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Abstract 

A sensor for individual aerosol particle characterization, based on a single-mode 
semiconductor laser coupled to an external cavity is presented. The light emitting 
semiconductor laser acts as a sensitive optical detector itself, and the whole system has the 
advantage of using conventional optical components and providing a compact set-up. 
Aerosol particles moving through the sensing volume, which is located in the external 
cavity of a semiconductor laser, scatter and absorb light. Thereby they act as small 
disturbances on the electromagnetic field inside the dynamic multi-cavity laser system. From 
the temporal variation of the output light intensity, information about the number, velocity, 
size, and refractive index of the aerosol particles can be derived. 
The diffracted light in the near-forward scattering direction is collected and Fourier
transformed by a lens, and subsequently imaged on a CCD camera. The recorded 
Fraunhofer diffraction pattern provides information about the projected area of the 
scattering particle, and can thus be used to determine the size and the shape of aerosol 
particles. 
The sensor has been tested on fibers which are of interest in the field of working 
environment monitoring. The recorded output intensity variation has been analysed, and the 
relationship between the shape and the size of each fibre, and the resulting scattering 
profiles has been investigated. 
A simple one-dimensional model for the optical feedback variation due to the light-particle 
interaction in the external cavity is also discussed. 
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1. Introduction and theoretical approach 

I. I Introductory overview 

Atmospheric particles have a great impact on the climate of our planet as well as on our 
health. Outlets to the atmosphere have resulted in many environmental alarms such as global 
warming, depletion of the stratospheric ozone layer, and serious urban pollution, just to 
mention a few. It has been estimated that world-wide, nearly one billion people in urban 
environments are continuously being exposed to health hazards due to air pollutants [1]. 
Getting more knowledge about aerosol particles, and trying to understand the effects of 
various natural and man-made aerosols can help us to protect our environment and to fight 
against pollution. 

The characterization of airborne particles is critical in the study of a wide range of fields 
including monitoring of industrial emissions and ambient air quality, as well as research on 
e.g. cloud and fog formation. In recent years, increasing emphasis has been laid on indoor 
aerosols, since people on the average spend 80-90% of their time indoors [2]. Health 
concerns have often driven the technology for detecting and quantifying airborne particles. 

There are two basic approaches to the measurement of aerosol particles [2]. The traditional 
approach is to sample the particles onto a filter. This method, called extractive, generally 
relies on experts to examine the filters under microscope in a laboratory, which is a time 
consuming procedure that usually cannot be carried out on site. 
The other approach is to sample the aerosol directly into a real-time, dynamic measuring 
instrument. The major advantage of this measurement technique, called in situ, is that the 
data are immediately available. The disadvantage, however, is that in situ aerosol 
measurement systems are generally expensive. 
One way to make in situ detection of particles is by collecting scattered light from them In 
optical aerosol measurement instruments the interaction of aerosol particles with the 
incident light serves as a basis for the real time measurement. High reliability and accuracy 
of the measurement, possibility of remote sensing and detection of the particles in their 
airborne state are some of the main advantages of this scattering technique [3,4]. 

The layout of this work follows these lines: 
In Chapter 1 a brief theoretical introduction to the field of semiconductor lasers and of light 
scattering by particles is given. Sect. 1.3.2 is specially focused on semiconductor lasers 
coupled to an external cavity, while Sect. 1.5 presents a simple model for the light-particle 
interaction inside the external cavity of such a laser system. Sect. 1.6 deals with aerosols 
and aerosol measurement. 
Chapter 2 describes the design of the aerosol detector and presents its consisting 
components. Some experimental fmdings about the operation of the external cavity system 
and the optics are also given. 
In Chapter 3 the results of the performed experimental measurements are presented and 
evaluated. In Sect. 3.3 a brief diagnostic investigation of the sensor characteristics is done. 
In the fourth chapter the measurements and the results are discussed, and a few 
improvement suggestions are given. Finally, Sect. 4.4 summarises the conclusions. 
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At the end, three Appendices have been attached, regarding experimental details and 
derivation of some results presented in the experiment evaluation. 

1.2 The purpose of this project 

This project was part of the research done by the Molecular Spectroscopy Group at the 
Atomic Physics Department at Lund Institute of Technology. The research activity of the 
group is oriented towards optical monitoring of indoor working environments and outdoor 
pollution. 

The purpose of this project was to develop a device for in situ detection of micrometer-size 
aerosol particles. Besides measurement of particle concentration and size, it should provide 
information on the shape of aerosol particles in order to render possible their identification. 
The light scattering technique was chosen because of its advantages, including rapid, 
continuous and sensitive detection, and avoidance of physical contact with the particles. 
The instrument is intended to be used for single-particle detection, corresponding to a so
called optical particle counter (OPC) [2], but it may as well be applied for light scattering 
measurements of a small assembly of particles. 
A primary goal was to evaluate whether a semiconductor laser coupled to an external cavity 
can be employed as an aerosol particle monitor. Due to their many benefits, such as 
compactness, efficiency, reliability, and low cost, semiconductor lasers are light sources well 
suited for spectroscopy and metrology [5]. They can realise compact sensor heads in 
portable instruments, easy to use when making aerosol measurements in field environments. 

An external cavity is formed by placing an external reflector in front of the laser, whereby 
optical feedback of radiation is returned back into the laser cavity. 
The basis of the prototype optical sensor is active scattering, which means that the sensing 
volume is located inside the laser resonator. The aerosol particles move through the passive 
external cavity and interact with the electromagnetic field by scattering and absorbing the 
light. They act as small, short-time disturbances on the steady-state of the system, causing 
changes of the output light intensity. Information about the aerosol particles can be obtained 
by processing the resulting output intensity variations. Used in this way, the semiconductor 
laser performs as an extremely sensitive device. 

Additionally, diffracted light in the near-forward scattering direction is collected and imaged 
on a CCD camera. The pattern of scattered light forms a unique "fmgerprint" characteristic 
for each type of aerosol particle, and can thus be used for identification purposes [6]. 

This is a pilot study, and the main practical concern during this initial stage of the work was 
to get a better understanding of the operation of a semiconductor laser with an external 
cavity. This is a prerequisite, because without a functioning external cavity no scattering 
measurements can be done. Consequently, extensive experimental tests have been 
performed, and a theoretical approach to describe the light -particle interaction in the 
external cavity through a simple one-dimensional model is also proposed. 
A thorough evaluation and calibration of the aerosol particle sensor, as well as development 
of the technique and testing on the field, remain still to be done. 



3 

1.3 Theory of the semiconductor laser with an external cavity 

In order to understand and fully control the operation of the semiconductor laser when 
employed as a particle sensor, the properties of this opto-electronic device have been 
studied theoretically and experimentally. The first part of this section is intended to give a 
concise introduction into the field of solid-state semiconductor lasers. The second part is 
dealing with semiconductor lasers with an external cavity. Some useful expressions 
concerning the emission spectrum and the steady-state characterization, as well as for the 
optical output power are also derived. 

1.3.1 The laser diode 

The semiconductor laser, alternatively known as the laser diode (LD), was invented in 1962, 
soon after the development of the light-emitting diode (LED) [3]. 
A laser (the term is an acronym for Light Amplification by Stimulated Emission of 
Radiation) consists of a light amplifying medium (active medium), where significant amount 
of stimulated emission occurs, and of a resonator cavity. As for the semiconductor laser, it 
is essentially a pn-junction combined with an optical resonator. 

A first condition for lasing to occur is that the population of the excited state (conduction 
band) is higher than that of the ground state (valence band). The system is then operated in 
a non-equilibrium state called population inversion [7]. Energy has to be supplied to the 
system by pumping. In the case of a laser diode, charge carriers are injected into the pn
junction by applying a bias voltage in the forward direction. Stimulated light emission with a 
photon energy corresponding to the band gap between the conduction band and the valence 
band will result upon the recombination of electrons and holes (see the energy-level diagram 
shown in Fig. 1.1). 
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Fig. 1.1 Structure and characteristics of a laser 
diode. (Here a double hetero-junction type.) 
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The double-heterojunction (DH) laser diode was the first semiconductor laser configuration 
capable of continuous operation at room temperature, and it has become the prevalent type 
for most applications today [8,9]. It consists of a thin layer of undoped semiconductor 
(GaAs) sandwiched between p-doped and n-doped regions of another semiconductor with a 
slightly larger bandgap energy (AlxGa1_xAs). This design leads to an efficient confinement of 
both the charge carriers and the optical field to the so-called active region (see Fig. l.l ). 

A second condition for lasing consists in light amplification through optical feedback. A 
Fabry-Perot resonator cavity is created by cleaving the ends of the semiconductor crystal to 
form two parallel reflective smfaces. 
In a Fabry-Perot cavity, if a multiple whole number of half-wavelengths fit between the two 
end planes, reinforced and coherent light will be reflected back and forth within the 
resonator cavity [7]. Constructive interference allows creation of standing waves 
corresponding to so-called resonator modes. Thus, the length Ln of the diode cavity must 
satisfy the condition 

L0 = m(_~) ==> m?c = 2nL0 , 
2n 

(1.1) 

where m is an integer representing the order of the longitudinal mode, and n is the refractive 
index of the active region corresponding to the wavelength A. Fig. 1.2 shows schematically 
the propagation of plane waves in a Fabry-Perot resonator. 
The separation between two neighbouring longitudinal modes, l:lA = ~n - Am+t, can be 
derived by differentiating Eq. (1.1) with respect to A, and we obtain 

(1.2) 

Here the dispersion was neglected (dn/dA = 0). 

Laser oscillation will start from the noise of the spontaneous emission at the mode for which 
the amplification is greatest, i.e. at the wavelength with the maximum gain. The laser 
threshold is the characteristic level of the pumping at which lasing starts. Below threshold 
the laser emits weak, incoherent and spectrally broad radiation. The semiconductor laser is 
then comparable to a light-emitting diode. Above threshold, intense, coherent and spectrally 
sharp emission is observed. At single-mode emission the other longitudinal modes will be 
effectively suppressed. 

Ref :rae tin~ 
index n 
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Fig. 1.2 Standing wave in a laser resonator. 
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At the threshold for lasing the gain, defined as the incremental optical energy flux per unit 
length, satisfies the condition that an electromagnetic wave makes a complete round trip of 
the cavity without attenuation [ 10]. It yields 

( 1.3) 

where r is the confu1ement factor accounting for the ratio of the light intensity within the 
active layer to the total light intensity inside the laser cavity [ 11], g is the gain at the lasing 
mode, <Xi represents the intrinsic losses per unit length due to material absorption and 
scattering, Ln is the diode cavity length, and R1 and R2 are the reflectivities of the both ends 
of the cavity, respectively. The threshold condition above can be rewritten as a relation for 
the required gain at threshold 

(1.4) 

This expressiOn means that the condition for laser oscillation to occur is that the 
amplification must compensate for the intrinsic losses <Xi and the transmission (or mirror) 
losses <XM. Hence, a light wave inside the resonator is amplified only if the optical gain, 
related to the stimulated emission, is sufficiently large. 

The field equation. The steady-state and dynamic characteristics of a laser are usually 
described by rate equations or by a field equation approach [8,11,12]. In the following, a 
simple derivation of the rate equation for the photons is given, which is then related to the 
field equation for the electromagnetic wave inside the cavity. 
The change in the photon number S inside the cavity, within the considered oscillating 
mode, is caused by stimulated emission, absorption and spontaneous emission. The rate of 
change of the photon number can therefore be described by 

(1.5) 

where R,t corresponds to the number of photons generated per unit of time due to 
stimulated emission, 1/Trh is the rate of loss related to the photon lifetime Tph, and Rsr 
denotes the effective spontaneous emission coefficient. 
The stimulated emission rate is related to the gain coefficient according to the expression 
[8] 

c 
R = rgv = rg-st _ g ' n 

( 1.6) 

where vg is the group velocity of the optical wave, c is the light velocity in vacuum and n is 
the group refractive index of the material. The confmement factor r is introduced to 
account for the fraction of light within the active layer. 
In the laser diode the amplification is caused by injection of charge carriers in the pn
junction. The gain is empirically found to be proportional to the injection current, and can 
accordingly be linearised with respect to the carrier (electron) density N [12], yielding 
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( 1. 7) 

Here Nth is the threshold carrier density and a is the differential gain coefficient. 
To describe the wave propagation inside the laser cavity, suppose that the electric field 
associated with the light is represented by go(t) = E(t)exp(iCDt). This plane wave can be 
normalised, so that the absolute square of its amplitude corresponds to the photon number 
S(t) inside the laser cavity, i.e. 

(1.8) 

with* denoting the complex conjugate value. 
The time derivative of the photon number S is accordingly given by 

dS d(go(t)go'(t)) dgo*(t) • dgo(T) 
dt = dt = go (t) dt + go ( t) dt 0 

(1.9) 

Since dS/dt is given by Eq. ( 1.5), dE/dt can be evaluated, yielding the fmal expression for 
the field equation 

dE ( t) { 1 [ ( ) n 1 ] } --= iOJ +- !aN- N 111 --- E(t) + Esp (t), 
dt 2 c rp,. 

(1.10) 

where Eqs. (1.6) and ( 1.7) have been used. Here co is the resonant frequency of the diode 
cavity longitudinal mode, and Esp denote the complex field amplitude due to spontaneously 
emitted photons. For the sake of simplicity, the spontaneous emission term will be neglected 
in the following. The relation (1.10) represents the field equation describing the steady-state 
and the dynamic behaviour of the laser diode. 
The loss rate, expressed as the inverse of the photon lifetime, is defined as [12] 

(1.11) 

where Vg is the group velocity and CXt is the total loss coefficient. The total loss is comprised 
of intrinsic losses CXi and mirror losses CXM, and it is equal to the gain required for the mode 
to oscillate, i.e. the threshold gain g,h· According to Eq. (1.4) it follows that 

- 1- = v g (a;+ aM)= vg 1g 1" =!:_(a;+ - 1-ln-1-]. 
r," n 2LD R1 R2 

(1. 12) 

Thus, the losses due to transmission through the two end mirrors are given by 

(1.13) 
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The optical output power. In order to obtain a relationship between the reflectivities of the 
diode cavity facets and another measurable physical quantity, an expression for the output 
power emitted by the laser diode will be derived. 
Two of the semiconductor laser parameters which can readily be measured are the light 
output power P and the injection current I. The variation of the power as a function of the 
injection current is usually used to characterize the system. Lasing starts at a level of the 
pumping corresponding to the threshold current I,h,• of the solitary diode, and above this 
point the laser output power is linearly proportional to the injection current. 
It is evident that the light output power emanating from both end facets of the laser crystal 
is proportional to the loss rate due to transmission through these facets. By introducing the 
totally stored photon energy in a resonator mode, W~''" the output power can consequently 
be expressed as 

P = vgaMWp". (1.14) 

Under steady-state conditions (d/dt = 0), the photon energy corresponding to the oscillation 
frequency w, is given by [12] 

(1.15) 

where tz is Planck's constant, 'tpb is the photon lifetime, q is the electric charge, I and I,b,s are 
the operating current and the threshold current of the solitary diode, respectively. 
Thus, taking Eqs. (1.12), (1.14) and (1.15) into consideration, and introducing an internal 
efficiency 'Tli to account for spontaneous emissions and leakage currents [11], we get the 
following expression for the total output power 

( 1.16) 

In this expression the linearity between the output power and the injection current above 
threshold is explicit. 
Normally one monitors the output power from only one of the facets, e.g. the one 
corresponding to the reflectivity R1• The expression for the power P, emitted from this facet, 
can be arrived at by replacing aM in the numerator in Eq. (1.16) with aM,! = (1/2L0)ln(1/R,). 
a~1.1 corresponds to the mirror loss at the relevant facet (compare with Eq. (1.13)), yielding 

lim( ) (1/2L0 )ln(l/R1 ) 

pl = -q- I- lrlz,s 1'h -a-i +_(l_/_2-=L-o-)l_n_(l_/_,_R_lR_2_). ( 1.17) 

1.3.2 The laser diode with an external cavity 

Light emitted from a laser diode can easily go back into its cavity by an external reflection, 
because of the low reflectivity of the cavity facets (typically R = 0.32). Thereby, the 
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dynamic properties of semiconductor lasers are significantly affected by the interference 
effects between the feedback light and the field inside the diode cavity [ 13]. If the source 
laser is not optically isolated from the target, then even a weakly reflecting target has to be 
considered as part of the lasing system [8]. 

The effect of optical feedback from an external reflector on the emiSSion spectrum of a 
semiconductor laser can be explained with a compound cavity model as shown in Fig. 1.3a. 
The three-mirror resonator is consisting of a Fabry-Perot diode cavity and an external cavity 
formed by the external reflector (with reflectivity R3) and the diode facet facing it (with 
reflectivity R2). 

The resonant mode spacing of the external cavity is determined by the Fabry-Perot cavity 
condition (compare with Eq. (1.2)), i.e. 

( 1.18) 

with L8 denoting the external cavity length. 
The distribution of resonant modes of the diode cavity and of the external cavity is 
illustrated in Fig. 1.4. The experiments have been conducted on external cavity lengths LE 
considerably larger than the length of the diode cavity LD, thus the spacing of the external 
cavity modes is much smaller than that corresponding to the free laser. 
Because the laser light has to travel through an additional external cavity, the radiation is 
reinforced at a wavelength that resonates both in the laser diode cavity and also in the added 
external cavity. All the other wavelengths, which present larger effective losses, are 
suppressed. Hence, the external cavity improves the single-mode behaviour of the laser [8]. 
Semiconductor lasers have a broad gain spectrum half width, and the dominant mode is 
selected at the combination of modes closest to the gain peak [14]. 

I< 
Lo 1< LE )I ~ 

Lo )I 
(a) (b) 

:l. 
Emitted Optical 

ll!l light feedback 

l!ll 

~~~-
n n H 

Refractive 
R, index Rz RJ R, Reff 

Laser diode Extemal cavity Laser diode 

Fig 1.3 A one-dimensional model of the external cavity diode laser: (a) compound cavity built up of the 
diode cavity and a weak external reflector; (b) equivalent scheme. A typicalmlue for the rejlectivitv of the 
uncoated diode facet is R, = R2 = 32%. An external mirror with reflectil·itv Rl = 8% was used in the 
experiments. 
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Fig. 1.4 Mode spacing 
characteristics of the diode 
laser cavity and the external 
cavity. 

When the injection current is increased, the temperature of the semiconductor crystal rises 
due to dissipated heat, and, at the same time, the refractive index in the active region 
increases. Crystal temperature variations will additionally lead to a change of diode cavity 
length and of energy bandgap [11]. All this factors lead to a frequency mismatching at the 
oscillating mode pair, so that another external cavity mode boosts the power in an adjacent 
or nearby longitudinal diode laser mode (see Fig. 1.4). This shift of oscillation frequency is 
known as mode hopping [15,16]. 
The conclusion is that temperature and injection current can be used for selection of the 
oscillation wavelength, and that careful control of these two parameters is a prerequisite for 
stable single-mode emission and avoidance of mode hopping. 

The field equation. The dynamical properties of a laser diode with an external cavity has 
been described by Lang and Kobayashi in the form of the following field equation [14] 

dE(t) { 1[ ( )n 1]} --= im+- raN -N,h --- E(t)+KE(t- T). 
dt 2 C T;:h 

( 1.19) 

Here co is the longitudinal mode resonant frequency of the solitary diode cavity (co = 

Imtc/nLD, compare with Eq. (1.1)), and--cis the round-trip time through the external cavity 
(--c = 2LJc). Eq. (1.19) is valid only for weak feedback levels of the external reflector, i.e. 
for single-pass resonance. In our case, the experiments have been done using an external 
mirror with low reflectivity ( <8% ). By comparison with Eq. ( 1.1 0) we see that the external 
feedback has been accounted for by adding a single time-delayed term on the right-hand 
side of the equation. 
For the derivation of this expression, we consider an equivalent model of the compound 
cavity system as illustrated in Fig. 1.3b. An effective mirror reflectivity Rerr is introduced, 
accounting for the reflected radiation from the inner laser facet facing the external cavity 
and from the external mirror, as well as for the phase delay of the external feedback [17,18]. 
We take into consideration even the optical losses due to transmission and coupling back 
into the diode cavity, by introducing a coupling efficiency 11 [ 17,19 ,20] and an external 
reflectivity Rext so that 

(1.20) 
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Assuming a stationary field E; exp(iQt) incident from the left on the inner facet (Q denotes 
the oscillating frequency of the compound cavity laser), the total reflected field at this facet 
is 

E ;nt [ rnR (l R ) ro--R -inr ( 1 R )R !DR -i2nr ]E int ,e = "1/ l\2 + - 2 "1/ [\ext e + - 2 ext v l\2 e +... ;e . (1.21) 

An effective amplitude reflectivity rorr can then be defined as the ratio EriE;. If multiple 
reflections in the external cavity are neglected, the effective reflectivity is found to be 

(1.22) 

where parameter a is introduced as 

(1.23) 

The total loss rate of the compound cavity, 1/t::ph,e, can be computed using the result derived 
for the threshold condition for the solitary diode (see Eq. (1.12)). We apply it on the 
equivalent scheme of the external cavity configuration shown in Fig. 1.3b, by replacing R2 in 
the expression for the mirror losses with the new effective reflectivity Rerr· We then obtain 

1 c [ 1 1 ) c [ 1 1 1 ( ln't" )] --=-.a. +--In =-a. +--ln----ln 1+ae-
r:ph,e n ' 2LD R,Reff n ' 2LD R,R2 LD . 

(1.24) 

The first two terms on the right-hand side represent the loss rate of the solitary diode laser 
(compare with Eq. (1.12)). Assuming a<< 1, i.e. low feedback T\R3 << R2, the following 
relationship for the total loss of the compound cavity holds approximately 

1 1 ca -in" --=----e 
r: ph.e r; ph nLo 

(1.25) 

By inserting this expression in the field equation ( 1.10) for the laser diode, Eq. ( 1.19) is 
arrived at. The feedback strength K is then given by 

ca a 
K:-----

- 2nL0 - r:c ' (1.26) 

where "t::c is the round-trip time for the light in the diode cavity. 

The optical output power. We now use the same approach as in Sect. 1.3.1 to obtain an 
expression for the light output power emitted from the back laser facet, corresponding to 
the reflectivity R1. Considering the model in Fig. 1.3b, we replace R2 in the Eq. (1.17) with 
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the effective reflectivity Rerr (given by Eq (1.22)), and fmd the output power from the back 
facet given by 

JiQ( ) (l/2LD)ln(l/R1) 
p =-I-/ 

r.e th,e Th a. +(1/2L )l (1/R R ) . q , Dn !elf 

( 1.27) 

Here Q is the oscillating frequency of the external cavity laser, and Itb,e is the threshold 
current for the compound cavity. Thus, from the above expression it can be seen that the 
optical output power is a function of the effective reflectivity. 

1.4 Light scattering by particles and Fraunhofer diffraction 

Scattering processes in the atmosphere form the basis of well known phenomena, often 
taken for granted, such as the blue of the clear sky, the red of the sunset glow, and the 
"miraculous" appearance of the rainbow after a heavy shower [3]. 

This section gives a very brief and limited background to the phenomenon of light scattering 
by particles. A more extensive and detailed presentation of this subject can be found for 
instance in the book by van de Hulst [21]. Further, a short presentation of Fraunhofer 
diffraction by a slit is also given. 

A parallel electromagnetic beam illuminating a particle will be attenuated due to absorption 
and scattering by the particle. This attenuation of light is called extinction, and it can 
consequently be written as 

Extinction = Scattering + Absorption. 

A small particle will scatter an incident electromagnetic wave in different directions. This is 
due to emission of radiation from the electric charges in the particle, which have been 
accelerated by the electric field. The scattering is called elastic if the incident and scattered 
radiation have the same frequency, or inelastic if the wavelength is altered. 

Let a particle with a size d (corresponding for instance to the diameter of a spherical 
particle), made up of a material with a complex refractive index m, be illuminated by a 
plane, monochromatic wave of wavelength A. A dimensionless size parameter a is usually 
introduced, connecting the particle's sized and the wavelength A through the relation 

(1.28) 

The spatial distribution of the light scattered by the particle per unit solid angle can be 
described by a dimensionless scattering function Q. that depends on the scattering angle 8, 
the size parameter a, and the refractive index m of the material. 
At any point in the distant field, the scattered electromagnetic radiation has the character of 
a spherical wave, in which energy flows outward from the particle. The intensity of the 
scattered light (defmed as energy flux per unit area) in a point at a distance r from the 
particle and corresponding to a scattering angle 8 can consequently be written as 
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Qs(8,a,m) 
ls(8,r) = , , / 0 • k-,.-

( 1.29) 

Here k represents the wave number (k = 2rrfA), and I0 is the illumination intensity. 
Further, a scattering cross-section C, is usually introduced, defined as the quotient between 
the power of the scattered light and the intensity of the incident light, i.e. 

ps c =
s I 

0 

(1.30) 

Consequently, the scattering intensity can also be written as 

1 
ls=-,CJo, r-

while the scattered electric field is then given by 

1-JC: -ikr Es =- CsE0e , 
r 

where Eo is the amplitude of the incident light. 

(1.31) 

(1.32) 

The energy absorbed inside the particle may by definition be put equal to the energy incident 
on the area C., called absorption cross-section, so that the total energy removed from the 
original beam corresponds to the so-called extinction cross-section C, defined as 

(1.33) 

It can be shown that for large particles, the extinction cross-section is equal to the double of 
the geometrical cross-section of the particle [21]. It may seem as a paradox, that a particle 
can remove from the incident beam twice the amount of light it intercepts. However, this is 
a consequence of the boundary condition which demands that the electromagnetic field must 
be continuous at the particle surface. In fact all scattered light, including that at small 
angles, is counted as removed from the beam. 

Diffraction, Q 0 

Fig. 1.5 Decomposition of scattered 
light in components according to ray 
optics. 
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There are two limiting cases for the phenomenon of elastic light scattering by small particles 
[ 4,21]. The scattering of light from particles that are much smaller than the wavelength of 
light, i.e. a << 1, is called Rayleigh (or dipole) scattering. If the particles instead are 
comparable or greater in size than the wavelength of the impinging light one speaks of Mie 
scattering. 
\Vhile the scattered light is homogeneously and symmetrically distributed in the case of 
Rayleigh scattering, the Mie scattering is characterized by intensity oscillations in the 
scattering directions. 
Another important feature of the scattered light intensity is its strong particle size 
dependence. The intensity for Rayleigh scattering is proportional to the sixth power of the 
particle diameter (I oc d6). For Mie scattering, the scattered light intensity is proportional to 
the particle's projected area (I oc d2). 

Lorenz-Mie scattering. Gustav Mie has 1908 presented an analytical method for derivation 
of the intensity distribution of the light scattered by spherical particles illuminated by a plane 
wave [22]. His method was based on the so-called Lorenz-Mie scattering theory, which 
provides an exact solution to Maxwell's equation of electromagnetic propagation. (Lorenz 
has earlier independently derived corresponding expressions [23].) 

"Kevertheless, the results of Lorenz-Mie theory are very complex and geometrical optics can 
be employed as good approximations for particles very large compared with the wavelength 
of light (a>> 1) [21]. In this case it is possible to distinguish rays hitting various parts of 
the particle's surface. The rays hitting the particle and passing along it give rise to scattering 
due to three distinct phenomena: diffraction, reflection, and refraction (see Fig. 1.5). The 
scattering function Q. can be expressed as the sum of these three components, according to 

Qs(8,a,m) = Q0 (8,a) + Q, (8,m) + Q2 (8,m). (1.34) 

Qo is the diffracted part of scattered light. Its angular distribution depends on the size 
parameter a, but is independent of the optical properties of the particle, i.e. the refractive 
index of the material. Q1 and Q2 are the components scattered by reflection on the surface of 
the particle and by two consecutive refractions by the surface, respectively. Their angular 
distribution is independent of the size parameter, but is influenced by the optical constants 
of the material and also by the shape of the particle. 

Incident light 

Particle 

Reflection and 
refraction 

Fig. 1.6 Single particle light scattering. 

Forward scattered 
lobe (diffraction) 
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The diffraction component Q0 of the scattered light is compressed into a narrow but very 
intense forward lobe, as illustrated in Fig. 1.6. It dominates strongly over the other 
components (and can actually be several orders of magnitude larger). 
For low scattering angles (8 < 1 0°), and for particle dimensions d > 4-5A., the diffraction 
part of scattered light can be approximated by Fraunhofer diffraction [2,24]. 

The conclusion is that the scattered light should be collected in the near-forward direction, 
where the diffraction part (proportional to the particle size) dominates and where the 
influence of the optical properties of the particle is minimised. In this regime one can 
approximate the scattered light distribution by the Fraunhofer diffraction [25]. 

Fraunhofer diffraction. A characteristic of Fraunhofer diffraction is that the angular 
distribution of scattered light intensity is determined by the particle's shape, and is inversely 
proportional to the size of the particle. 

The condition for Fraunhofer diffraction is that the plane of observation is situated in the so
called far-field region, i.e. is very distant. This practically means that the distance R from 
the diffracting object to the plane of observation must satisfy the condition 

(1.35) 

where d is the dimension of the diffracting object and A is the wavelength of light. 

Here we shall present the expressions for Fraunhofer diffraction by a slit [26], which will be 
employed in the evaluation of the experimental findings in Sect 3.1. 
The light intensity distribution resulting from diffraction of a coherent plane wave by a 
single slit of width d, is given in the Fraunhofer approximation by 

\Vhere ~ is defined as 

kd 
f3=-sin8 2 . 

(1.36) 

(1.37) 

Here 8 is the scattering angle, 1(0) is the intensity at the principal maximum, and k is the 
propagation number (k=2rr/A). 
The extrema of 1(8) occur at values of ~ for which dl/d~ equals zero, that is 

dl 2 sin f3 ({3 cos f3 - sin {3) 
d/3 = I (0) {3 3 = 0 . (1.38) 

Hence, the intensity distribution has minima, equal to zero, when sin~ = 0, whereupon ~ = 
±n, ±2rr, ±3n, ... According to Eq. (1.37), it follows that the zeros of irradiance will occur 
when 
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d sin em= m.lc, (1.39) 

where m is a whole number m =±I, ±2, ±3, ... , and 8m is the scattering angle corresponding 
to the m-th inadiance minimum. 
The maxima of irradiance correspond to the solution of the transcendental equation 
tan f3 = f3 . The derived numerical solutions of this equation are presented in Table 1.1. 

Table 1.1 Numerical solutions of the equation tanf3 = {3, and corresponding order of the 
subsidiary intensity maximum in the Fraunhofer diffraction pattern. 

±1.430rr ±2.459rr ±3.471rr ±4.477rr ±5.482rr ±6.484rr ±7 .487rr 
Order of the 1 sr 

maximum 

The experimental evaluation of the aerosol particle sensor was conducted on fibres (see 
Chaps 2 and 3). In order to show the relevance of the presented expressions for the 
Fraunhofer diffraction, valid for scattering by a slit, we shall consider the following 
experiment: 
Given an aperture and an obstacle, shaped so that the transparent and the opaque regions on 
the two objects are complementary, let E1 and E2 be the electromagnetic field amplitudes 
arriving at a distant point of observation when either the two objects, respectively, is in 
place. The Babinet' s principle states that in the far-field region, i.e. at a distant point of 
observation, the two electromagnetic fields are precisely equal in magnitude and 180° out of 
phase, i.e. E1 = -E2 [21,26]. Thus, the same light intensity distribution, defined as I= <E2>, 
will be generated with either the aperture or the obstacle in place. Consequently, the results 
obtained for the distribution of diffracted light intensity generated by a slit can also be 
applied for a fibre of same thickness. 

1.5 A theoretical model for the light-particle interaction in the external cavity of a 
laser diode 

In the following a theoretical model for the particle interaction with the electromagnetic 
wave in the external cavity of the laser system will be discussed. An expression for the 
effect of this disturbance on the light output power will also be given. 

By analogy with the method used to describe the two resonator cavity system in Sect. 1.3.2 
(see Fig. 1.3), we adopt a one-dimensional model for the disturbed compound cavity. The 
reflectivities of the inner laser facet and the external mirror, as well as the influence of the 
scattering and absorption due to the particle inside the passive external cavity are all 
accounted for by a total effective reflectivity Rerr.r (see Fig. 1.7b,c). 
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Fig. 1.7 Electromagnetic waves in a laser diode coupled to an external cavity: (a) without external 
disturbance; (b) with a small particle inside the external cavity; (c) equivalent scheme for the system with a 
small particle. 

The effect of the disturbance caused by an aerosol particle can be measured as a variation of 
the light output power emitted from one of the diode facets. Similarly to Eq. (1.27), we 
obtain the output power emitted from the back diode facet (at the left in Fig. 1.7) 

(1.40) 

Here we have assumed that the oscillating frequency Q and the threshold current Ith,e for the 
compound cavity system will remain unchanged. This should be a plausible assumption, 
because the variation is initiated by a small disturbance of the feedback radiation. 
Comparing Eq. (1.27) with Eq. (1.40) we see that if the effective reflectivity including 
particle disturbance R.rr,p is smaller than the effective reflectivity of the undisturbed 
compound system R.rr, then the output power emitted from the back facet will decrease P1,p 

< PJ,e• 

In order to obtain an analytical expression for the total effective reflectivity of the front 
(right) facet of the laser R.rr,p, the boundary-value problem at this facet for the fields in the 
compound cavity must be solved [14, 19 ,27]. 
In the following derivation only single reflections are taken into consideration, which is a 
valid approximation for low feedback conditions. We consider the system in steady-state 
conditions and regard the particle located statically inside the beam. (This does not 
constitute a strong restriction on the movement of the particle, since the time factor of a 
laser diode is extremely short- in the order of nanoseconds [28].) 
Further, it is assumed that essentially only the forward and the backscattered light from the 
particle will be effectively coupled back into the laser diode cavity, and will thus influence 
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the lasing system. Since all reflecting surfaces (including the external mirror) are plane, 
there is a strong sensitivity of the feedback coupling efficiency to the reflectance angle. 
Thus, light scattered in other directions is presumably not coupled back. (Compare also 
with the critical dependence of feedback coupling on the tilt of the external mirror, 
discussed in Sect 2.1.2). 

We consider the model illustrated in Fig. 1.7b, where the electric waves in the two cavities 
are decomposed into right and left travelling waves. At the inner boundary 

A=A++A
B = B+ +B-. (1.41) 

Here the time dependence of the complex optical field, given as exp(iQt), has been omitted. 
We introduce amplitude reflectivities and an amplitude transmission defined as 

r2 =.[if; 
f~Xt = K = ~i7R3 
t = ~1- R2 

(1.42) 

We also denote the square roots of forward scattering and backscattering cross-sections by 

~csce = 0) = c0 

~C,(B=n) =c", 

respective! y. 

(1.43) 

The electric field must be continuous at the considered boundary, yielding the following set 
of equations 

A- = A+ r2 + B-t 

s+ =A +t 

s- = B+r ~1- c_ e-i2kL£ +-1-. B~r c 2e-i2kLE +_l_B+c e-i2kl,. 
ext S 2fl /2 ext 0 /I 7r 

(1.44) 

The distances LE, 11 and 12 are indicated in Fig.1. 7b, while k denote the propagation number 
(k = 2rrfA). As for the scattering and absorption by the particle, the expressions in Sect. 1.4 

have been employed (see Eq. (1.32)). The factor ~1- Ce IS in the expression for B

represent the transmitted light beyond the particle. C is the extinction cross-section of the 
particle due to scattering and absorption (C = C + Ca), and S denote the geometrical cross
section of the laser beam. 
From the set of equations ( 1.44) we get 

( 1.45) 
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The effective amplitude reflectivity for the front facet including the particle disturbance is 
consequently given by 

rr;- = r = £ = 'R[1 + (1 _ R )t"' (~ 1 _ C' + Co
2 + _1_ S!_ ei2kl2 .]e -i2kLe ] • 

"1/"•lf.p eJf,p A+ vn.2 2 R S 211 ~ l 
2 1 2 vI\ ext 1 

( 1.46) 

This expression should be compared with the one in Eq. (1.22), corresponding to the 
effective amplitude reflectivity of the same facet but without any particle disturbance. 
(Consider also the phase due to the time delay exp(-iQ'C) = exp (-i2kLE)). Hence, the 
difference in amplitude reflectivity 8 due to the disturbance can be written as 

O=r -r =(1-R) lnR(1-~l- C,- Cs(8=0) __ l_~Cs(B=n) ei2kl2]. e-i2kLe 
elf elf ,p 2 V I{I\3 S 2/ f r:;;DR f 

1 2 v lfi\3 1 

(1.47) 

This theoretical result may be used to explain some of the basic features of the experimental 
findings described in Chapter 3 and 4 of this thesis. 
It can be seen from this equation that if the particle is removed, i.e. C. = Ce = 0, then, as 
expected, 8 will be equal to zero. The sensitivity to particle disturbance will increase, i.e. the 
variation of the optical output power (defined as the measured signal) will be large, if the 
laser beam cross-section S or the reflectivity R2 are made small. The distance 11 from the 
particle to the front facet of the laser diode affects primarily the level of influence of the 
backscattering by the particle. The dominating term due to the light-particle interaction is 

the one corresponding to light extinction ~1- C, IS . 
As the laser light strikes the particle, the light scattered in the forward direction 
(corresponding to C,(8 = 0)) mainly due to diffraction, will be much stronger than the 
backscattered light (corresponding to C.(S = n:)) caused by reflection (compare with Sect. 
1.4). Because the optical feedback from the external mirror is low, the subsequent 
scatterings by the particle of back-coupled light are negligible. This implies that the forward 
scattering should also have a greater effect on the interaction between the particle and the 
lasing system. 

1.6 Aerosols and aerosol measurement 

This section briefly discusses the sources and the physical properties of aerosol particles, as 
well as the effects on the human health. Some aerosol measurement fundamentals are also 
mentioned. 

The term aerosol (also called particulate matter) refers to an assembly of liquid or solid 
particles suspended in a gaseous medium [29]. The air around us can, thus, be seen as an 
aerosol. The atmosphere consists of a complex and dynamic mixture of gases, vapour, and 
aerosol particles. The particles are generated both by natural sources and by human activity. 
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Natural processes generating aerosol particles include volcanic eruptions, sea-spray and 
forest fires (in the last case minute oil droplets are arising from the distillation of wood). 
There are also biological particles such as fungi. pollens (see magnification on the front 
page of this thesis), and viruses. 
As for the man-made aerosol particles, they originate for instance from combustion 
processes (e.g. car exhaust fumes, agricultural burning, and tobacco smoke) and industrial 
emissions. In the indoor environment, walls. floors, and ceilings may release glass fibres, 
asbestos fibres, and mineral wool. Clothing articles are also sources of natural and synthetic 
organic fibres. 

The aerosol particles may have a great diversity in size, shape, density, and chemical 
composition. The range of particle sizes extends over five decades from about 0.001 !J.m to 
about 100 !J.m [4,29]. The size of an aerosol particle is important for the study of 
transportation and deposition. Most real aerosol systems consist of particles of irregular 
shape [2]. 

In work environments, the particle mass concentration typically ranges from about 0.1 
mg/m3 to about 10 mg/m\ while in ambient and indoor air it is usually less than 0.1 mg/m3 

[2]. Due to very low concentrations, particulate pollution monitoring in the atmosphere 
requires aerosol detectors of high sensitivity. 

The health effects of aerosols inhaled in the nose and in the mouth depend on the 
concentration and the site of deposition within the respiratory system. Particle size is the 
most important factor affecting the location of deposition [29]. For example, fibres must be 
smaller than about 2-3 !J.m diameter to reach the thoracic region and thinner still to reach 
the air exchange regions of the respiratory system [2]. Hazardous aerosol particles have 
been associated with several diseases, such as allergy, asthma, asbestosis, and lung cancer. 

Particle size and shape can be quite complex, and the experimentally obtained values depend 
on the measurement technique. A commonly used term in aerosol particle measurement is 
that of equivalent diameter. An equivalent diameter is defined as the diameter of a sphere 
having the same value of a specific physical property as the irregularly shaped particle being 
measured [29]. The equivalent particle size may for example be based on the light scattering 
properties of the particle under consideration. The particle size indicated by an optical 
particle counter must in fact be regarded as an optical equivalent particle size. 

By development of an aerosol sensor, one must first identify the particle properties that 
need to be measured and the conditions under which the measurement must be made. Each 
aerosol measurement technique covers a unique range of particle concentrations, sizes, and 
shapes detennined by the limitation of the measuring instrument [2]. 
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2. Design of an optical sensor and experimental 
measurements on fibres 

2.1 The experimental set-up 

This section describes the experimental anangement used for the measurements. Fig. 2.1 
gives a schematic representation of the laser diode coupled to an external cavity, the 
imaging optics, and the monitoring instruments. 

The working principle of the sensor is that it sizes and counts individual airborne particles as 
they pass through an illuminated volume located in the external cavity of a diode laser. As 
the particles pass through this region, they scatter light. This light is collected over a solid 
angle by the receiving optics and is then imaged onto a CCD camera. 

The experimental arrangement used is shown in Fig. 2.2. It is easy to construct and uses 
mainly inexpensive components. 

In the following, we shall start with a short description of the light source, then continue by 
extending it with an external cavity. The imaging optics used to collect the near-forward 
scattering light are subsequently described and, finally, the detection instruments are 
presented. 

2.1.1 The laser system 

Most optical particle-sizing techniques use coherent laser light because of its intensity, 
monochromaticity, and coherence [2]. Semiconductor lasers are extremely robust, user
friendly, and highly efficient solid state lasers (see depiction in Fig. 2.3a). 

Tests have been performed on a number of different laser diodes (se Appendix A). Finally, a 
single-mode GaAs-AIGaAs double heterostructure laser (Sony SLD 114VS) emitting light in 
the near-infrared region was chosen. The specifications for this component are given in 
Table 2.1. 

Table 2.1 Laser diode specifications (T = 20.75 °C). 

Device Structure lth 'A Divergence angle 

Sony 
SLD114VS 

index guided, 
AlGaAs, 

double hetero
structure 

(rnA) (nm) (deg.) 
e_L e11 

19.4 781.84 30 10 

Astigmatism 
(~lm) 

5 

Although the emitted light is still in the wavelength range for human vision, said to be 
roughly 390 nm to 780 nm [26], it was necessary to use an infrared display-card to visualise 
the beam due to the low output intensity employed. 
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Fig. 2.1 The experimental set-up. The Sony laser diode is operated at a current fop = 18.9 mA and it is 
temperature controlled at T = 20.75 °C. The extemal cavity length isLE= 75 nun. 

Fig. 2.2 The experimental arrangement: (a) the external cavity and the Fourier transform lens; (b) view of 
the diode 

(a) (b) 
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The reflection of radiation at the uncoated end facets of the semiconductor crystal occurs 
because of the mismatch between the refractive index of the semiconductor material (n "' 
3.6) and that of the surrounding air. According to Fresnel's equation [26], the reflectivity at 
normal incidence is given by 

( )

2 n-1 
R = - zOJ2. 

n.+1 
(2.1) 

The divergence of the emitted beam is a consequence of the unavoidable influence of 
diffraction, while the asymmetry of the divergence angle (compare with Table 2.1) is caused 
by the different dimensions of the active region in the lateral and vertical direction (see Fig. 
2.3b). 

A moulded glass asphericallens (Geltech 350230) is used to collimate the divergent laser 
beam. In order to avoid unwanted reflections, the surfaces of this multi-element lens are 
AR -coated at 600-1050 nm. 
The lens has a numerical aperture NA = 0.55. The numerical aperture is defined as 
NA = n0 sin emax, where no is the refractive index of the immersing medium (air), and Smax is 

the half-angle range of the maximum cone of light picked up by the lens [30]. The maximum 
acceptance angle corresponding to the given numerical aperture of the collimating lens is 
Smax ""' 33°. This angle is larger than the divergence angle of the laser diode, which means 
that the emitted laser light will readily be transmitted through the lens. 

The collimating lens holder is provided with transversal and longitudinal adjustments in 
order to facilitate the lens alignment. The position of the lens was optimised in order to 
obtain the lowest possible divergence. 

For diagnostic purposes, a laser beam analyzer was used to characterize the light beam. The 
Geltech collimator produced a highly symmetrical beam profile, without serious wavefront 
distortions. The vertical and the horizontal dimensions of the elliptical cross-section of the 
beam were found to be 4 mm and 1.7 mm, respectively. The light intensity profile IS 

approximately a Gaussian one (see Fig 2.4). Additionally, interference fringes are clearly 
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Fig. 2.4 Recorded output beam 
profile for the collimated solitary 
laser beam. The intensity 
distributions in the horisontal 
respectively vertical directions, 
along centered cross-sections, are 
shown beside the image. The path of 
the cross-sections are indicated by 
the bright cross. For comparison, 
gaussian functions are fitted to the 
experimental intensity distributions 
(dashed line). The dotted line 
indicate the extent of the IIi beam 
radius . 

discernible, possibly caused by fed-back light from the collimator lens surfaces [31], or by 
reflections from the ND filter in front of the beam analyzer. (The laser was emitting 
excellent single-frequency radiation, which also implies TEM00 mode operation, so it is not 
possible that the intensity modulation is associated with higher order spatial modes.) 

The emitted light spectrum was detected with a Jobin-Yvon spectrometer (of Czerny
Turner type) as depicted in Fig. 2.1. A lens was used to focus the laser light on the entrance 
slit, so as to fill the diffraction grating inside the spectrometer. The resolving power 9\ of 
the grating spectrometer is determined by the total number of illuminated lines N and by the 
diffraction order m, i.e . 

.A. 
9\=-=N·m 

8). ' 
(2.2) 

where 8A. is the resulting linewidth of the spectrometer when using monochromatic light of 
wavelength A [3]. Thus, underfilling would diminish the resolving power of the 
spectrometer. The slit width and the lens position were optimised in order to increase the 
transmission of laser light into the spectrometer and to minimise the linewidth of the 
spectral lines. 
A CCO camera placed at the exit plane of the spectrometer was used to record the real-time 
spectrum. The dark current caused by the thermally released electrons [30], was reduced by 
cooling to -10 °C. By acquisition of the optical spectra, the CCO integration time ranged 
between 0.01 and 10 seconds. After the CCO chip was red off, data was sent to a computer 
for analysis. 
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Fig 2.5 Optical output power versus forward current for the laser diode at the temperature T = 20.75 oc. 
The solid line corresponds to the solitary diode characteristic, and the dashed line to the external cavity 
coupled system characteristic. The gray dotted lines are fitted asymptotes, used for evaluation of the 
threshold currents. The indicated operating points at injection wrrents lop = 18.9 mA (a) and (c), lop =19.6 
mA (d), lop =20.0 mA (e), and lop =21.4 mA (b), respectively, correspond to emitted wavelength spectra 
presented in Fig. 2.6. 

The wavelength scale was calibrated using the lines from an argon lamp [32]. 

The injection current and the temperature of the laser diode were both controlled via an 
integrated diode laser driver (Melles Griot 06DLD103). 
The laser was powered with low-noise de current, and the injection current was controlled 
with a sensitivity of 0.1 rnA. 
In order to avoid "mode hopping" (compare with Sect. 1.3.2) caused by surrounding 
temperature variations, the temperature of the semiconductor crystal was stabilised by a 
Peltier element. This thermoelectric cooler, driven by a servomechanism, was placed 
between the laser mount and the baseplate. 

A basic feature of a laser diode is its output power-current (P-I) characteristic as shown in 
Fig. 2.5. The threshold current of the solitary laser diode l 1h,s is defined as the intersection 
point between the asymptote and the current axis. It marks the transition from 
predominantly spontaneous to stimulated generation of photons. The threshold current 
increases with rises in temperature. This dependence is usually empirically described by the 
relation Ith oc exp(T(T0), with a characteristic temperature To [10]. From the plot shown in 
Fig. 2.5 (solid line) it has been evaluated that at the temperature T = 20.75 oc the threshold 
current for the solitary diode was lth,s = 19.4 mA. 

The optical spectra corresponding to the operating points (a) and (b) marked in Fig. 2.5 are 
shown in Fig. 2.6a,b, respectively. The emission lines belong to the longitudinal modes of 
the diode cavity. Possible external cavity modes, separated a few picometer apart, could not 
be resolved since the spectrometer resolution was limited to approximately 0.5 A. 



80 ......................................................................... . 
25000 

70 a) 

60 
c) 

20000 

50 15000 
40 

30 10000 

20 5000 

10 "l 
0 0+----t~--"""t-------i -·c 

:1 
778 780 782 784 778 780 782 784 

.ci ! ~--------------~ L---------------~ 
~ 
-~ ~----------------, .-----------------, 
c 
G> 

.E 

.l: 
Ol 
:::; 

35000 

30000 

25000 

20000 

15000 

10000 

b) 

5000 

0+-------~~~~~~--~ 

778 780 782 784 

Wavelength (nm) 

25000 

20000 
d) 

15000 

10000 

5000 

0+------+------~----~ 

778 780 782 784 

778 780 782 784 

Wavelength (nm) 

Fig. 2.6 Optical spectra for the solitary diode (a) and (b). and for the external cavity coupled diode (c)-

25 

( e). recorded ar rhe operating points indicated in Fig. 2.5. The spectra in (a), (b) and (e) display multi-mode 
behm·iour, while the spectra in (c) and (d) are single-mode. 

The wavelength separation between neighbouring longitudinal modes, given by Eq. (1.2), 
can be used to evaluate the diode cavity length. The length was evaluated to 273 !J.m. 
Notice the strong dependence of the optical spectrum on the operating point along the P-1 
characteristic. At low currents, the spontaneous emission has broad spectral distribution, 
while above the threshold current the laser approaches single-mode radiation. 

It can be concluded that the frequency and the output power of the emitted light can be 
effectively controlled by means of injection current and temperature. 
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2.1.2 The external cavity 

The external cavity laser is build up with a minimum amount of components. It consists of a 
laser diode, a collimating lens, and an external mirror, all mounted on an optical rail to make 
a stable feedback optics. The external cavity length can be varied by translating the mirror 
along the optical rail. The external mirror is mounted upon a standard mirror mounting with 
fine adjustment screws. The alignment of the external cavity was a rather complex 
procedure in that the different elements were added successively and then appropriately 
adjusted by making use of the diagnostic instruments. 

Part of the laser emission is reflected back from the external mirror, and by passing once 
again through the collimating lens, gets back into the diode resonator and interacts 
constructively with the field in it. An extremely accurate coupling of the backscattered light 
into the ca. lx5 f..L.m aperture of the active strip is needed [33]. 
The principal optical losses occur at the coupling of the reflected feedback via the 
collimator back into the diode cavity. It is plausible to assume that, partly due to a certain 
unevenness of the external mirror and partly due to the astigmatism of the emitted laser 
light, only the central region of the collimated beam is readily coupled back into the diode 
cavity. This part of the beam has the highest light intensity and suffers the least from 
abenations. 

The coupling of the reflected light back into the laser cavity is controlled by the focusing of 
the collimating lens and the tilt of the external minor. As a practical concern, the external 
mirror was aligned by reducing the injection cunent to just below the solitary diode 
tlu·eshold and adjusting the mounting screws, until a strong light output power increase is 
recorded and the laser mode hoping becomes very sensitive to the optical feedback. The 
geometry of the system was optimised so as to maximise the output light intensity and to 
obtain single-mode radiation. The emitted beam should have an essentially Gaussian 
intensity profile. The highest feedback levels turned out to be extremely difficult to 
reproduce. 
Poor alignment yields an unstable operation, which is characterized by multiple external 
cavity modes and a noisy light output in the form of statistically distributed intensity 
breakdowns. 

The behaviour of the system was found to be critically dependent on the detailed 
experimental conditions. For instance, the compound laser was extraordinarily sensitive to 
misalignment or fine adjustments of the external optics which fixes the light distribution on 
the laser facet. A minute change of the planar external mirror tilt or of the collimating lens 
focusing could result in dramatically different spectra. 

The stability problems caused by environment disturbances were of crucial practical 
concern. A series of steps were taken in order to reduce the effects of mechanical 
vibrations, e.g. the whole experimental set-up was placed on a heavy optical bench and all 
vibrating electrical instruments were removed. To protect the external cavity from 
turbulence of the air, causing temperature variations and refractive index gradients along the 
optical path, the feedback arm was carefully isolated using a cardboard shielding (see Fig. 
2.1 ). Additionally, precautions were taken to prevent inadvertent optical feedback from 
other elements. 
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Selection of the operating parameters. The operating point of the diode system is specified 
by the following parameters: the external cavity length, the reflectivity of the external 
mirror, the injection current, and the temperature of the semiconductor material. All these 
parameters influence the optical properties and the stability of the laser. An extensive series 
of tests was performed (interactively varying length, reflectivity, current and temperature) in 
order to arrive at an optimal operating point for aerosol measurement. 

The light emitted by a laser is coherent, i.e. the stimulated photons have the same frequency, 
phase and direction of propagation [7]. A characteristic of coherent light is that it interferes, 
while incoherent light does not. Hence, the maximal interaction between the laser field 
inside the diode cavity and the reflected waves takes place if coherence occurs [27,28]. This 
state is then characterized by the presence of a single resonant mode and a stable output 
intensity. In this case the system behaves as a compound cavity laser. Since the light must 
travel back and forth within the external cavity, the distance from the emitting diode facet to 
the external reflector should not exceed a half of the coherence length. 
It was experimentally found that the external cavity becomes more difficult to align for 
single-frequency operation as the length of the cavity increases. For long external cavity 
lengths, a drastic increase of intensity noise was observed in which the laser suddenly 
switched to the so called coherence collapse region [8,28,31,34]. 
The "coherence collapse" regime is characterized by multiple external cavity modes, spectral 
linewidths of several tens of gigahertz, and a large intensity noise. The coherence collapse is 
usually attributed to a switching phenomenon, between the behaviour of the system 
operating as a coherent compound cavity and its operation as a solitary laser with a 
disturbing optical feedback. In this regime, the external cavity laser may be a good 
candidate for observation of optical chaos [28]. 
Reduction of the external cavity length stabilised the laser diode and resulted in low 
intensity noise. The external cavity length was finally chosen to LE = 75 mm, which was 
the minimum length achievable with the present set-up. 

The feedback rate was controlled by means of the reflectivity of the external mirror. 
Experimental and theoretical results reported by [28,34] show that a phenomenological 
classification in differentfeedback regimes can be made, characterized by the external cavity 
length LE and the external mirror reflectivity Rex,· For external cavity lengths of the order of 
100 mm, stable feedback conditions can be achieved for either low feedback (typically Rext < 
1 %) or, alternatively, for strong feedback (Rext > 20%). However, in the second case it is 
necessary to antireflection coat the front facet of the laser [28,31]. In the moderate feedback 
regime(= 1-20% reflectivity), "coherence collapse" will result. The experiments performed 
have confirmed this expected behaviour. The highest stability of the output intensity, and 
the strongest single-mode behaviour could be achieved with an uncoated glass plate. Thus, 
the external mirror reflectivity was, according to Fresnel's equation, R3 ::::::8%. (This was in 
fact the lowest available reflectivity.) The feedback of light into the diode cavity is estimated 
using a coupling efficiency 11 to obtain Re .. = 11R3 (compare with Sect. 1.3.2). Due to a 
presumably low coupling efficiency 11, the effective external reflectivity Rex, corresponded to 
the week feedback regime. Coupling efficiencies of around 0.1-0.3 have been estimated 
[ 19,20,33], depending for instance on the external mirror quality. (It may also be possible 
that the glass plate, which had a rather poor optical quality, only coupled back light 
reflected from one of the reflecting surfaces, which implies an external mirror reflectivity R3 

=4%.) 
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From the shape of the light output power versus injection current characteristics (see Fig. 
2.5), it can be seen that an effect of the external reflection is the reduction in the threshold 
current. This is caused by the additional gain supplied by the external feedback (compare 
with Eqs. (1.12) and (1.25)). At poor alignment, there will be a smooth kink in the vicinity 
of the solitary laser threshold [17,28]. 
Given the variations of the threshold current I,h as a function of optical feedback, the 
alignment of the external cavity may be optimised by minimizing the threshold current of 
the compound cavity I,h,e· By reducing l,11 ,e as much as possible, the laser becomes very 
sensitive to disturbances in the optical feedback. This, in turn, is advantageous by the use of 
the compound cavity system for aerosol measurement. 
The threshold current obtained employing the external mirror of reflectivity R3 "" 8% at the 
temperature T = 20.75 oc was Ith,e = 18.2 rnA (see Fig. 2.5). It means a reduction of ca. 6% 
(I,h,s = 19.4 rnA, compare with Sect. 2.1.1). The threshold current reduction was 
comparatively small, and therefore one could conclude that the coupling efficiency 'll was 
relatively low. 

The emitted light spectrum is highly dependent on the operating point along the 
characteristic, as can be seen in Fig. 2.6c-e. (The graphs correspond to the operating points 
indicated in Fig. 2.5.) As mentioned in Sect. 1.3.2 the external cavity configuration allow 
for supression of subsidiary longitudinal modes, i.e. single-mode emission. At the operating 
point (e), that is slightly above the threshold current for the solitary diode, the single-mode 
behaviour deteriorates. This can be explained in the following way [28]: 
When a semiconductor laser with an external mirror is operated below solitary laser 
threshold, i.e. loP < 1,11 ,., coherent optical interference effects between the field inside the laser 
diode and the light reflected from the mirror are necessary for the laser to work. The system 
has then to be considered as a laser whose amplifying medium is placed at the end of the 
resonator cavity. The compound cavity is then delivering a stable intensity output and the 
optical spectrum is single-mode. Beyond solitary laser threshold, i.e. lor > I,b," the laser 
diode operates as an autonomous system. The laser oscillation takes place between the end 
facets of the diode, and the external mirror acts as a disturbance. This yields an unstable, 
noisy intensity output. The average intensity output decreases and the competition of 
oscillating modes results in a multi-mode emission. Hence, the operating current was set to 
lop = 18.9 mA, i.e. between Ith,s and Ith,e· At this point coherent interference in the three
mirror cavity occurs. lop was also chosen to be as low as possible (still preserving the single
mode behaviour), in order to increase the sensitivity of the lasing system to external 
disturbances. 

As discussed in Sect. 1.3.2, the laser oscillation conditions are changing with short-range 
variations of the temperature in the semiconductor crystal. The emission wavelength of a 
semiconductor diode laser can thus be tuned by varying the temperature of the laser chip. 
The goal was to set the temperature (by means of the Peltier element) so that the single
mode frequency emitted by the external cavity system coincides with that of the solitary 
diode at injection current levels above I,h,e· The influence of the longitudinal subsidiary 
modes is then minimised. The temperature was accordingly chosen at 20.75 oc so that the 
emission wavelength of the compound cavity system (almost) coincides with that of the 
solitary diode (as illustrated in Fig. 2.6). 
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To sum up, at an operating point given by the injection current lor = 18.9 inA, and with the 
semiconductor laser stabilised at the temperature T = 20.75 °C, the light output power was 
about 150 jlW. The emitted light was single-mode with a wavelength of781.84 nm. 
Under these conditions, the system was stable for a few minutes and measurements on 
particles could be performed. The coupled cavity system was also very sensitive to external 
disturbances. 

2.1.3 The optics 

As discussed in Sect. 1.4, by collecting the scattered light in the near-forward direction 
where the diffraction part dominates, the influence of the refractive index is minimised and 
the particle size can be determined using the Fraunhofer approximation. 

The optical set-up used for recording of the diffraction pattern consists of tlrree lenses (L1, 
L2, and L3) and a CCD camera as shown schematically in Fig. 2.7. 

The condition for the Fraunhofer diffraction is that the observation is made in the far-field 
region, i.e. R >> d2/'A (see Sect. 1.4). However, one can introduce a lens Ll behind the 
particle in order to shorten the distance to the image plane. This lens is referred to as the 
transform lens, since it generates an instant Fourier transform at its back focal plane. In 
fact, the Fraunhofer diffraction pattern is identical to the Fourier transform of the field 
distribution across the scatterer performed by the transform lens [26]. Hence, the far-field 
diffraction pattern of the particle is spread across the back focal plane of the transform lens. 

If more than one particle is located in the illuminated sensing volume, then the light intensity 
distribution on the focal plane is the sum of the contributions from the individual particles. 
It is interesting to note that the image of the particle will be formed by the transform lens Ll 
on the conjugate plane to the object plane, in our case at infinity since the particle is located 
in focus (see below). 

Fourier Fourier 
transform plane 

Sensing lens 
volume 

L2 L3 

Light 
intensity 

CCD 

Fig. 2.7 Optical arrangement with a Fourier transform lens, used to determine the size of light scattering 
particles. The bi-convex lens Ll, and the two plano-convex lenses L2 and L3 have focal lengths f 1 =40 mm, 
!2 = 300 mm, andf1 = 100 mm, respectively. They are all 0 21.5 mm. The beamprofiler CCD camera has 
an imaging area of5.45 (H) x6.14 (V) mm. 
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The Fourier transform lens Ll collects both the near-forward scattered light from the 
particle, and the primary laser beam. At the back focal plane of the lens, unscattered light is 
focused to a point on the optical axis, while the scattered light forms a diffraction pattern 
around this central spot (actually it is centred about the axis of the Fourier transform lens). 
As the receiving lens performs a Fourier transform on the scattered light, diffracted light at 
an angle 8 will always give the same radial displacement in the focal plane, irrespective of 
the particle's position in the illuminating beam. Thus, the resulting pattern is unaffected by 
the particle location or motion. 

By means of a spot dump located in the back focus of lens Ll, the primary laser beam is 
separated from the light scattered by the particles. Without this spatial filtering, the intense 
primary light would totally obscure the much weaker scattered light. 

The Fraunhofer diffraction pattern in the Fourier plane is subsequently reduced by the two 
lenses L2 and L3, in order to be imaged on the limited sensing area of the CCD chip (see 
Sect. 2.1.4). Thereby, the light is passed via a beam-splitter to the CCD camera. The optics 
are arranged so that the back focal plane of lens Ll coincides with the front focal plane of 
lens L2. The CCD camera is located at the back focal plane of lens L3 (see Fig. 2.7). Hence, 
the total transverse magnification of the compound lens system L2 and L3, is given by [26] 

(2.3) 

where S0 z is the object distance of the compound lens, here equal to fz, and Si3 is the image 
distance equal to h dis the distance between L2 and L3. 

Due to spherical aberrations introduced by the focusing lens L 1, there is an insufficient 
spatial filtering by the spot dump. A lens is used to collimate the leakage light into a beam 
of parallel rays which is directed towards the entrance slit of the spectrometer for 
monitoring of the emission spectrum (see Fig. 2.1). There is also a leakage of primary light 
onto the CCD camera (see Fig. 2.8). This makes necessary the use of a neutral density filter, 
located in front of the monitoring CCD camera. By recording of the diffraction pattern of 
the particles, background subtraction was applied. 

The angle range of the scattered light collected by the optics is determined by the numerical 
aperture of lens L 1 and the diameter of the spatial filter placed in the back focus of lens L 1. 
In our case, scattered light in the near-forward direction at coaxial semi-angles between 2° 
and 10° is collected. 
Because the aperture of the transform lens Ll is not large enough to collect all the 
diffracted light, the higher spatial frequencies associated with the outer region of the 
Fraunhofer pattern will be lost. Thus, the transform lens Ll simultaneously functions as a 
low-pass filter of spatial frequencies. 
As a practical concern, the scattering particle should be located within a maximum 
allowable distance of the receiver Fourier transform lens. If the particle is further away than 
this, it may scatter light beyond the receiving lens. This effect is called vignetting [2,25]. 
Vignetting affects preferentially the diffraction of the smallest particles, since they scatter 
the light at the largest angles. 



31 

Fig. 2.8 Image on the monitoring CCD camera of the laser light 
transmitted through the imaging optics. This light leakage, due to 
insufficient spatial filtering by the spot dump, make the use of a neutral 
density filter (transmittance T = 0.3) necessary. This also substantially 
reduces the intensity of the scattered light. By the recording of scattered 
light, background subtraction vvas performed. 

One of the most difficult aspects of making an accurate in situ measurement is in defining 
the sensing volume, as particle velocities and trajectories cannot be controlled. The sensing 
volume is determined by the intensity profile of the illuminating beam and by the geometry 
and characteristics of the receiving optics. 

In our case, the sensing volume is limited in principle by the cross-section of the laser beam 
and the whole extent of the external cavity. However, due to the influence of vignetting, it 
must be reduced to a small region along the beam axis centred around the focus of lens L1 
(see Fig. 2.7). 

2.1.4 The detection system 

Light emitted from the back facet of the laser diode falls onto a photodiode (PD), which is 
equipped in the LO package (see Fig. 2.3a). This makes a very compact and user-friendly 
set-up. The photodiode transforms the measured light into a voltage signal which is 
proportional to the light flux. 

The output signal is then analysed by a fast digitising oscilloscope (Tektronix TOS500B). 
In this way, the output light intensity is monitored and the time variation can easily be 
plotted. 

As already mentioned, the near-forward scattered light is imaged on a infrared sensitive 
charge-coupled device (CCD) camera. A CCO is a solid state two-dimensional array 
detector composed of a matrix of light sensitive elements [30]. Some of the properties of 
the employed CCO camera are listed in Table 2.2 below. The CCO camera was controlled 
by a software acquisition and data handling program. 

Table 2.2 Properties of the CCD camera. 
Device Type Spectral 

Cohu 4800 Frame transfer 
ceo 

response 
(nm) 

190-1100 

Sensor 
elements 
(full res.) 
377 (H) X 

244 (V) 
·-~~--·.~~~~----~-,,~ ...... ~-~ 

Pixel size 
(~m) 

23.0 (H) X 

27.0 (V) 

Imaging 
area 
(nun) 

5.45(H)x 
6.14 (V) 
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The output voltage from the monitoring photodiode is coupled to a signal discriminator 
device used to set the trigger level. It can send electric pulses (duration ca. 400ns) which 
simultaneously trigger the oscilloscope and the monitoring CCD camera. Thus, diffraction 
linages of the disturbii1g aerosol particle can be synchronized with plots of the variation of 
the optical output power (see Sects. 3.1 and 3.2). 

2.2 The samples 

For a siinulation of aerosol particles, the experiinental evaluation was conducted on fibres of 
different materials and diameters. The source of the fibres was reillforcement fabric used ill 
orthopaedics. These fibres are produced commercially mamly for use in high-strength 
products. The diinensions of the fibres were measured with a standard optical microscope. 
A glass fibre with a diameter of 5.6 1-1m represented the milliinum samplffig size. The other 
fibres were: smgle carbon fibre (7 1-1m), twisted double carbon fibre (14 !lm), kevlar fibre 
(12 1-1m), nylon fibre (34 !lm). All these fibres can present potential health hazards. 
Furthermore, the light pattern from the highly dangerous asbestos fibre is quite sllnilar to 
that from e.g. a glass fibre of same diameter [2]. The glass and the mineral fibres were 
found to be nearly cylffidrical, while the nylon fibre presented a particularly rough surface. 
The fibres were mounted on siinple holders, ill order to enable careful control of their exact 
position inside the external cavity. 

2.3 The experimental measurements 

The fibres were passed through the sensmg volume, orthogonally to the laser beam 
direction. The scattered light was then dispersed into a plane perpendicular to the fibre axis. 
It is iinportant that the fibres are held perpendicularly to the beam axis in order to obtain the 
characteristic diffraction pattern described in Sect.1.4. 

As some practical concerns, the light was switched off while the samplffigs of wavelength 
spectra and of diffraction linages were carried out, so as to miniinise the stray light into the 
detection system. The entrance slit of the spectrometer was limited even in the vertical 
direction, in order to avoid scattered light which disperse along that direction to influence 
the measured intensity variation of the transmitted light (compare with Fig. 3. 9). 

In order to iinprove the signal-to-noise-ratio, a low-pass filter was employed on the 
monitoring voltage signal from the photodiode so as to filter away high frequency variations 
caused by mechanical vibrations and electrical disturbances. 
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3. Experiment evaluation 

3.1 The diffraction pattern 

A fibre generates a diffraction pattern consisting of a series of dashes of light lying along a 
straight line perpendicular to the fibre direction and passing through the optical axis. The 
thinner the scattering fibre, the larger the angular spread of the diffracted beam. The 
strength of the scattering intensity varies also strongly with the fibre size (see Sect. 1.4). 

The recorded linages and the cross-sections of the scattered light distribution obtained from 
the different fibres is shown in Fig. 3.1. The scattering angle is presented at the bottom of 
the figure. The intensity distributions were integrated by summing over a series of cross
sections taken along the diffraction patterns. Notice the well-defined scattering pattern of 
the uniformly thick glass and single carbon fibres, while the rough surface or uneven 
thickness of the other fibre samples produced a more diffuse structure (with non-zero 
irradiance minima). The central missing region corresponds to the spatial filtering by the 
spot dump, while the gradual fading out of the diffraction pattern and its final truncation is 
caused by the vignetting (compare with Sect. 2.1.3). 

The fibre sizes were determined from the measured intensity distribution data by best-fitting 
reconstruction methods, assuming Fraunhofer diffraction. Two methods were employed: 
one is to fit a Fraunhofer curve to the recorded intensity data by optiinising the input 
parameters (the results are illustrated as the dashed lines in Fig. 3.1); the other makes 
merely use of the positions of the intensity minima and maxima. 
By the intensity fit method, the fibre sizes were evaluated from the fitted parameters. 
In order to evaluate the fibre dimensions using the miniina and the maxima positions in the 
recorded intensity distribution, parabolas were first fitted to every maximum and minimum 
of intensity, respectively. An example of the resulting fit is shown in Fig. 3.lc. The obtained 
pixel positions of the extrema are listed in Appendix C. The corresponding orders of 
maxima and tninima were then pared together in order to evaluate the distance between two 
successive minllna. It should be noticed that the spatial frequency of the minima in the 
Fraunhofer diffraction pattern is equal to the spacing between the zeroth order and the first 
miiumum. Thus, through geometrical considerations and using the notations in Fig. 3.2, the 
following expression for the scattering angle corresponding to the first intensity minimum is 
arrived at 

311 e =arctan-
! 40 (3.1) 

Fig. 3.1 Recorded diffraction patterns of single fibre samplings: single carbon fibre (a). twisted double 
carbon fibre (b), kevlar fibre (d), nylon fibre (e), and glass fibre (j). The triggered images recorded with the 
monitoring CCD camera are shown at the lop. Below, cross-sections of the difji"acrion images are presented 
(solid line). The dashed lines represent the fitted Fraunhofer distributions. An enlarged section of the 
intensity distribution for the twisted carbon fibre, between pixel 40 and 80, is shown in graph (c). This 
should exemplify the procedure of filling parabolas to the experimental data, in order to derive the position 
o( I he extrema \'alues. 



34 

-~ 
c 
:J 

..ci ... e 
~ 
0 
c 
II) 

:E 
C) 
c 
'i: 
II) 

i 
~ 

(/1 

-~ 
c 
:J 
..ci ... e 
~ 
0 c 
II) 

:E 
C) 
c 
'i: 
II) 

i 
~ 

(/1 

-:t 
c 
:J 

..ci ... 
e 
~ 
0 
c 
II) 

:E 
C) 
c 
'i: 
II) 

:l= 
(<I 
~ 

(/1 

a) 

600 

500 

400 

300 

200 

100 

0 
0 

b) 

600 

500 

400 

300 

200 

100 

0 
0 

Single carbon 
fibre 

~ ' . 

50 100 

=w~, ·. MTii'·'· . 
... : ... :.......:.;;.· . 

150 200 250 

Position (pixel) 

':\ 

··~ 

'\ 
\ 

300 

---Experiment 

· · · - - · - Fraunhofer 

350 400 .. ...,: . 
........ -MV~ 

................................................................ t'""' ............................ -: ................................................................................ , 
Twisted double ) :. ---Experiment 
carbon fibre 1 • 

50 100 

i 
I 
I 

150 200 

Position (pixel) 

- - - - - · - Fraunhofer 

250 300 350 400 

-10 -8 -6 -4 -2 0 2 4 6 8 10 

Scattering angle (deg) 

c) 

200 

180 ---Experiment 
160 ·· · · · .. · · Parabola 
140 

120 ~ 100 r/ _.. . '\'\. 
80 

f' . / . 60 
40 
20 
0 

40 50 60 70 80 

Position (pixel) 



d) 

600 

:1:1 
c: 
:I 

500 
.c ... 
:::. 400 
~ 
Ill 
c: 300 
Cll 

:5 
Cl 200 c: 
't: 
Cll 

~ 100 .., 
(/) 

0 
0 

e) 

2000 
~ 1BOO :1:1 
c:: 
:I 1600 
.c 

1400 ... 
:::. 
~ 1200 
II> 

1000 c:: 
Cll 

:5 BOO 
Cl 
c: 
't: 

600 
Cll 400 
~ 
" 200 (/) 

0 
0 

f) 

1000 

~ 900 
c:: 
:I BOO 
.c 700 ... 
:::. 
~ 600 
II> 

500 c: 
Cll 

:5 400 
Cl 
c: 300 
't: 
Cll 200 
~ 
" 100 (/) 

0 
0 

.. 10 

• •• • ···: ••• ~>;,· •••••...•• , •• w••• •••• • h~''"· • ··.;.··~,· . .._. ....... 
'') . 

Kevlar fibre 

/\ 
/ ·._ 

50 100 150 200 
Position (pixel) 

250 

\ 
\; 
' 

300 

· · · .. · · · Fraunhofer 

,-.:. .. 
' 

/.-,.., __ 

/ ' ···- ... 
350 400 

··················-······-··································-;·---~·-:···············-:--------~-------················-····· ···········--·-----------·······-··········1, 

Nylon fibre . . ---Experiment 

. . - - - - · · - Fraunhofer 

50 100 150 200 
Position (pixel) 

250 

. . . ·:·=··:~;- i~ 'itt\=:·>.·. : . . 
. . 

I Glass fibre I / . l' 

I 
/ .. ~ 

.. L~ 
50 100 150 200 250 300 

Position (pixel) 

-B -6 -4 -2 0 2 4 

Scattering angle (deg) 

6 

400 

---Experiment 

· .. · - - - - Fraunhofer 

------ ---·: 
350 400 

B 10 

35 



36 

By employing Eq. ( 1.39) with the parameter m = 1, the relation for the fibre dimension can 
be written as 

A 
d=-.-. 

sm 81 

(3.2) 

Combining Eqs. (3.1) and (3.2), we fmally get an expression for the relationship between 
the fibre diameter d and the spacing between intensity minima 11. 

The results from the computations using the intensity fit and the fit by the positions of 
intensity extrema, respectively, are shown in Table 3.1. A size evaluation for the glass fibre 
using the extrema fit was not possible due to the limited scattering angle range. 

Table 3.1 Comparison betv.Jeen evaluated m!ues of fibre diameter obtained by best-fitting 
reconstruction assuming Fraunhofer diffraction, and measured values using an optical 
microsco e. 
Fibre sample Measured dimension (!lm) 

m1croscope intensity fit extrema fit 
glass fibre 5.6 ( 5.2) 
single carbon fibre 7 8.2 7.00 ± 0.04 
twisted double 
carbon fibre 14 17 14.67 ± 0.14 
kev lar fibre 12 16 14.03 ± 0.28 
nylon fibre 34 41 34.56 ± 0.72 

The quite bad quality of the diffraction images (possibly due to lens aberrations- compare 
with Sect. 4.1) is mainly affecting the size evaluation based on scattered light intensity 
distribution. It might partly explain the overestimation of the fibre diameters obtained with 
this method. 
On the other hand, the values obtained by fitting to the irradiance maxima and minima 
correspond very well to the measurements made under microscope. 

Light Fig. 3.2 Ray optics for 
100 intensity computation of particle 40 40 300 300 

dimension, using the first 
irradiance minimum in the 

Ll. Fraunhofer diffraction 
)-l--'-f-+---j-------tt---------3~==-----t------':lr-' distribution. el de notes the 

Ll L2 L3 
CCD 

scattering angle and L1 is the 
distance from the center, both 
parameters corresponding to 
the first intensity minimum. 
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3.2 The output light intensity 

The triggered photodiode voltage recordings were evaluated, after being transferred to a 
personal computer, using the analysis software Excel 7.0. 
Typical time-traces of the photodiode output voltage, corresponding to samplings of the 
different fibres, are shown in Fig. 3.3 and Fig. 3.4. The grey dashed Enes represent the 
registered photodiode (PO) voltage, while the black solid lines correspond to filtered signals 
obtained by averaging the output voltage of every pixel with its surrounding ten 
neighbouring pixels. 

From the time-resolved output voltage recordings shown in Fig. 3.3, corresponding to light 
intensity variations in the laser system, one can see that the samplings on glass, kevlar and 
nylon fibres show a marked reduction of light intensity as the fibres enter or leave the 
external cavity. We define this drop-off as the edge signal. With the fibres well inside the 
laser beam, the light output increases again and remains relatively constant until a new drop
off is registered as the fibres leave the sensing volume. Below, a possible model will be 
formulated, which might explain the observed phenomenon. 

The scattering and absorbing properties of the particle are influencing the optical output of 
the diode system through the particle's interaction with the laser light inside the external 
cavity. Initially, as the scattering particle comes in tangentially to the beam, the main effect 
on the lasing system is caused by diffraction which concentrates the light within the forward 
scattering lobe. However, as discussed in Sect. 1.4, the perturbation of the electromagnetic 
field goes beyond the physical presence of the scatterer. This means that the part of the laser 
beam passing along the edge of the particle becomes decollimated and will not be coupled 
back into the diode cavity. This leads to increased losses for the lasing system and to a 
consequent reduction of the output light intensity. 
It should also be considered that the incident laser light striking the particle is not 
homogeneous, but has essentially a Gaussian intensity profile. This means that the particle 
entering the laser beam encounters the flank of the intensity distribution first, absorbing 
peripheral light with low intensity and, at the same time, deflecting light at the beam centre, 
with much higher intensity. Thus, the initial decollimation of the beam, and the resulting 
drop-off of the output intensity, can mainly be seen as an effect of light diffraction. 

As the particle is positioned well inside the laser beam, although still deflecting the laser 
light, its forward and backscattered light (corresponding to scattering angles e = 0° and e = 
180°) will readily be coupled back into the amplifying cavity and thus reinforce the lasing. 
This effect can be seen as if the particle was "focusing" the scattered light (mainly) in the 
forward direction, i.e. into the diode cavity. Hence, the light intensity will increase. 
At the same time, the absorbing properties of the particle, controlled by the refractive index 
of the material, will cause a portion of the collimated beam of light to be removed. This 
amount of absorbed light is also proportional to the projected area of the particle, and thus 
to the particle size. The backscattered light, due to reflection, is also influenced by the 
particle's shape. On the way out of the laser beam the particle will once again decollimate 
the beam and a new intensity decrease will occur. 
A simple model for the dynamic interaction of aerosol particles with the light inside the 
external cavity is depicted in Fig. 3.5. 
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Fig. 3.3 Time-trace of the 
owput voltage from the 
mo11i loring photodiode ( PD). 
corresponding to the measured 
oscilloscope signal from a 
single fibre moving through 
the external cavity. The 
recordings are from a glass 
fibre with a diameter of 5.6 J.1m. 
(a), a twisted double carbon 
fibre of 14 J.1m. (b), a kevlar 
fibre of 12 J.1m. (c), and a nylon 
fibre of 34 J.1m. (d). The arrows 
at the time t = 0.1 s mark the 
onset of the trigger. 
Notice that the output voltage 
levels in the undisturbed state 
(straight solid line) vary 
between the measurements. 
This is due to the inherent 
instability of the compound 
lasing system, easily affected 
by extemal disturbances, such 
as mechanical vibrations. 

Examining the time-resolved trace of the recorded output PO voltage (see Fig. 3.3), we 
observe that the edge signal, i.e. the intensity fall-off registered as the fibres are being 
introduced or removed from the laser beam, increases with increasing fibre dimensions. 
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This seems to agree with our assumption that the edge signal is principally an effect of 
diffraction, since, in accordance with Mie scattering theory (see Sect. 4.1 ), the intensity of 
scattered light is proportional to the projected area of the particle. 
The dependence of measured edge signal on the size of the fibre for the glass, kevlar and 
nylon fibres is shown in Fig. 3.6 (the markers correspond to several different 
measurements). The signal amplitude increases linearly with particle diameter. The mean 
values and standard deviation of this signals are tabulated in Table 3.2. Notice the large 
value of the edge signal for the nylon fibre, which also has the largest diameter ( d = 34 
11m). The edge features for carbon are not clearly discernible, and are therefore not 
presented. 
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Fig. 3.5 A model for the dynamic interaction 
bet>~-een an aerosol particle and the laser light 
inside the external cavity. The aerosol particle just 
coming into the laser beam (a), and moving inside 
the beam (b). For clarity of presentation, the back
coupled light has been omitted in the figure. 

The level of the intensity "plateau", corresponding to fibres moving inside the laser beam 
and mainly determined by the absorption, is a function of fibre diameter and refractive index 
of the material. We call it the inner cavity signal. The transparent glass fibre, and the semi
transparent kevlar and nylon fibres exhibit relatively low inner cavity signals, due to their 
limited absorption. Carbon, on the other side, is a highly absorbing material, and does not 
show any intensity increase as the fibre is moving inside the laser beam One can possibly 
distinguish a further intensity decrease. In this case the absorption is believed to dominate 
over the effect of scattering. A plot of the measured inner cavity signals for the glass, 
kevlar, twisted double carbon, and nylon fibres is shown in Fig. 3.7, and the mean values 
and standard deviation of this signals are tabulated in Table 3.3. The rather large variation 
of the signal amplitude in this case (compared with the edge signal) can be attributed to the 
superposed effect of the fibre size and the refractive index of the material. 

The time-trace of the output PD voltage variation by sampling, gives information about the 
velocity of the fibre. It can be derived by dividing the height of the sensing volume, through 
which the fibre is moving, by the time-of-flight. From Fig. 3.3 and Fig. 3.4 a time-of-flight 
of 0.3 s is estimated, and given the height of the laser beam of 4 mm (see Sect. 2.1.1 ), one 
anives at a velocity for the fibres v "" 1 crn/s. 

3.3 Instrument diagnosis 

For diagnostic purposes, the emitted light spectra from the compound cavity laser were 
analysed in both undisturbed condition and with a fibre located in the external cavity, 
respectively. A typical recording is shown in Fig. 3.8. 
At stable lasing conditions, i.e. with an optimum alignment of the external cavity and with 
operating parameters chosen so that single-mode emission and low output power noise are 
achieved (see Sect. 2.1.2), the fibre disturbance merely causes a reduction of the light 
intensity at the single-mode peak. The faint subsidiary longitudinal modes are then 
unaffected. 
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Fig. 3.6 Plot of the measured output light intensity decrease as a fibre enters, respectively leaves, the 
exrernal cavity beam. We define it as the edge signal. The square markers correspond to measurements on: 
glass fibre (5.6 )1m); kevlar fibre (12 )1m); nylon fibre (34 )1m). A linear regression fit was performed, 
shown as the adjacent dashed line. 

Table 3.2 The measured output light intensity decrease as a fibre enters, or leaves, the 
external cavity beam, here defined as the edge signal. 

Fibre Fibre Light intensity Mean Standard 
sample dimension decrease value 

glass fibre 

kev lar fibre 

nylon fibre 

(!1m) (%) (%) 

5.6 0.90 0.81 

12 

34 

0.66 
0.89 
0.97 
1.64 
1.46 
3.69 
3.81 
3.64 

1.35 

3.71 

deviation 
(%) 

0.14 

0.35 

0.09 

A plot of the measured intensity decrease for the different sample fibres is presented in 
Fig.3.9. Because of the large standard deviation obtained, it is difficult to tell if there is a 
linear relationship between the fibre dimensions and the registered intensity decrease. With 
improved spectral resolution, one would probably be able to draw more accurate 
conclusions. 
In Fig. 3.10a time-traces of the photodiode output voltage at stable lasing conditions are 
shown. As can be seen, there are several "stable" levels characterized by low noise and a 
lifetime of several minutes. (The lower semi-stable level is somewhat noisier.) However, the 
highest intensity levels were extremely difficult to reproduce. In this particular case, the 
intensity difference between the higher and the lower stable level was 13.5%. (It should be 
compared with the recorded fibre signals (at most 4%) described in Sect. 3.2.) 
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Fig 3. 7 Plot of the measured output light intensity decrease caused by a fibre located inside the external 
cavity beam. We define it as the inner cavity signal. The square markers correspond to measurements on: 
glass fibre (5.6 J.Un); kevlar fibre ( 12 J.Un); twisted carbon fibre ( 14 J.Un); nylon fibre (34 J.Un). 

Table 3.3 The measured output light intensity decrease caused by a fibre located inside the 
external cavity beam, here defined as the inner cavity sisnal. 

Fibre Fibre Light intensity Mean Standard 
sample dimension decrease value deviation 

(ttm) (%) (%) (%) 

glass fibre 5.6 0.42 0.38 0.04 
0.34 

twisted 
carbon fibre 

kev lar fibre 

nylon fibre 

14 

12 

34 

0.39 
1.05 
1.19 
1.34 
0.18 
0.65 
0.76 
1.55 
1.57 
1.76 

1.19 0.15 

0.53 0.31 

1.63 0.12 

At unstable lasing conditions, the light output becomes very noisy with statistically 
distributed intensity breakdowns as depicted in Fig. 3.10b. The output optical power 
oscillated then between the two stable levels. 
Fig. 3.11 contrasts the recorded light spectra emitted by the laser diode at stable lasing 
conditions and at "coherence collapse" (see Sect. 2.1.2). At unstable conditions some 
subsidiary longitudinal modes boost the intensity and multi-mode emission eventually 
develops. 
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Fig. 3.8 Recorded spectra of the emitted laser light without particle disturbance (solid line), and with a 
fibre located in the external cavity (dashed line). The towering peak at 781.84 nm is the single-mode line of 
the compound cavity lasing system, while the smaller peaks correspond to longitudinal modes of the laser 
diode cavity. The effect of the fibre disturbance is that the intensity of light at the single-mode peak is 
reduced (see enlarged graph). Notice the logarithmic intensity scale in the main graph, used to emphasise 
the faint longitudinal modes. The intensity offset is due to external stray light and electronical dark current. 
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Fig. 3.9 Plot of the light intensity decrwse, measured wirh the spectrometer CCD camera at the single
mode wavelength, versus the fibre dimension (see also inset in Fig. 3.8). The square markers correspond to 
rneasurements on: glass fibre (56 f.l!n); carbon fibre (7 f.l!n); kevlar fibre (12 J.lm); nylon fibre (34 f.l!n). The 
arrached figures indicate the number of overlapping markers, corresponding to dtfferent measurements. 
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Fig. 3.10 Time-trace of the photodiode (PD) output voltage, registered at semi-stable lasing conditions 
(a), and at coherence collapse (b). The two traces in graph (a) correspond to single-mode emission spectra. 
In this cases, the compound cavity system continued to be stable under several minutes. In graph (b) the 
output light intensity becomes very noisy and shows breakdowns, as it oscillates between the Mo stable 
levels (straight lines). Spectra corresponding to stable respectively coherence-collapsed conditions are 
shown in Fig. 3.11. 
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Fig. 3.11 Recorded spectra of the emitted laser light, registered at stable lasing conditions (solid line), 
and at coherence collapse (dashed line). Notice the strong intensity increase of the longitudinal diode 
cavity modes, eventually leading to a multi-mode lasing behaviour. The linear intensity scale was zoomed 
for clarity of presentation. 
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4. Discussion and conclusions 

4.1 Comments on the measurements and on the results 

A few remarks on the measurements and on the obtained results follow below. 

The diffraction pattern. The broadening of the diffraction pattern (see Fig. 3.1) is probably 
caused by aberrations introduced by the imaging optics. Laser light incoherence can be ruled 
out as the source of broadening, since no discernible difference in image quality was 
registered between single-mode and multi-mode lasing conditions. The arrangement of the 
lenses L2 and L3 has been experimentally tested and theoretically evaluated in order to 
minimise the spherical aberrations, and the optimal arrangement was consequently chosen as 
shown in Fig. 2.7. 

Due to insufficient spatial filtering by the spot dump (see Fig. 2.8), and a slight off-axis 
position of the imaging lenses L2 and L3. the intensity distribution exhibits some non
uniformities on the edge of the central blocked region, and is asymmetrically truncated by 
the collecting optics. 

Very small particles scatter light at a wide angle. Hence, the limit for the smallest detectable 
particle size using the diffraction analysis method, is given by the collecting angle range and 
the magnification rate of the optics (alternatively the size of the ceo imaging chip). 
As an upper limit, diffraction from large particles is concentrated at very small angles near 
the axis of the illuminating beam. In this case, the resolution of the CCD camera acts as the 
limiting factor. 

After a particle leaves the beam, there is a brief period during which the diffraction image is 
saved, the trigger is reactivated, and other housekeeping procedures are completed. During 
these periods, the sensor cannot detect particles entering the sensing volume. The response 
time of the electronics, e.g. the sensitivity of the monitoring CCD camera or the speed of 
the frame grabber, is determining the maximum rate at which diffraction pattern recordings 
can be done. 

The output light intensity. The laser beam displays an essentially Gaussian intensity profile 
with superposed interference fringes (see Fig. 2.4). This spatial variation of light intensity 
across the sensing volume, should have a quite significant effect on the particle 
measurements. It may lead to a dependency of the registered signals on the aerosol 
particle's trajectory through the beam. 

By careful examination of the recorded intensity signals from multiple consecutive 
samplings shown in Fig. 3.4, it can be noticed that in some cases the edge signals become 
smaller at the second and third sampling. This is probably due to an experimental artefact, 
caused by insufficient removal of the fibre between consecutive samplings. (The fibres were 
translated by hand up and down through the sensing volume.) It is significant to observe, 
however, that the inner cavity signals remain apparently constant. 
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Some of the variations of the signal amplitudes at sampling of the same fibre could be 
attributed to non-uniformities and surface roughness of the measured fibres. This should be 
true especially for the nylon fibre, which presented great variations in thickness. 

The signal-to-noise-ratio ( SNR) is a limiting factor which must be improved in order to 
make possible detection of very small particles. The smallest particle which can be measured 
with the present set-up may be inferred from the plot in Fig. 3.6. The standard deviation of 
the recorded output, here defmed as the output noise, was averaged to 0.21 %. Thus, with a 
signal-to-noise-ratio SNR = 1 (SNR = signal amplitude/noise amplitude) the smallest 
detectable fibre diameter is ""' 2 ~-tm. 

4.2 Conclusions 

A simple and inexpensive measurement method for aerosol particle characterization using 
low-angle scattering is presented. It is based on the use of a semiconductor laser coupled to 
an external cavity, a built-in photodiode, a monitoring CCD camera, an oscilloscope, and 
conventional optics. 

The near-forward-scattering technique minimises (but do not eliminate) refractive index 
effects, so that information about the size and the shape of the aerosol particles can be 
derived from the collected diffraction pattern. The derived values of the fibre diameters 
obtained assuming Fraunhofer diffraction showed good agreement, within the accuracy of 
the measurement, with the measurements made under the microscope. 

From the time-resolved recording of the output optical intensity, the number and the 
velocity of the aerosol particles have been derived. Especially, it was found that the light 
intensity decrease as a fibre enters or leaves the sensing volume is linearly proportional to 
the fibre size. This edge phenomenon is attributed to the effect of particle diffraction. As the 
particle is moving well inside the sensing volume, the light absorption provides information 
about the refractive index of the particle material. 

The two measurement components which are employed by the detector, i.e. sampling of 
scattered light in the near-forward direction and monitoring of output intensity variations, 
complement each other well. For instance, the refractive index and the velocity of the 
particle do not affect the diffraction pattern distribution, but these particle parameters can 
be evaluated using the time-resolved variation of the output intensity. The scattering pattern 
provides information about the shape of the particle and can therefore be used as a 
"fingerprint" for particle identification (by comparison with reference data). 

The detecting range of the present instrument is evaluated to be between 2~-tm and 100 ~-tm. 

It was experimentally found that control of the mechanical stability and possibility to very 
fme adjustments are crucial for the stable operation of the system. The operating current of 
the semiconductor laser was chosen below the solitary laser threshold. In this case, coherent 
optical interference between the field inside the laser diode and the light reflected from the 
external mirror makes the system to function as a compound cavity system. The intensity 
output is then stable and the optical spectrum is single-mode. 
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A theoretical treatment of the particle disturbance in the external cavity is proposed, in 
\vhich the boundary-value problem at the feedback-coupling laser facet is solved. Thereby 
an expression for the so called effective mirror reflectivity Rerr.p is derived, which can be 
used to evaluate the output power variation in the presence of an aerosol particle inside the 
external cavity. 

The proposed measuring technique can be used in applications such as ambient air studies 
or in working environment hygiene, e.g. for monitoring and identifying trace quantities of 
hazardous materials in the air. 

The small size of the semiconductor laser and the very low optical power emitted ( = 100 
~ \\l) should be emphasised, because it opens the door for a future miniaturisation of the 
device. Driven by an ordinary battery, and made very compact with the use of GRIN 
(gradient index) lenses and optical fibres, the optical sensor cold be employed for instance in 
continuous recording of exposure to hazardous aerosol particles close to the mouth during 
the whole course of a breathing cycle. 

The experimental findings are quite promising, and call for continued research in applying 
active scattering in external cavity coupled semiconductor lasers for the detection of aerosol 
particles. 
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7. Appendices 

A. Development and test of the experimental set-up 

During the development of the optical aerosol sensor, an extensive series of tests was 
conducted in order to evaluate the optimal experimental arrangement and the best set of 
components. 

Different types of commercial laser diodes were studied. Apart from tests on the near
infrared emitting laser Sony SLD114VS (which was found to have the best optical 
properties), another infrared diode laser (Sharp LTO IOMDO, A = 820nm) and a red multi
quantum-well laser (Sony SLD1133VL, A = 650nm) were examined. There was also a 
considerable variance of the output light properties of devices of the same type, so one 
could say that all laser diodes are individuals. 

The output beam profile is depending on the collimating lens in use. Two gradient index 
(GRIN) Selfoc® collimating lenses (SPL AG3645-2 and SLW-300 S 11078-C2), a Newport 
microscope lens, and a moulded glass aspherical lens (Geltech 350230) were used to 
collimate the divergent laser emission. Although GRIN lenses have many advantages (they 
have only two surfaces which can reflect unwanted feedback light and are producing the 
narrowest collimated beam), they distorted the output wave front due to poorer optical 
quality. The Geltech collimating lens yields the best beam quality and delivers a relatively 
narrow beam. 

Different lens arrangements have also been tested. The major problem consisted in reducing 
the spherical aberrations which impaired the quality of the diffraction image. 

B. Improvement suggestions 

Some improvements of the experimental set-up are suggested here. 

The primary laser beam should be totally filtered from the scattered light of the particle in 
order to improve the diffraction image quality. This could be done effectively by using a 
bearnsplitter with a hole, placed at the focus of the transform lens Ll. The primary laser 
light would then pass through the hole without being reflected onto the ceo camera. 

A large aperture of the Fourier transform lens (alternatively a shorter focal length of this 
lens) would increase the solid angle for the collected scattered light, enabling analysis of 
diffraction patterns from very small particles. 

Serious problems arise in practice because of unintentional external feedback. Undesired 
feedback from the imaging optics can be avoided by antireflection coating all the lenses. The 
plane external mirror should be replaced by a wedge (eventually AR-coated) to limit the 
external feedback to only one reflecting surface (compare with Sect. 2.1.2). 
In order to improve the coupling to the external cavity, the diode mirror facing the external 
reflector could also be antireflection coated. 
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The external cavity length can be fmely controlled by inserting a piezo-electric transducer 
disk between the adjustment screws and the movable part of the external mirror mount. 
Mechanical vibrations, which cause significant unwanted disturbance on the sensitive 
detector system, must be satisfactorily isolated. The whole experimental set-up should be 
isolated from the floor, for instance by placing it on pieces of soft rubber. 
To avoid massive air flows into the cavity, passive sampling may be performed. Natural air 
convection or settling under the influence of gravity can then be used to transport the 
aerosol particles into the sensing volume of the instrument. 

With a Millikan device based on the electrodynamic balance, single irregular particles can be 
suspended in the sensing volume of the detector so that the variation of the diffraction 
pattern and the output intensity signals for all possible orientations of the particle can be 
readily studied. 

An exact quantitative analysis requires a calibration of the optical sensor. By presenting 
well-characterized aerosol particles to the instrument and by varying one particle-parameter 
at a time (i.e. the size or the refractive index) the instrument response can be compared with 
the known result. The sensor should also be calibrated against other aerosol measuring 
instruments in order to verify its performance. The crucial instrument properties with regard 
to particle sizing are: precision (repeatability), accuracy (resolution), sensitivity (lowest 
detectable size), and dynamic range. 

Additionally, a numerical simulation of the theoretical model for the interaction between the 
aerosol particle and the electromagnetic field inside the external cavity (see Sect. 1.5) could 
be useful for interpreting the experimental data. 



Appendix C. 

Derivation of fibre dimensions using the extrema positions in the experimentally recorded diffraction pattern. (Compare with Fig.3.1, Fig. 3.2) 
Fraunhofer diffraction approximation is assumed. 
!l = distance between two succesive minima, estimated by paring corresponding extrema. (The values for the maxima have been appropriately adjusted.) 

Scale (mm/pixel) Wavelength (nm) 
0.0135 781.84 

Single carbon fibre: 
min/max position !l Mean value Standard deviation Variance Mean value 81 (0 ) Fibre thickness Accuracy 

(pixel) (pixel) (pixel) (pixel) (pixel) (mm) (~m) (~m) 
1st max 43.56 110.6 111.0 0.5597 0.313 1.498 0.1119 7.00 ± 0.04 
1st min 92.30 111.4 Std. dev. (mm) 
1st min 315.01 0.00756 1.506 0.1124 6.97 
1st max 359.85 1.490 0.1113 7.04 

Twisted double carbon fibre: 
3rd min 31.55 52.33 52.69 0.5146 0.265 0.711 0.0533 14.67 ± 0.14 
2nd max 60.51 52.21 
2nd min 82.12 53.29 0.00695 0.718 0.0538 14.53 
1st max 113.64 52.95 0.704 0.0528 14.82 
1 st min 135.24 
1st max 265.11 
2nd min 295.29 
2nd max 317.25 
3rd min 345.52 
3rd max 366.94 

Kevlar fibre: 
3rd min 22.54 55.89 55.14 1.0646 i .133 0.744 0.0558 14.03 ± 0.28 
2nd max 55.82 54.12 
2nd min 79.19 54.34 0.01437 0.759 0.0568 13.76 
1st max 11 0.35 56.22 0.730 0.0547 14.30 
1 st min 129.28 
1st max 271.16 
2nd min 296.54 
2nd max 321.98 
3rd min 357.86 
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Nylon fibre: 
7th max 23.72 22.37 22.35 0.4576 0.209 0.302 0.0226 34.56 ± 0.72 
7th min 37.06 21.81 
5th min 76.02 22.92 0.00618 0.308 0.0231 33.87 
4th max 91.21 22.28 0.296 0.0222 35.29 
4th min 103.69 
3rd max 111.91 
3rd min 121.45 
2nd max 136.51 
2nd min 147.59 
4th max 290.75 
5th min 305.27 
7th min 342.37 
7th max 358.68 
8th min 375.66 
8th max 394.20 
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