homogeneous velocity distribution and its

high density and then will be unusable for the application it is designed for.

The acoustic methods are mostly based on the formation of the acoustic wave

within the flow using different equipment and then measuring its changed properties.

The main principle for such technique is to produce a high frequency signal, up to

1014 Hz, within the measured area of the gas jet, using, for example, a piezoelectric

transducer. If such a wave reflects from the other side of the gas jet, a standing wave

can be produced, which properties (amplitude and/or phase shift) will depend on the

reflection coefficient of the medium [153]. This allows the change of the temperature of

the gas jet, its pressure or its density to be traced, since the reflectivity is a function

of these parameters. Acoustic techniques are preferable for high densities, they provide

only limited information about the flow with a low resolution.

The optical methods are represented by a broad spectrum of different methods

with the majority of techniques based on scattering of light off the gas, and they also
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Figure A.2: The example of the Schlieren photograph of the gas expansion [157]. The
optical set-up is shown on the left side of the figure, and the right part demonstrates
the Schlieren images of the jet at different pressures, which are indicated under each

image

include such phenomena as luminescence and fluorescence. The scattering processes

allow the measurements of various parameters such as velocity, density, reflectivity,

temperature, and absorption coefficient to be performed. The most commonly used

optical methods are PIVs [6, 9] and various LDVs techniques [2, 154, 155], described

earlier. Optical methods are usually non invasive and allow the velocities to be measured

with high precision. However, some of them are not suitable for low densities, e.g.

Schlieren photographs. The most common optical methods used in the area of gas

flow visualisation are: Schlieren photographs; Particle Image Velocimetry; Absorption

Sensors; Interferometry; and Laser Doppler Velocimetry.

Schlieren photography is a technique [156] based on the variation of refractive index

as a function of the density of a flow. The region of interest in the flow is illuminated

with bright collimated light (flash lamps, LED panel, pulsed laser), and a knife edge

is placed behind the flow. As a result it intercepts roughly half the transmitted light,

when the flow is stationary. The picture made using such a set-up is compared to a

picture taken without the knife edge which results in a photograph half as bright. If the

fluid moves, density gradients give rise to a varying index of refraction, which deviates

light at an increasing angle in the direction of the density gradient. Part of the light

is blocked by the knife edge, and the illumination of the corresponding area varies on

the image capture device. This way, an image can be obtained in points of different

density which can be identified by the colour intensity of the image. Figure A.2 shows

an example of the Schlieren photographs obtained for the characterisation of a gas jet

used for low energy nuclear reaction studies [157]. Different densities of the jet are shown

by the variation from black to green colour. The main advantage of this technique is its

simplicity and the reliability of the set-up. The drawbacks of such a system are its low

resolution and that only one, perpendicular to the knife-edge, component of the gradient

per photograph can be measured. Such a system requires a very high gas density of up

to several bars to work properly in comparison with the gas density of a typical gas jet

application (lower than 10−5 mbar) for particle accelerators.
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Figure A.3: Examples of the absorption sensors: a reconstruction of the temperature
field distribution in a turbulent jet flow of O2/N2 on the left plot and the sensor con-
figuration using a laser diode for studying a mass flow for a full-scale aeroengine inlet

on the right figure [158].

Particle Imaging Velocimetry (PIV) was described in Chapter 1. When applied to gas

jets, a typical set-up consists of the same equipment described earlier: a visualisation

camera, a high power laser, an optical system for receiving a light sheet from laser,

tracer particles and a synchronizer. However, in the case of gas jets the particles do not

always follow the flow. The velocity of a seeding particle is proportional to the mass.

The tracer particles are usually big and have large mass. According to the Rayleigh

scattering equation, for the correct working of the PIV in order to trace the reflected

light, the tracing particles are required to be much bigger in size than the gas molecules,

which are usually contained in the gas jets (O2, Ar, etc.). Moreover, seeding the jet

is not only complicated and requires complex set-ups, but has also negative effects on

the jet, disrupting its velocity and density distribution to some extent, by slowing it

down and even wearing down the vacuum pumps, decreasing the lifetime of equipment.

Furthermore, the numerical algorithms, which are required to extrapolate the actual jet

velocity from the movement of seeding particles, are not only complex, but also carry

large uncertainties.

Absorption sensors are based on the absorption of the laser light while it propagates

through the medium and can provide information about temperature or density depend-

ing on which parameters are known. Two absorption transition probes can give the pure

function of the temperature of the media as well. An example of the results obtained

using the absorption sensor for the temperature field reconstruction for the character-

isation of the gas jet is presented in Fig. A.3 on the left hand side of the plot. Using

the same absorption sensor in different configurations, measurements of different gas jet

parameters are possible. As shown in Fig. A.3 on the right hand side, the same sensor

was used for measurements of the mass flow, particles concentration, gas temperature,

and its velocity [158]. The challenge is to choose the correct diode sensor in order to

obtain a sufficient level of the signal [159].

Interferometry (see Chapter 1 for details) can be employed [194] for measuring the

density by using the variation of the index of refraction with density, which occurs in a
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Figure A.4: An example of a Michelson interferometer installed into the set-up for
the gas cell characterisation, which is used in the laser wakefield accelerator [161]. As
it can be seen, the complexity of the interferometry makes it unsuitable for its use at

many facilities.

gas. The measurements are achieved by locating one of the arms of the interferometer

within the gas. Computational fluid dynamics simulations can provide a wealth of

information about velocity if the density is given. Interferometry does not provide a

direct measurement of velocity and it is best suited for studying high density gases so

that variation of refractive index is high.

Interferometric and absorbing techniques [160] usually require an installation of a

complex additional set-up into an existing system and are hardly applicable for use in

gas jet set-ups. An example of such an installation of the Michelson interferometer is

shown in Fig. A.4. This set-up was used for the characterisation of the gas inside the

gas cell for the laser wakefield acceleration [161].

Laser Doppler Velocimetry (LDV) and Spectroscopy work on the same basic prin-

ciple: the Doppler shift experienced by the radiation incident on a moving particle.

The only difference between these two approaches is the method of visualisation of the

Doppler shift. Rayleigh scattering is the principle which lies behind the very basis of

LDV, see Chapters 1 and 2 for details. Based on common principles of LDV and scat-

tering, many different techniques have been developed. When applying LDV to flows,

the Doppler shift can be detected using interferometry. For example, if the scattered

light with the Doppler shift is superposed with a reference beam to produce the inter-

ference pattern, the difference in frequency between the two light beams results in a

beating signal with a frequency of the Doppler shift. Spectroscopy allows the spectrum

of the Doppler-shifted light to be detected directly. For example, Spectrally Resolved

Rayleigh Scattering (SRRS) reconstructs the spectrum of the scattered light for the flow

visualisation [4, 162]. The Doppler broadening of the light after the interaction with

moving flows gives direct information on the Doppler shift. SRRS exploits standard

spectrometry techniques such as interferometric filters like a scanning Fabry-Perot in-

terferometer [1, 162] or molecular filters [195], which use the narrow absorption bands

of gases. LVD, spectroscopy and interferometry techniques overlap almost completely
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Figure A.5: An example of an experimental set-up which has three optical diagnostics
(scattering under different angles and nuetral gas interferometry) for the characterisa-

tion of a gas flow [196].

when they are applied. One example of the combined experimental set-up which exploits

the scattering phenomenon for a gas flow characterisation is presented in Fig. A.5.
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[56] R. Kliese and A.D. Rakić. Spectral broadening caused by dynamic speckle in

self-mixing velocimetry sensors. Optics Express, 20(17):18757–18771, 2012.

[57] M. Norgia, S. Donati, and D.D. Alessandro. Interferometric measurements of

displacement on a diffusing target by a speckle tracking technique. Quantum

Electronics, IEEE Journal of, 37(6):800–806, 2001.

[58] S. Shinohara, S. Ito, S. Takamiya, H. Yoshida, et al. Compact optical instrument

for surface classification using self-mixing interference in a laser diode. Optical

Engineering, 40(1):38–43, 2001.
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