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ABSTRACT

The carcinogenic nature of airborne asbestos dust has
been well documented in the past couple of decades. In order
to minimise health hazards associated with inhalation of
various types of fibres, regulatory laws exist. To date,
enforcement of these laws has entailed the use of time
consuming and unreliable sampling methods using phase
contrast or electron microscopy. Light scattering methods
have been used to monitor fibres with limited success. 4n
in-situ light scattering system is required so that
continuous monitoring of any hazardous environment is feasible.

Our investigations showed that the use of circularly
polarised light,in a modified laser doppler anemometer,is
successful for detecting form anisotropy (shape). The method
is based on the fact that cylindrical particles scatter
light differently when polarised parallel and perpendicular
to their axes, .whereas isometric particles such as spheres
do not. The scattered light is analysed using two orthogonal
polarisation directions, The relative strength of the signals
for fibres and ballotini has been found to be an excellent
parameter for distinguishing between cylindrical and spherical
particles.

The particles used in our experiments were fibrous quartz,
ballotini, water spray and laboratory dust. Experimental.
results correlate well with theoretical results for scattering
from an infinite cylinder. If errors in the circular
polarisation generating optical elements and variability of
fibre orientation are taken into account then excellent agreement

between experimental results and theoretical predictions is
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achieved both for the forward and backward scattering
directions.

Further developmental work should include localisation
of the test space and on-line data analysis. Theoretical
calculations indicate that it would be advantageous to use
long wavelength light sources. Not only are thgjeye-safe,
but also enhance the distinguishability between fibres and

spheres.



"Logical consequence§ . are the
scarecrows of fools and the

beacons of wise men."

"Irrationally held truths may be

more harmful than reasoned errors".

T.H.Huxley 1825-1895
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CHAPTER ONE
OPTICAL METHODS OF FIBRE DETECTION
- A REVIEW
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1.1 Introduction

The adverse heath effects of asbestos have been known
since shortly after the turn of the century {(Murray, 1907;
Cooke, 1924; Selikoff et.al. 1965). Airborne asbestos dust
has been found to result in serious human respiratory
ailments, among which asbestosis.and lung cancer are prominent,
as reported by Smith (1955), Becklake (1976) and Bruckman et.al.
(1977). Also fibres of other substances such ag glass, talec,
textiles and, more recently, zeolite are suspected of being
causatory agents of similar pulmonary problems. Consequently,
the detection and measurement of concentration of airborne fibre
is mandatory if the enforcement of regulatory laws is to be
realised. However, progress in techniques for determining the
in-situ concentration of these minerals has Been minimal.

The word asbestos describes a crystal habit and is a
broad term embracing a number of fibrous mineral silicates
that differ in chemical composition. Selikoff (1972) has reported
rthat there appears to be no basis for distinguishing the health
effects of one type of asbestos over another. The physiological
response seems more dependent on c¢rystal structure than chemical
composition.

There is no uniqgue chemical property of asbestos that can
be used as the basis for its measurement. Thus in order to
detect asbestos we have to base our measurements on physical
characteristics such as size, shape and optical properties.

To date the available measurement techniques vary widely in
type and capability. Essentially, the methods entail obtaining
a sample by means of extraction aﬁd subsequently examining by
an appropriate technique. This poses problems related to
obtaining a representative sample, the possibility that the

sample can alter during its preparation and the problem of
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relating the measured concentration of the sample back to the
original environment. Sampling is also a time-consuming
process entailing unnecessary time delays during which
concentration of fibres in the environment might change.

Light scattering technigques have been successfully applied
to obtain size distributions of samples obtained from the
environment (Powers and Somerford, 1978; Gadsden et.al.,1970).
However, what is required is an in-situ light scattering technique

which can provide on-line information about fibre concentration.

1.2 Light Scattering - an Introduction.

When a beam of electromagnetic radiation is directed on a
particulate cloud, three processes of interest can occur:
scattering, absorption and transmission. By observing the
scattered light it is possible to obtain information relating
to the size, shape and optical properties of the particle cloud.
Thus light scattering is a very powerful diagnostic tool.

In order to understand light scattering we have to consider
the propagation of waves in media. A plane wave travelling in the
Z direction can be written in the form:

¥ = ¥, exp {i (kz - wt)} (1-2-1)
where Yo is the amplifude at time t=0 and spatial co-ordinate
2=0, k(=2n/A} is the wave number for wavelength X and w(=2wf)
is the anguléf fregency for frequency f.

The energy carried by the wave 1is proportional to the
square of the amplitude. Thus,

—;? = Yyx = |¥42 (1-2-2)

where ¥#* is the complex conjugate of ¥ and ¥? is the average

intensity over many cycles.

The refractive index (m) of a medium is defined by

= £
m = % (1-2-3)
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where ¢ is the speed of light in free space and v the velocity
in the medium. In general, m is complex and is related to the
permeability (u) and the permittivity (e) of the medium. The
imaginary component gives rise to conduction which, in turn,
is responsible for absorption.

The wave represented in Equation (1-2-1) is scalar. The
energy in visible radiation is transported in the form of
oscillating electric and magnetic vector fields. If the
associated vectors are orthogonal to each other and to the
direction of propagation, then the wave is said to be plane
polarised, if the vectors oscillate in random fashion, then the
wave is unpolarised. The vectors may rotate with change in
amplitude in which case it represents elliptical polarisation;
however, if constant amplitude is maintained then it is
circular polariéation.

For electromagnatic waves the electric (E) and magnetic (H)
field vectors are related through Maxwells equations (Stratton,
1941). From these field equations we obtain the wave equation
for homogeneous isotropic media,

V2E + w?ueE = 0 (1-2-4)
A similar equation can be derived for the magnetic field H.

The solution of the one-dimensional form of Equation (1-244)

in Cartesian co-ordinates 1is,

E = Eo exp (1 wVen z) (1-2-5)

This is equivalent to Yo exp(ikz) of equation (1-2-1).
For a periodic field, such as ¥, the power crossing unit
area per unit time is given by the Poynting Vector

S = E ~ H (1-2-6)

This is usually refered to as the intensity of the wave.
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However, for real photon detectors it is more correct to deseribe

the intensity by
I « |E]? (1-2-7)

The most common method of solving any scattering problem is
to solve the wave equation in the co~ordinate system relevent
to the particle geometry, and relating the internal and external
waves through the electromagnetic boundary conditions.

Analytic solutions of the vector wave eguation are obtained
from the scalar Helmholtz equation.

VIY + E2e¥ = O (1-2-8)
using the vector relationships

L = U¥ ;M = UASY ; N = ZypM o (1-2-9)

where a4 is a constant vector of unit length,

The method of separation of variables gives the solutions$
however 1the number of geomeiries or co-ordinate systems for
which the wave-~equation is separable, is restricted to six:
Cartesian;: cireular; elliptic and parabolic cylindrical;
spherical; conical.

The fields are given by

£ = 'E (apM, + b N)
= - it —2-
B wHon (2 N, + bpl) (1-2-10)

where a,  and bn are coefficients of the expansion.

These are solved using thé electromagnetic boundary
;onditions which require that the components of the electric
and magnetic fields which are tangential to the surface be

continuous across the boundary. Thus,

nA (E,-E,) = 0 ; fiA (E -H,) = O (1-2-11)

where n is a unit vector normal to the surface. The subscripts

e and t refer to the external and transmitted waveé respectively.
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The polarisation of the scattered light is of prime
significance in determining the physical characteristics of
the scatterer, It is normal practice to define the plane of
measurement as the plane containing the incident and the
scattered waves as shown in Pigure (1-2-a), The incident and
scattered electric fields can be resolved into two orthogonal
components as indicated. The relationship between these components

can be written in the form

Fi1s Jikrf Sy S} [Biy
‘B = 7 3 S / E . (1-2-12)
i S o1 1 i
¥

For isotropic particles such as spheres, there is no

coupling between orthogonal vectors and Sa= Su= 0.

Lorentz (1890) and Mie (1908) developed independently
the so-called'Mie Theory' which gives analytic solutions to
the wave equation for spheres. The coefficients a, and bn
(Equation (1-2-10)) are functions of the refractive index m
and the size parameter x (=g%§) where a is the radius of the
sphere, énd can be found in several textbooks including
Van de Hulst (1957), Born and Wolf (1975), Kerker (1969),
Stratton (1941) and Bayvel and Jones (1981). Lord Rayleigh (1881)
obtained the solution for an infinite cylinder at perpendicular
incidence. A& general solution for infinite eylindrical
symmetry was first presented by Wait (1955,1959). |

Saxon (1974) gives an integral formulation for solving the
vector wave equation in terms of the Green's function to find
the scattered field. Several approximate theories for light
scattering exist and some important ones are summarised in
Table (T-1-2-a) with their domains of validity.

A more comprehensive study of light scattering can be
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Table (T-1-2-a) Comparison of Various Domains of Scattering

Region Approximation Scattered Intensity Comments
Rayleigh x << 1 I,,=(I kY | a ?)cos?0/x? Polarisation of particle is proportional to %ncident field
oo
Scattering 2 _ . eq s IVim
_ L = polarisability e.g. for a sphere o ) where V is
x|m1]<<1 I;‘(Iok0| al)/e? : : 4 *% the volume
Valid to within 10% for x| m| < 0.6
Valid to within 1% for x|m|< 0.2
K2y me1] 2 R(D,)= < / exp(i8)dv where & is the rel hase of
Rayleigh- - I v = — exp(1 v where is the relative a T
G:zsflg l m: 1| << 1 "=( o )[m | R(e,¢)| cos0 3 v v p phase o ay
Pebye ) scattered b, dv. Scatterers are weak 1.e, no.reflection
1) k -
?Engerlng X lnrll << 1 Il=(I ov) 2 I R(O, ¢)| Also no added phase shift or absorption
r
Large x> 1 2J1(k0a sin0)] 2 > K(9) = inclination factor
Particles I e | | K(®) | K(®) 1 for far field (® small)
x| m1 | >> 1 k a sin® It can be shown that
° | K(®) B = }(1 + cos?@) for large O
. Use peometrical optics and diffraction theory
Anomalous x> 1 I(O)ﬁcza“l Alp,z) l T /r? p=2x(mr1) , z=x0
Diffraction ; ° . . . . .
A( )zfﬂIZ (1-exp (-ipsing)) The wave is mainly transmitted and interferes with the
|mr1[ << 1 Pa277% p(~ipsint diffracted wave,
X Jo(zcosc)coscsin;dc
§0;i1 . S I,= x% (1-} cos0)? m = n -0,
eflection I,= 6 (cos® - })2

m->e i,e, n1+ © or n,* ®

2

* see (Hodkinson, 1966)

9¢c
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found in Kerker (1969) and Van de Hulst (1957). For a
mathematical study see, for example, Saxon (1974), Bates (1975),

Stratton (1941) and Bayvel and Jones (1981).

1.3 Detection of fibres.

(i) Sampling methods.

" The method normally accepted for ascertaining the
concentration of airborne fibres consists of manual counting
and sizing by phase contrast microscopy as reported by Edwards
and Lynch (1968) and Addingley (1966). The sample is collected
by filtration on a nucleopore filter and subsequently examined
with an electron microscoﬁe (Spurny et.al.,1976; Henry et.al.,
1972).

Gadsden et.,al. (1970) used an infra-red technique to
detect chrysotile which has a sharp infra-red absorption band
at 2.72um. However, this method is unsuitable for amphibole
ashestos minerals (e.g.amosite, crocidolite, ete.), becausge
the absorption is considerably weaker.

Goodhead and Martindale (1969) describe an X-ray diffraction
method for determining amosite and chrysotile concentrations
in the atmosphere. The disadvantage of this technigque is
that detection is only possible if a sample of 30mg or more
is eollected.

These methods are relatively imprecise due to human
errorg in sample preparation and interpretation of results.

In addition, significant time delays occur during which the
concentration of fibres in the environment under test can
change considerably.

Up to date reviews of sampling methods have been carried

out by Cadle (1975) and Allen (1975).
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(ii) Advantages of using Light Scattering

Due to the non-intrusive nature of light, scattering is
a very powerful diagnostic tool. It has many interdisciplinary
applications including pollution measurement (Eiden, 1966),
astrophysics (Wickramsinghe, 1967) and biological scattering
systems (Wyatt,1968). Here we are only concerned with scattering
by maéroscopic particles, thus any quantum mechanical effects
are neglected;

The angular distribution of scattered light is related
to the physical properties of the scatterer such as shape, size
and refractive index. Also for non-spherical particles the
scattered light contains information about the orientation
of the particle. Thus it is possible to ascertain the physical
characteristics of particles by measuring the scattered light.

A notable distinguishing feature of asbestos dust is.that
it has cylindrical shape (see P-1-~3-1-2). Since different
partlicle shapes exhibit different light scattering characteristics
it should be possible to extract the form anisotropy- (shape)
of the scattérer. A significant advantage of using light
scattering is that in-situ monitoring is carried out and with
a mini-computer real time monitoring of potentially hazardous
environments is poséible.

(1ii) Light Scattering Techniques for Particle Sizing

Optical sizing can be broadly divided into imaging and
non-imaging types. The former include flash photography
(Beer and Chigier,1972) and holography (Bexon et.al.,1973).
Non-imaging methods can be sub-divided into two classes:
those which measure sizes of a large number of particles
simultaneously, and those which count and size individual

particles one at a time. Optical 1ight scattering methods
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(ii)
P-1-3-1 (i) Sample of Chrysotile; each division 3um
(ii) Sample of Amosite; each division 10um



(11)

P-1-3-2 (i) Chrysotile and Amosite; each division 30um

(ii) Chrysotile, Amosite and Crocidolite;

each division 3um
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have been used to size spheres: forward diffraction
technique by Hodkinson (1966), Swithenbank et.al.(1976); and
fringe scattering by Hong and Jones (1976). An instrument based
on the forward diffraction integration technique was developed
by Swithenbank (1976) and later reported by Wenner (1979).
It is currently marketed by Malvern Instruments Ltd., of Malvern.

The diffraction method is insensitive to refractive
index since the forward lobe is due primarily to Fraunhofer
diffraction, which is independent of the optical properties
of the particle and it arises from theTiight passing near the
particle rather than from the rays undergoing reflection and
refraction. It also lacks spatial resolution since it integrates
along a beam of light. It has been successfully applied to
sprays, though its use is limited.

Powers and Somerford (1978) used an inversion procedure
to obtain a size distribution of asbestos fibres bﬁ illuminating
electron micrographs of the fibres by a coherent source of
light. For He-Ne wavelength illumination, a fibre of width
>10um is considered to act as a slit which allows the use of
Fraunhofer diffraction. The inversion procedure is based on
the Fourier transform of the scattering pattern to obtain the
distribution of widths. Large fibres can be aligned:iin a
magnetic field (Timbrell,1975) but for fibres of diameter
<10um, the same inversion procedure can be used.by using an
electron micrograph as the scattering object. By this method
the form anisotrOpy_ is readily apparent. However, the sample
of fibres had to be obtained from the atmosphere by some means.
Inevitably it is a batch process and the sample extraction
mechanism destroys the true correlation between the actual
concentration and the cne obtained by the inversion scheme.

Timbrell (1975) distingushed between different types of
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asbestos by measuring the light scattered from a large number
of magnetically oriented fibres.

Naylor and Kaye (1971) used an optical spatial filtering
technique to demonstrate that a particle of known shape and
size can be detected among a background of other particles.
The method requires the construction of a spatial filter and
several microscope slides under test. It 1s of limited use
and does not have any significant advantages over existing
sampling methods.

(iv) Fibrous Aerosol Monitors

An instrument‘designed for the detecticen and counting of
fibres in the workshop environment is currently being marketed
by the GCA Corporation of Massachusetts. Its schematic layout
is shown in Figure (1-3-a). The particles are drawn by an
air-pump and then exposed to a rotating electric field which
induces a dipole charge on the fibres. This aligns them with
the rotating field which, in turn, imposes a rotational motion
of several hundred revolutions per second. Concurrently, a
CW He-Ne laser beam illuminates the fibres and the resulting
signals are detected by a photo-multiplier located orthogonally
to the axis of the laser beam.

As the fibre rotates it emits two sharp peaked pulses for
each complete fibre rotation. The degree of pulse sharpness
serves as the basis of the method of fibre length discrimination.
For a cylinder which has a large but finite length, the
scattering function for perpendicular incidence is given by
Van de Hulst (1957) as

2 .
I = I 'L SinmLV/ A T2(8) (1-3-1)
% q2p? 7LY/ A

t

where T(8) is a complex function of 6, m, X and x; L is the

fibre length; m the fibre refractive index at wavelength A;
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VY=fibre axis angle in the plane of rotation; © the scattering
angle (= 900 in this case) and r the distance between the fibre
and the detector.

If we assume that all the parameters are constant apart
from L, it turns out that as the fibre length increases
pulse sharpness and amplitude increase concurrently. Thus the
measurement of widths, or sharpness of these pulses uniquely
characterises fibre length. Jones (1979) predicted the same
phenomenon from chains assembled from Rayleigh spheres.

Using a similar principle, work has been carried out by
Chubb (1977) to develop a prototype fibre monitor. The main
difference being that two signals are detected using a pair
of photo-multipliers and the field being applied, in turn, to
a pair of cylindrical electrodes. However, results obtained
did not establish a clear distinguishability between fibres
and non-fibrous particles.

The methods outlined above are very elegant for monitoring
fibres and building up a size distribution. Their advantages
lie in the independence from electrical properties and the index
of refraction of fibres, and the relative simplicity of
signal processing is attractive. However, there are several
disadvantages, as listed below:

(a) The measurement of the diameters of the fibres is

not apparent. This is important for monitoring ashestos

fibres since carcinogenicity depends primarily on fibre

diameter as reported by Bogovski et.al.(1972).

(b) The fibres are drawn with an air-pump thus preventing

an accurate correlation of the results with the original

environment.,

(¢) The amount of 1ight scattered by a non-spherical
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particle depends not only on the diameter of the particle

but on its length to diameter ratio (aspect ratio) and

on the orientation of the fibre with respect to the

light source (Gentry and Spurny, 1978). Consequently,

irregularly shaped dust particles present among-the-
sampled fibres are likely to give ambiguous results.

(v) In-situ detection

In order to obtain a true concentration measurement of
airborne fibres, in-situ detection is the ideal. This
necessitates the use of an optical lighﬁ scattering method
in preference to readily available sampling methods whose
reliability is questionable.

Holve and Self (1979) and Holve (1980) describe an
optical method for in-situ measurement of particles. Essentially
the method is a variation of the forward diffraction method
with analysis for defining the test space. An elegent
inversion technique is used to eliminate the dependence on
particle trajectory. The system is automated to calculate
particle size distributions. However, despite its on-line
attraction of in-situ measurement the method does not provide

information about particle shape.

1.4 Laser Dopﬁléf Anemometry (LDA)

Particle sizing using LDA was descibed by Farmer (1972),
Fristrom et.al, (1973) and Fliasson et.al.(1974). LDA was
originally used for velocity measurement as indicated by
Yeh and Cummings (1964) and Durst and Whitelaw (1971,1976).

Two laser beams are made to cross at a peint teo form an
interference pattern and a particle traversing these fringes
generates an alternating signal, the freguency of which is

proportional to the velocity. However, +the amplitude of the
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signal is dependent upon the size and the optical properties of
the particle. In general, an alternating signal can be written

I = Ay + By cos wt (1-4-1)
where I is the intensity and wt is the phase. Hong and Jones
(1976) have developed a method for sizing particles by

measuring the visibility given by
B;

Visibility = =~ : (1-4-2)
A,

An alternative is to measure the mean intensity A, which
in certain circumstances can be shown to be a linear funetion
of size (Chigier,1976). Hong (1976) has made a comparison -
between the fringe scattering method and the foward diffraction
scheme. A summary is presented in Table T(l-4-a). It is
apparent that for counting individual particles the fringe
scattering mode seems most appropriate. However, irregular
particles transversing the test space would in general, be

randomly aligned and the form anisotropy would have to be

extracted by some other means.

1.5 Anisdb@gx

Two types of gnisotropy can-be defined: form anisotropy
due to shape and optical anisotropy due to refractive index .
For an isotropic homogeneoud particle, such as a sphere,’ the
two orthogonal components of the incident electric wave are
scattered equally (i.e.S53 = 84 = 0 in the scattering Matrix
equation (1-2-12) ). Thus, theré is no nett rotation of the
field and the scattered vector retains the incident polarisation.
This is not the case for a non-spherical anisometric particle
such as a cylinder where scattering properties vary with the
incident polarisation.

For anisotropic particles, in general, we have to retain



TABLE (1-4-a) Comparison of fringe scattering and forward diffraction scatiering

System Fringe Scattering Forward Diffraction
Method Double crossed laser beams, Single laser beanm
use Mie theory use Diffraction theory
Measured Visibility Scattered light intensity near 8 = 0°
Parameter
Characteristics|(a) Not required to assume a particle (a) a size distribution is assumed

size distribution

(b) High spatial resolution

(¢) Best applied to tenuous clouds
(for test volume of imm>, the
naximum particles density is
10°m™3)

(b)

(c)

Light integrated along incident beam,
hence low spatial resolution in forward
direction.

Best applied to moderate dense particle
clouds to ensure representative sample
in beam. Multiple scattering limits

upper concentration

LE
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the complete scattering matrix (Equation (1-2-12)). Thus in

Figure (1-2-a) if E g = O then both E _ and E  are

non-zero.

One method of describing anisotropy is via the Stokes!'

Matrix.

Iscaa. / L _c\
Qsca _ E; -Q;hc

Vsca r? 'U._c')
Vsca vh.c (1-5-1)
where I =1 + 1 ; Q=1 -1 ;U =2/T 1 Cos(¢ -d )
11 1’ 11 1 117 11 1

V = 2}I1111 Sin(¢11 - ¢1) and ¢ represents the phase.

Form anisotropy is easily detectable if an external field
is applied to a system of onsotropic particles. The deformation
of particle shapes produces alignment with the field giving
rise to optical anisotropy prdducing birefringence, (Kerker,
1969). Electric or magnetic fields have been used to align
particles (Jennings and Morris, 1975; Morris et.al.,1975;
Ravey and Mazeron, 1975).

A widely used method of studying colloidal and macro-
molecular systems has been the application of a hydrodynamic
field where flow conditions produce an alignment. Figure
(1-5-a) shows a rod subjected to a flow field and its tendency
to align its axis with the stream lines. The balance produced
between the Brownilan motion and the applied force results
in a distribution of orientations. Cerf and Scheraga (1952)
have shown that the optical effeect of double refraction
produces birefringence. Jones and Wong (1975) used streaming
birefringence to demonstrate the presence of anisotropic
particles in a flame,

A general feature of anisotropy is to increase the

scattering and absorption by particles (Chylek, 1977;
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Fig.(1-5-a) Effect on a rod subjected to a

hydrodynamic flow field
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Kerker, 1969; Greenberg, 1972; Jones, 1972). Anisotropy of
refractive index will not be treated here, but informative

details can be found in Born and Wolf (1975) and Kerker (1969).

1.6 Aim of this work

The essence of the problem 1s to devise a system capable
of distinguishing between fibrous and non-fibrous shapes.
Anisdtropy'can be detected by several optical processes such
as depoiarisation and streaming birefringence as outlined by
Kerker (1969). The first of these does ﬁot readily distinguish
the effect of anisotropy. The second is shape sensitive and
relies on fluid flow conditions to produce alignment of a
sample of form anisotropic particles. In a light scattering
system measurement in the forward direction is relatively
independént of refractive index. Thus for 8 = 0, the form
anisotropy should be apparent.

In order to develop a non-destructive technique for in-situ
monitoring of airborne asbestos fibres the use of light
scattering has many advantages as outlined earlier. Since the
scattered light contains information about form anisotropy
it is desirable to explore a light scattering technique
which is sensitive to size and shape, but relatively
insensitive to optical properties.

The detection and measurement of concentration of
acicular shaped particles is the prime objective of this work
bearing in mind that the ultimate objective is the production
of an instrument which can make on-line and in-situ
concentration measurements of asbestos fibres. The Health and
Safety Executive (HSE) have stipulated that the fibres:
considered toxic and carcinogenic have the following

specifications:
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5um < length < 10um
Diameter > 0,5un

or Aspect Ratio > 3 : 1

1.7 Conecluding Remarks

To date there is no satisfactory system available for
continuous monitoring of asbestos fibres in the air. Sampling
methods contain inherent experiemtal errcrs and entail
considerable time delays. Fibre monitors currently marketed
in the U.S8.A. are unreliable and, more importantly, their
inability to measure fibre diameter is a severe handicap since
this 1is related to carcinogenicity (Bogovsky et.al., 1972).

Light scattering methods have been used mainly for nearly
spherical particle sizing such as atmospheric aerosols
(Ferrara et.al.,1970), biological cells (Wyatt,1972), cement
particles (Cornillaut,1972) and pollens (Wertheimer and Wilcock,

1976). The majority of the work with fibres has considered
.single fibres, for example, metal wires (Lundberg,1969) and
glass filaments (Farone and Kerker,1966; Cooke and Kerker,1969).

The forward diffraction method (Hodkinson,1966; Swithenbank
et.,al.,1976) bases its analysis on Fraunhofer diffraection,
although rigofous. Mie theory is readily available for spheres
(Kerker,1969). There is a lack of rigorous theory for irregularly
shaped particles, but one could use the diffraction theory of
a slit in the case of a fibre. Jones (1974) and Chou (1976)
have examined the detailed theory of spheres in the fringe
scattering system. It is apparent that for small collecting
apertures near the forward direction, diffraction theory may
be valid (Chu and Robinson,1977; Hong and Jones,1976; Chigier,
1976). It would appear that fringe scattering is the most

appropriate technique for fibre determination sinece ' it works
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best in the particle counting mode.

In order to determine the form anisotropy of the
scatterer, it is important to know the polarisation of the
incident and scattered waves. In this way the size and shépe
of the fibre can be determined. However, analysis must
incorporate the effect of the orientation of the particle on

scattered light.



43

CHAPTER TWO
THEORETICAL INVESTIGATION OF LIGHT
SCATTERING BY AN INFINITE CYLINDER
AT OBLIQUE INCIDENCE.
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2.1 Introduction

One of the co-ordinate systems for which the wave equation
is separable is that of circular cylindrical symmetry. However,
rigorous solutions have only been obtained for an infinite
cylinder. Lord Rayleigh (1881) obtained the solution at
perpendicular incidence well before Lorentz (1890), Mie (19¢§)
and Debye (1909) obtained rigorous solutions for a sphere.

Von Ignatowsky (1905), Seitz (1905,1906) and Von Schaeffer (1907)
extensively studied scattering at perpendicular incidence

from infinite cylinders. The study of scattering from cylindrical
structures was continued by researchers interested in microwaves
and radiowaves (Mentzner,1955; King and Wu, 1959; Wait,1959).

The optical properties of infinite cylinders are of particular
interest in calculating the transmission of thermal radiation
through fibrous insulations (Larkin,1957; Larkin and Churchill,
1959).

The solution of the problem of scattering of a plane

polarised electro-magnetic wave by an infinite cylinder at
oblique incidence was first presented by Wait (1955,1959).
Farone and Querfeld (1965) rederived the solution using Van de
Hulst's (1957) notation in a form more suitable for machine
computation. In this Chapter, the theory of scattering for
oblique incidence for an infinite cylinder is derived using
Stratton's (1941) field expansions. The approach is the same
as outlined by Bayvel and Jones (1981). The solution is given
in a more general form, not being divided into intensities

representing different orthogonal polarisations.

2.2 Solution of thé Wave Equation

In the last Chapter, a method was outlined for finding
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the solutions of the vector wave equation

V2E + king = 0 (2-2-1)
by solving the scalar wave equation

72y 4+ kimZ? = 0 (2-2-2)

and obtaining the vector solution using the appropriate vectors
M and N (Stratton,1941). The general expansions of the electric

and magnetic vectors are

=]
E = -2 (aM +bN)
- n=-o n=n n—n
- k5 N
o= - TR nkoo (Bp, +a N ) (2-2-3)

Consider an infinite homogeneous isotropic cylinder, as
shown in Figure (2-2-a) of arbitrary orientation where the
tilt is defined by X and ¥, the spherical polar and azimuthal
angles respectively. The incident wave is defined in the
(x,y,2) co-ordinates system while the cylinder rests in the
(xl,yl,zl) system. The scalar wave equation in cylindrical

co-ordinates (D,a,zl) is

1 1 n2 2
- ﬁ—( 33)+ — ¥, 97y yepzy o (2-2-4)
o 3p*P 3p! p? 30 3 g2
and it is satisfied by
voo= oMz (/iPhE ) o7IRC (2-2-5)

where Z is a cylindrical Bessel function and h = k cos x.

The vector solution is found via ﬂ and N using

M = VAzlw N = — VAM (2-2-6)

A

where z is the unit vector along Zl. Substituting k¥ = vk?-h?

gives,
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Fig.(2-2-a) Definition of co-ordinates for

scattering by an infinite cylinder
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= ei(hZ.“n“)( Lz (x*0)p - iK*Zl(k*p)&)
P n n
i(hz -na) hk* 10 ya ., ihn R VA
e 1 (- 2% 2, (k®e)p + £57 2, (k¥e)d +
- _’E‘ N
122 (k%) 2 )
(2-2-7)
where Zn is selected as follows:
(1) Incident Wave: Jn(kﬁp) is obtained from expansion
of the plane wave in cylindrical co-ordinates.
(ii) Internal Wave: Jn(kgp) is chosen such that it is
finite at p =0
(iii)Scattered Wave: In the far field pre

it(1-1) _ik¥p
ﬂk?p

Hél) (k¥p) =

This represents an outgoing cylindrical wave.

Here Jn are the Bessel functions of the first kind and
Hél)are Hankel functions of the first kind (Abromowitz and
Stegun,1964). |

The direction of the incident vector is arbitrary. The
cylinder is oriented such that the azimuthal angle ¢ is the

angle Dbetween the cylinder axis and the incident wave. The

incident electric field is given by

_ ix 2
Eine = XE €70 (2-2-8)

and it can be expanded in terms of Mn and Hn using Equation

(2-2-3) giving,

1 co . .
Einc = E§ §=_nf"i)n (Sinwﬂél) -1 Coswjﬁl))
I S O ) LS €5 R (1)
Bine = Tow f=-ax o (sIRVE;TT - 1 cosil, ) (2-2-9)

where k§ = koéin X

_ .vn s8in ¥
a = - (-1i) ==

./ .3h cog ¢
by i(-1)" =  (2-2-10)

i.e.
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The expansions for the wave components for
scattering from an infinite cylinder are expressed in
gsimplified form if we define h = ko sin x and

kg = ko sin y and for the internal wave

3 = 2 _ 2
km ko /m cos” X

where ¥ is the tilt of the cylinder and m the refractive
index.

By applying the electro-magnetic boundary conditions

to Ez’ Ea' HZ and Ha the forms of ai and bs are given by
A B + A B
s l 3 3 2
a =
AB -AB (2-2-11)
11 2 2
A B + AB
g 371 273
bn =
AB - AB (2-2-12)
1 1 2 2
where
o (1)
.0 2 3# H 3 1 ¥*
A ( m k*J o (kma) Ho (k*a)

1 v
k J (k#*a
mn(m) " (*) (1), .
- k#J -(k*a) H_ (kra) )

K #2

~hn_ o _ (1) (1%
hz = k = (k*z 1) HY (kna)
m
. k#*?
- (_:yn¢ B8in¥  hn _ o "
A, (-1)7( kﬁ Efg (1 " ) Jn(koa)
m

1_cos Y 23 571 1
- —_———— k#*J > (k¥g)J (k#* - k¥J (k¥a)J #*
kfﬁJn(k;a)( nk T, (e (kfa) - dpdy (efa) 3, (kfa)))
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B = __E_Ez_; ( k*Jl(k*a) H(l) (k#*a) - k*J (k*a)H(l)?k*a))
mn ' m
. k*2 (1) :
B2 = an ( 02 -1 ) Hn1 (k?a)
koa k;
Y h k*
B = _4)n Losv an_ (G . .2 J k*a
. (-0R( e B - ) 5 (kpe)
0 0 m

isin ¥ ooy egf(1n %a) 1o #* (%
+k%J (k*a)( k*J (k¥a)J (k¥*a)-k*J (k¥a)J:(k¥a)))
n“n'm
(2-2-13)
For normal incidence where X = T/2 and h = 0 and kf = k,

it is found that

s _ n sin ¥ ~s
a = (-1i) N a
0
bS = -(-3)0 gos Y Bi
k, - (2-2-14)
where 1 1
- Jn(koa)Jn(mkoa) - mJn(koa)Jn(mkoa)
n ) H(l)(k é)Jl(mk a) - mH(l)l(k a)J_(mk a)
n 0 n 0 n 0 n 0
1 1
- mJn(koa)Jn(mkoa) - Jn(koa)Jn(mkoa)
b =
n

mH£’>(kDa)J;(mkoa) - Hﬁl)l(koa)Jn(mkoa)

, (2-2-15)
are the original solutions of Rayleigh (1881) and Von Ignatowsky
(1905)
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In the far field

u (4-1) oik¥o s0pugi(hz, ~na)s
/Wkﬁp o
. . k # .
N, = =(i-i) olkTP fﬂ+q_g_ el(hzl’n“)(ha_kﬁg_)
V¥ p k. 01
(2-2-16)
Consequently the scattered electric field is found by
substituting for M, and N into Equation (2-2-3),
giving
#  jk* @
E = (4-1) EA elkop Z ei(hq-na)
=sca 1 k k*® n=-w
0 0
5. n 8 a *A _a_
X(ayik & + by (hp - ¥*Z ) (2-2-17)

Two parameters of theoretical interest are the scattering
and extinction efficiency factors. The ratio of scattered

power (Psca) to the incident power (Pinc) on a particle is

_ sca
Qsca - P
inc (2-2-18)
where Qsca is the scattering efficiency. Absorption and

extinction efficiencies (Qab and Q. respectively) are

8

defined in a similar way; thus

Q = Q +Q

ext sca abs

For an infinite cylinder, it can be shown that

ék*z © s
Qeg = —— % (lajl?+ [b.]?) (2-2-19)
koa n=-x
21{3")- 00 CP
Qoxt = 7 2 im (2-2-20)
-.a n=-
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where
_ s nm s . nm .
¢n = ( Re(an) cos=— Im(an) sin —:) sin ¥
> s . nm s nmw
- ( Re(bn) sin= + Im(bn) cos= ) cos ¥ (2-2- 1)

For the special case of normal incidence y = /2 and
k¥ = k , then
0 0
=8f2 .2 £8]2 2.3
(lanl sin?y + lbn| cos?y)

2 o
Qsca " % a E

Qxt = T3 %z_inv(Re(Eﬁ)sinzw + Re(bE)COSZW) (2-2-22)

At ¥ = 0 and n/. these an be reduced further to give the
scattering and extinction efficiencies at normal incidence
with cylinder axis parallel or perpendicular to the incident

electric vector.

2.3 Influence of various parameters on scattéringﬁbj a

cylinder.

In order to establish a theoretical basis for studying the
light scattered from an infinite cylinder, we have to choose
which parameters are measureable and have physical significance.
It cén be seen from Equations (2-2-13) that ai and bi are
functions of the refractive index m and the size parameter
x(=koa).

‘The refractive index of asbestos varies considerably
with type (Rajhans and Sullivan,1981). Thus the influence
of this has to be investigated. The effect of size on
scattering has torbe examined since Esca is a function of x.
Equations (2-2-15) show that at ¥ = 0 only bs,is finite and
at ¢ = n/, only as is finite. In order to explore the effect

of orientation on scattering we can vary the polar angle x
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and investigate the behaviour of the ratio of IE ca|2 for

s
the two values of ¥ = 0 and n/; .

A computer program has been written to calculate the
scattered radiation field from an infinite cylinder of
arbitrary orientation. It has been tested against results
quoted by several authors including Rayleigh (1918), Larkin
and Churchill (1957), Van de Hulst (1957) and Kerker (1969).
The first three give results for normal incidence and ¥ = 0
and 7/2 only. Kerker gives results for the generai'solution.

We need to study the ratio of two ofthogonal intensities

since this will be our subsequent basis of measurement (see

Chapter 3). Thus, we define

A
R = gl® (2-3-1)

and B = %

S 8

a

5
where A = —— 8y

and explore its behaviour with inereasing particle size. Here
A ahd B are the scattered electric fields along two orthogonal
directions. Figures (2-3-a-c) show R! plotted in forward
scatter (8=0) for three values of the refractive index and
for three values of X equal to 90°,60° and 30°. It is
interesting to note that for X=30° a small change in x causes
a large variation in R!. Also it can be seen that the
oscillations are damped out for a complex refractive index.
Figure (2-3-d) shows R! plotted for the backward direction
(6=180°) for m = 1.5 and x = 90° where R! is very large.
However at x = 60° (Figure (2-3-e¢)) its value is reduced
considerably.

For a spherical particle orthogonal field components
are scattered equally and A=B giving R'=;. Theoretical plots
of R! for an infinite cylinder (Figures (2-3-a-e)) indicate

that R'>; for values of size up to x = 10. As stated in the
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last Chapter, we are only interested in fibres of diameter
~0.5um. This gives a value for visible wavelengths of X 3

and for this size we can see that at 9=0, Rf;1.2. Thus in
principle we can see this as a distinguishing parameter
between spherical and eylindrical particles. These results
indicate that fibres may be distinguishable even at very small
values of x, almost end on incidence.

The total scattered intensity due to ai and bi is given

by
s _ S g¥
I(an) = |an .8, |
#*
and I(bS) = [bS . bo'| (2-3-2)

Figures (2-3-f-h) show I(ai) plotted against X at 6=0 for three
values of refractive index with x = 900, 60°% and 300. Figures
(2-3-i-k) show I(bs) plotted for the same three values of ¥

and in Figure (2-3-1) the variation of intensity with 6 is
explored for various values of x and ¥. For back scatter,
Figure (2-3-m) shows the intensity plotted against size. It

can be notéd that even though the ratios are higher in the
backward direction,ithere is about twenty times reduction in
the scattered intensity compared to the forward direction.

)

The scattering and extinection efficiencies (Qsc and Q

a ext

are plotted in Figures (2-3-n-s) over the range X=0 to 10.
for various values of ¥, ¥ and m. For real refractive index the

scattering. efficiency oscillates about the value Q=2 and

Q xt Q

o . However for a complex refractive index both Qsc

sca a

and Qext reach a maximum value at x=1.0 and maintain this

value with increasing x.

Since we use quartz in our experiments (see Chapter 3)
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Fig.(2-3-n) Plot of scattering efficiency Qca
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we investigate scattering by microquartz fibres.

Quartz is generally anisotropic, there being two refractive indices
as indicated in Figure (2-3-t), where m lies along the optic axis
and m, lies in a radial plane orthogonal to m . In order to estimate
the significance of this, the intensities for polarisations along two

orthogonal directions, Ias and Ibs, were calculated for m o= 1.542 and
n n

m, = 1,552 respectively for an upright cylinder irradiated with light

of » = 632,8nm. This was repeated for the values md = 1,552 and m, =
1.542. The results sre shown in Figure (2-3-u) with the case where

the refractive index along the two orthogonal directions is the same

i.e, m =m, = 1.549, The ordinary (mo) and extraordinary (me) refractive
indices for He-Ne laser wavelength were interpolated using refractive
indices for }» = 589nm and A = 760nm as given by Weast (1980).

Anisotropy gives rise to a change of 107 compared to the curve with
refractive index m = 1,549, The maximum change is apparent near the peaks
and the troughs of the oscillations, However, the polarisation ratio

remains greater than unity.

2.4 Conclusion

The theoretical basis of light scattered from infinite ecylinders
has been outlined and results for the ratio R' against x indicate that
its value could be used to distinguish between fibres and spherical
particles. Furthermore, R' increases considerably for the backward
direction which would be advantageous for the development of a
measurement instrument such that all the optics and electronics could

be enclosed in one box,
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CHAPTER THREE

PRELIMINARY EXPERIMENTSH
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3.1 Introduction

The commercial fibrous monitor marketed by the GCA
Corporation was reviewed in Chapter 1., It relies on physical
rotation of sampled fibres while in the path of a linearly
polarised laser beam. It is possible to apply the same principle
to fibres in free space (i.e.in-situ) by not orienting the
fibre in a particullar fashion but to allow the electric
vector of the light wave to rotate i.e. use circularly
polarised 1light.

The fringe scattering method is based on laser doppler
anemometry {(Durst and Whitelaw,1971) in which two laser beams
cross at a point to form a set of interference fringes. A
particle traversing this pattern generates an attenuating
signal the frequency of which is proportional to the velocity.
However, the amplitude of the signal is dependent upon the
light scattered by the particle and thus, upon its size and
optical properties. A number of authors (e.g.Jones, 1974 and
Chou,1976) have looked at the detailed theory for spheres in
this system, but there is no theoretical basis for irregular
particles.

A modification of the fringe scattering technique (Hong
and Jones, 1976; Hong,1977) using circularly polarised light
was found to be of some success in distinguishing between fibres
and spherical particles. Its apparent success was limited due |
to the majority of the fibres having a length greater than the

fringe spacing.

3.2 Modified Fringe Scafﬁering

(i) Theoretical
The GCA instrument (see Chapter 1) induces a dipole on a

sampled fibre which is rotated at a very high speed by a
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varying electric field while the fibre is in the path of a
linearly polarised laser beam. One could achieve the same
result, in principle, by not sampling but allowing the
electric vector of the light wave to vary with time, so
that it is alternately parallel or orthogonal to the fibre.
there are three ways of achieving this:

(a) physically rotating the electric vector,

(b) using two circular polarisations of different

frequency and opposite sense,

(¢) using two orthogonal linear polérisations of

different frequency.

One comes up with problems on how to achieve (a) at
sufficient speed, but (b) and (c) are easily implemented.

The required speed of rotation (frequency) depends upon -
and estimating requirements.

One could use two beams of circularly polarised light
in the opposite sense to each other and of different frequency.
This has the added advantage that the doppler signal will
yield the direction of travel and the velocity of the particle
to aid the determination of the sampled volume.

Jones (1979) obtained integral solutions for scattering by
chains of small particles. In the Rayleigh approximation, the
individual spheres are so small that the internal field may
be consideredfo be constant (See Appendix A for details).
Because the particles are small so is the chain length for
reasonable aspect ratios.

For a fibre composed of Rayleigh spheres located in the
plane Z=0 (Figure (3-2-a)), the scattered intensity due to

each beam is given by
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Fig.(3-2-a) Crossing of laser beams in the plane z=0
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where Z is a constant; le is related to the incident wave
(Appendix A); y is the half angle between the interfering
beams; 6 is the scattering angle; yjl and yj are the positions

of the j, and jth spheres.

The associated vikibility V is given by

(1) (2)

v - 2‘/IIscI:a ‘IIscal

(1) (2)
|Isca|+|Iscal ' (3-2-2)

A computer program was written to find the DC scattered
intensity and the associated visibility for a fibre located in
the plane Z=0. Two cases were examined; two opposite sense
cirecularly polarised waves and two orthogonally linearly
polarised waves parallel to the x and y directions. The
computed visibilities at 6=0° and 180° agreed with the
results of Jones (1979) for either case of ¥=0° or 90° where
¢ is the orientation of the fibre with respect to the x-axis.

It was found that for two orthogonal waves V is a
function of ¥ but for the case of circular polarisation V is
independent of Y. This is to be expected as this case
corresponds to a rotating vector. Thus to eliminate the
dependence on ¥ circular polarisation is to be used in the
experimental set-up.

Figure (3-2-b) shows V plotted against N, the number of
particles in the chain, for two values of kR where R is the
radius of the Rayleigh sphere. It can be seen that a

significant increase in V occurs with an increase in refractive
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Fig(3-2-c) Plot of DC scattered intensity (Ipa)
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index (m) but the change in V with size is relatively
insignificant. Thus the signal depends only on the aspect ratio
(provided it is known). It can be easily shown that (Appendix
B) the fringe contrast in the test space is given by

Vc = 4(1 - cosay) (3-2-3)

For a single sphere of size small compared to the
fringe spacing the visibility of the scattered light is V:Vc,
but in the case of a fibre V>Vc because the field components
parallel and perpendicular to the fibre axis are scattered
differently (Bayvel and Jones,198l). In Figure (3-2-c) is
b = 118221

a marked increase with size is noticeable. In prineciple, one

plotted the DC intensity I + |Igz;l against N where
could use this to find kR or the chain length when used in
conjunction with Figure (3-2-b).

So far fibres lying in a plane Z=0 have been looked at,
Fibres lying at an angle,not perpendicular to the direction
of incidence, give rise to reduced visibility. When the axis
of the fibres is parallel to the direction of incidence, the
visibility is the same as that for a sphere of the same cross-
section. This is to be expected since the cross-section seen
by the incident light is spherical. However, we do not find
this for an infinite cylinder which suggests that the Rayleigh
sphere model may be inadequate for making predictions for real
fibres.

(ii) Experimental

A system was devised to test the fringe method and its
lay-out is shown in Figure (3-2-d). Light from a He-Ne laser
source is reflected from a mirror and made to pass through
a radial grating with spatial frequency of 10 lines per nm.

Due to diffraction, several beams are produced. However, only

-
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the +1 and -1 orders are selectively passed through the phase plates,

as shown, such that two circularly polarised beams in the opposite

sense are produced. The zero order is effectively eliminated by placing
& suitable stop on the lens, The radial grating is in the form of a

disc (as shown below) with lines emanating radially from the centre.

i hlU//////

o

:§§§ -dé?;:_ laser beam
== v -""-’"

—

P

%

[

The two diffracted orders are focussed by the lens to form phase

fringes (See Appendix B) of spacing < 70um in the test space. These
can be made visible by inserting a polariser in front of the photo-
multiplier (PM) in which case the system reverts to an ordinary laser

doppler anemometer (LDA).

The scattered light is focussed on a pin-hole located in front of
the photomultiplier. For this method to work the fringe spacing should
always be very much greater than the dimension of the biggest particle.
The radial grating is made to rotate at " 300 rpm orthogonal to the incident
beam. This produces a doppler shift in the two diffracted beams resulting
in a beat frequency in the test space which makes the fringes move
(See Appendix B). In this way a significant number of fringes cross the
moving particle and the scattered signal contains information about the

sense of its wvelocity.

Plate P-3-2~1 (i) shows a signal from a dust particle when the
polaroid was placed in front of the PM. It can be seen that the
visibility {as defined, in Figure (3-2-e)) is almost unity. When the

polariser was removed the signal shown in P-3-2-1 (ii) was obtained.
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Here the fringe contrast is very small (V r\al‘/600). In fact we expect

zero visibility with spherical particles and tests carried out with

water spray and glass ballotini confirmed this. Fibres should, however,

give V>0. Using this visibility difference to differentiate between

fibres and other particles was not very successful because the system was
designed to detect fibres of length & 10um. The fibres we used were
microquartz fibres with lengths more than 400um. For example,

P-3-2-2-4 show electron micrographs of typical fibres used in the experiment.
For detecting fibres of this size a very large (ideally infinite) fringe
spacing is required. With this set—up signals of good visibility were

obtained.

Figure (3-2-f) shows a slightly modified system where the diffracted

orders are made to pass through the phase plate.



(ii)

p-3-2-1 (i) Signal from a dust particle with polariser
in from of PM.

(ii) Signal from a dust particle without polariser
in front of PM.
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VSCG = (Ehv" v, )/(ZIdC )

Pig.(3-2-e) Definition of visibility of a signal



P-3-2-2 Electron micrographs of quartz fibres
magnification = 3,0 k
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P-3-2-3 Electron micrographs of quartz fibres.
k

magnification = 3.



P-3-2-4 Electron micrograph of quartz fibres
magnification = 4.8 k
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one half of which is a quarter wave plate and the other

half is a three guarter wave plate. A lens combination produces
the required fringes in a test cell, with optically flat
windows, through which fibres are passed. For observing

signals from water spray or ballotini the optical cell was
removed from the test space. The fringe spacing in this set-up
is ~500um and since, as indicated above, the fibres were of
comparable size, it was not possible to obtain signals with
high modulation.

To observe the signals we used a spectirum analysis unit
attached to a Tektronix oscilloscope to select signals of
9.8kHz centre frequency with a band with of + 1 hKz.

Signals obtained did not give a sufficient indication
of distinguishability between fibres and ballotini. Part
of the problem was that there could have been residual liﬁear
polarisation present in the beams which would have corrupted
the results. Also there is 1light scattered from the optical
elements which contributes to the overall noise level in the
signal. From the theoretical analysis (Section (i)), we
expect a visibility of ~0.1 for finite rods of Rayleigh
scatterers thus the residual noise level is significant
enough to bury the a.c. signal for weak scatterers such as

fibres.

3.3 Sample Generation

Spherical drops are generated by forcing water through a
narrow nozzle as shown in Figure (3-3-a). The diameters of the
particles are dependent on the size of the opering and the
flow rate of air. The particles emerge in a narrow stream
which is directed to the test space.

Glass ballotini is commercially available in the size
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Fig.(3-3-a) Diagram of vessel used for

producing water spray
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range 0-60um. Physically it is hard and s?herical and is

easily carried on an air stream by fluidising it in a bed. The
flow rate effectively controls the size range of particles
elutriated by the air. For example, only small sizes are

picked up by the air stream at lower flow rates. Increasing the
flow increases the size of particles carried over. (Hong,1977).
The fluidising air passes through the inlet D1 (Figure (3-3-b)). .
Inlet D2 provides extra air flow to carry the particles to the
test space.

Ground quartz fibres were obtained from HSE (Health and
Safety Exectutive) and place in a Timbrell dust generator
- a diagram of which is shown in Figure (3-3-c) and a
picture in Plate P-3-3-1. It 1s a modified version of the
dust disperser described by Timbrell et.al.(1968), with two
synchronous drive motors and a set of two drive gears which
allows a wide rate of sample feeds into the disperser bowl
where a set of rotor blades disperses the sample.

It is possible to generate a required fibre concentration
by the regulation of the rates of fibre feed and air flow.
However, this was considered very unreliable due to inhomogen@#j
of the sample texture, variations in packing density, compaction
during injection and changes in rates of piston drive or air
flow.

For our experimental purposes we required well dispersed
particles without agglomeration. To ensure this the fibres and

air should be dry.

3.4 Split-Beam Expanded Systemn.

Because of the problem of fibre length relative to fringe
spacing, the system shown in Figure (3-4-a) was set up. Here

half of the beam is polarised vertically and the other half
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Fig.(3-3-¢) Diagram of dust generator showing
the piston drive (P), air inlets
(AL and A2), rotor blades (B) and
the dust tube exit (E)
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Fig.(3-4-b) (i) Aperture in front of photomultiplier
(ii) Definition of particle times
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horizontally. The slit is imaged at the test space by a lens such that
the top half of the image is vertically polarised and the bottom half

is horizontally polarised. The test space is then imaged onto the

mask in front of the photomultiplier. A particle passing through the
test space scatters each polarisation in turm, thus allowing the ratio

of the two scattered intensities (R) to be determined. This system has
the advantage that it uses all the light, there being no losses as at the

grating in Figure (3-2-¢).

In order to distinguish between a signal arising from a single or
two or more particles passing through the test space together, two
apertures of different size were placed in front of the photomultiplier.
Light scattered from the vertically polarised part of the beam falls on
the longer of the two of these apertures, and that -scattered from the
horizontally polarised part falls on the shorter one. This is due to
the way the pin holes are arranged in front of the photomultiplier and
the way the particles are injected. This arrangement leads to a
characteristic signal when one particle alone passes through the test
space as shown in Figure (3-4-b). The ratios t, i t, &ty are then the
same as ¢ : b : a. In practice this is chosen to be approximately

2 :1 : 1,

With this set—up we consistently obtained for ballotini R=l on average
as expected, since both polarisations are scattered equally strongly by
a spherical particle. With quartz fibres however, we obtained R=1.8 on
average. This was a very promising result, but this method suffered the
inherent disadvantage of being sensitive to orientation of the .fibres.
This problem was overcome using the optical system described in the next
section, which used circular polarisation in the test space. The scattering
is then independent of the orientation in the plane perpendicular to the

direction of propagation.
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3.5 Single-Beam Circularly Polarised Set-Up.

Figure (3-5-a)shows a set-up where the light from the
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laser is circularly polarised by a quarter wave plate and after
passing through the test space, the beam hits a stop on lens
L1, which ensures that very 1little unscattered light is
collected. The scattered 1light is collected by L1 and
converted into a parallel beam by L2. This then passes
through another quarter wave plate which converts it back to
linear polarisation. The polariser is used to select either
the maximum or minimum signal (the effect on the scattered
light by the angle of the polaroid axis is explored in Appendix
~C). Convex lens L3 focusses the light onto the pinhole in
front of the photomultiplier (PM). A neutral density filter
(NDF) is placed in front of the pinhole to prevent PM saturation.
An interfe;ence filter (IF) ensures selective transmittance
of light of He-Ne wavelength.
The optical system was lined up by placing a hair
stretched across an optical holder in the test space such
that the image formed by the optics coincided with the pinhole.
The héir was replaced by a source of ground quartz fibres.
With the polaroid set to obtain maximum signal the magnitudes
of the siignals were recorded. Similarly, a set of readings
was obtained with the polariser set at
minimum. These results were plotted in the form of histograms
as shown in Figure (3~4-b(i)). The ratio R of
the maximum to the minimum signal comes but to be about 15 : 1.
This experiment was repeated for glass ballotini particles
and water spray and the results are shown in Figures (3-5-b(ii))
and (3-5-b(iii))respectively. For ballotini R is around
100 : 1 and for water spray R is greater that 100 : 1.
This experiment was repeated several times and similar

results were obtained. This established a consistently
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different R for cylindrical and spherical particles, which
could form the basis for anisotropic discrimination.

Consider a plane wave of the form

E, . = %E, F (3-5-1)

incident on a quarter wave whose fast axis lies along ¥ as

shown below, XA

45

i

y

using the co-ordinate transformations (see Appendix C), the

field emerging is

B = 3((-1)% + (+)§)  E ™" (3-5-2)

Now if El is incident on a scatterer whose axis lies at

angle b to the x-axis then it can be written as

E = %(;-i)( % 41 ) Eoei(wt+ws) (3-5-3)

where ﬁs and ﬁs are Cartesian axes of the scatterer. If A and
B represent scattering factors in two orthogonal directions
then the scattered fileld is

E, = 3(s-1)( %( A cosb_ - iB siny )

+ (A sinb_ + 1B cosv )) B etlutVS) (3-5-4)

This field passes through the second quarter wave plate- whose

N

optie axis makes an angle of 90° to %. The field emerging
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from the plate simplifies to

E, =5 ) ( 2(a+B)ei(S V) 1+ prasm)ei(y - V)

X . g ellwttyy) (3-5-5)

o
Thus the polarisation ratio along two orthogonal directions
is

| Ex 2 BB

R = — =

{2y 2 A- 3 (3-5-6)

This will be the basis for our measurements in the next

Chapter.

Theoretically for a homogeneous isotropic sphere A=B
and R=%*. In order to obtain a rough distinguishability
figure, we can assume Re (AB¥)=0, then since experimentally

spherical patterns give R=100 we have
1212 1.5 (3-5-7)
B! = *
For fibres R comes out to be approximately 16, thus giving
Az
5l°< 3 (3-5-8)

This establishes a distinect difference which can be used

for distinguishing between fibres and spherical particles.

3. 6 Conclusion

The apparent lack of success of the modified fringe system
was due to:
(i} size of particles >> Ap (fringe spacing)
(ii) the noise due to light scattered from optical
elements was large compared to the depth of
modulation of the signals.

This led to the use of a single beam where a circularly
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polarised beam of light eliminated the dependence on random
orientation of the fibres. The results obtained with this

system indicate the feasibility of-this scheme for discriminating
between different shaped particles. In order to extend this

to individual particles we need to look at both polarisations
simultaneously. This can be done with a beam splitter and two

photomultipliers (see Chapter 4).
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CHAPTER FOUR
MODIFICATION OF A LASER DOPPLER
ANEMOMETER FOR FIBRE DETECTION,
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4.1 Introduction

Various optical configurations for distinguishing between
fibres and spheres were investigated in Chapter 3.

In this Chapter the lay-out.of optics for looking at
forward and backward scattering is described. An alignment
procedure is described and the importance of the size of the
test space 1s explored.

In order to test the feasibility of the system sample
generators for spherical and cylindrical particles are

described.

4.2 Optical System

(i) Components.
The main components of the system are
(a) A Helium-Neon laser source A = 632.8um operating
in the TEM _ mode,rated at a peak power of 26mW.
Scientifica and Cook Ltd.,Model SLH/20
(b) A Gould 0S4000 digital storage oscilloscope
(e¢) Two mica quarter wave plates
(d) A beam splitter supplied by Barr & Stroud, Type BC 6P
(e) Two EMI photomultiplier tubes, Type 9658B
Two EMI photomultiplier housings, Type PR 1400RS
One EMI photomultiplier power supply, Type PM 28B
(ii) Alignment
In order to achieve the best results alignment of all
optical elements is critical. For for . scattering, the
initial alignment is carried out by placing a scatterer,
such as a pin, in the ftest pace and adjusting the relative
distance between L1 and L2 such that a sharp image is formed

at infinity. The photomultipliers PM1 amd PM2 are placed at the
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foei of L3 and L4 respectively. By removing the stop on L1

and observing the passage of the direct laser beam through

the optics lateral adjustments to the optical components are
made such that the beam passes through the elements centrally.
The pinholes in front of PM1 and PM2 are adjusted so that they
lie in the centre of the lightspots produced by L3 and Li4. It
was observed that no matter how accurate the alignment the
images were indistinct. This must have a significant effect
onjthe definition of the test space.

Alignment of the prism is carried out by adjusting three
screws located on the table mount on which the prism is held.
In this way the emerging beams from the two faces of the prism
are made orthogonal to each other.

Alignment of the pinholes located in front of PM1 and PM2
is ecritical for obtaining good signals. By illuminating each
pinhole in turn with a lamp, the holes are adjusted such that
their images formed in the test space coincide when viewed
through a microscope looking directly into the optical
arrangement. By simultaneously viewing the pinholes and a pin
_1ocated in the test space a condition of no parallex is
achieved.

(iii) Optical lay-outs

The system shown in Figure (3-4-a) of Chapter 3 suffered
the disadvantage of looking at one polarisation at a time.

The drawback was overcome with the inclusion of a prism such
that both polarisations could be observed simultaneously.
This set-up is shown in Figure (4-2-a) and P-4-2-1-2.

The basic lay-woul is the same as before with the exception

of the prism which diverts one polarisation to PM1 and the

other to PM2, Adjustment of the prism and the second quarter
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P-4-2-1 Photographs showing optics for light collection
and signal detection.



(ii)

p-4-2-2 (i) Plate showing arrangement for producing
circularly polarised fringes.

(ii) Light collection and detection optics.
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wave plate is carried out by observing the signal obtained

from a 5um precision pinhole placed in the test space while the
laser beam is modulated by a rotating chopper. The signal
obtained on PM2 is made to be a maximum and that on PM1 a
minimum. The suppliers of the prism claim a maximum possible
poclarisation ratio of 500 : 1.

The magnitudes of the signals scattered by quartz fibres
were recorded. This was repeated for water spray. However, in
this case a neutral density filter was placed in front of
PM2 to avoid the non-linear response parﬁnof the curve and the
signals were correctly approximated. The results were plotted
in histogram form and are shown in Figures (4-2-b(i)) and
(4-2-b(ii)). It can be seen that there are very distinect
peaks in each of the plots. One notable aspect of the plots
is a distinet spread of the fibres over a range of R1(=|%|2)
which can be attributed to the fact that fibres can take
arbitrary orientation.

Ideally the plot for water spray should be centred on
R!=1.0. However, from the histogram we obtain R'=1.07, which
is reasonable if we take into consideration the problem of
alignment,

The result is also plotted on the same graph shown in
Figure (4-2-¢) where it is evident that the two shapes can
be easily distinguished. In this case we may be able to specify
a limit, say of R!=1.25, such that any particle with R*>1.25
will be fibre and any particle with R'<1,25 will not. A separate
identifying factor may be the intensity, since fibres tend
to be small and produce only weak signals. This also leads to
an indication of size. However, data analysis using R! was

not pursued further since the experiment measures R defined by
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(see GChapter 3).

=|A+Bl2
A - B (4-2-1)

R

A comprehensive. set of results using R is presented in
the next Chapter.

Figure (4-2-d) shows the optical lay~out used for
studying light scattering in the backward direction. The
apparatus is essentially the same as for forward scattering
except that a converging lens L focusses on the laser beam
to a narrow waist in the test space and a near perfect mirror
with a hole in the centre is used to collect the scattered
light, The high intensity of light is required in this case
since back scattered light is almost twenty times less than
forward scattered light (see Chapter 2)}. Ll and L2 convert the
scattered light into a parallel beam before it passed through
the second quarter wave plate (QWP2). A light trap inhibits
any stray light from the laser beam being reflected back into

the opties (see Chapter 5 for results and discussion).

4t.3 Test Space Considerations

In any optical system where light scattering measurements
are made the size and shape of the test space are of paramount
importance, The effective measurement value is determined in
part by the intensity distribution by the illuminating beam,
and in part by the geometry of the collection opties, including
stops and apertures, Ideally, the test space should be roughly
spherical or cubical shaped (Holve,1979) with a uniform
illumination intensity and light collection efficiency.

For forward scatter measurements where the light is
collected in the forward direction, the test space is confined

by injecting particles at the point where the two images
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of the pinholes coincide as indicated in the alignment
procedure. In the case of back scattering, the beam is
focussed dowm to a waist of 500um. Here again the alignment
effectively locates the test space where the beam is at its
narrowest. The particles are injected through a narrow
‘opening such that they cross the test space where the beam
is at this point.

In exploring the spatial variation of the polarisation
ratio in the test space, several experimenits were performed.
One set-up used to do this is shown in Figure (4-3-a). The
optical elements are the same as in Figure (4-2-a) except for
the inclusion of a half wave plate instead of two quarter
wave plates. The half wave plate rotates the plane of polarisation
of the incident light by twice the angle of incidence to
the optic axis. The plate is rotated to minimise the signal
en PM2 and maximise the signal on PM1l, or vice versa. The
5um pinhole acts as 'a scatter and it i1s scanned in turn,
horizontally and vertically to the optical bench, taking
measurements of the sizes of the signals on PM1 and PM2.

This experiment was repeated with the half wave plate replaced
by a quarter wave plate.

The results obtained indicate that with horizontal
scanning there is ~10% variation in the polarisation ratio,
while vertical scanning gives ~40% variation in the ratio as
the pinhole is moved away from the Gaussian maximum. This may
be due to the overall abqrrations of the optical system.

In both systems, however, the overall length of the test
space is long and depends on the collection optics. The
distribution of intensity of the illuminating beam, for

operation in the TEMoo mode, is Gaussian and given by
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I(r,z) = (2p/mo?) exp -2(r/o)? (4.3.1)
where P is the beam power and the radius (to */e? points
intensity) is

o(z) = o (i+(ra/no?)?)? (4-3-2)

Here . is the beam radius at the waist (z=0) and is given in
terms of the far field half angle of convergence eb by
o = R/ﬁeb (4-3-3)

0

The intensity distribution along the Z direction is Lorentzian
and falls off much more slowly than the radius. The Rayleigh
distance ZH’ where the intensity on axis falls to half the

central waist intensity, is

Zp = TOB/A (4-3-4)

For wailst diameter of 20D ~ O0.5mm and laser wavelength
~O.5um, ZR~l9.6cm. Thus the illumination volume is long
compared with. {s width.

It is necessary and advantageous to limit the effective
operating test volume. One method of achieving this is to use
a lens on an axis close to the forward direction (Holve,1979).
However, to fulfil the requirements of a monotonic signal
response with least sensitivity to refractive index, a coaxial
forward scatter (8=0) geometry is most desirable.

Hong (1977) and Hong and Jones (1978), characterised the
test space of a laser doppler anemometer (LDA) system by
the fringe contrast. After obtaining successful results
using the systems shown in Figures (4-2-a) and (4-2-d), a
modified LDA was devised, as shown in Figure (4-3~b). The
collection optics is the same as before, but a mirror-beam
splitter combination produces a pair of parallel beams which

are circularly polarised before focussed by lens L1 to form the
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test space.
It is possible to make a rough calculation of the test
space from geometrical considerations. From Figure (4-3-c), the

length D, and the width Dw are given by

1
Dy =  2d/cosy

D

u 20/{cosysiny) (4-3-5)

where ¢ is the beam half width at Io/e2 points. For example,
taking 20 = 1.3mm and vy = 1° gives D; = 1.3mm and D = 74.5mm.

Geometrical considerations neglect the difference in
intensity of the laser beams. In fact, the intensity and the
fringe contrast can vary from point to point in the test space.
The contrast in the test space is affected by:

(a) The degree of coherence of light

(b) The relative intensities of the beams

'(C) Mechanical vibration of system

(d) The Gaussian amplitude variation of the beams

(e) Any mismatch in geometry when the beams are focused

together

All of the above conditions can be minimised by making
the beam intensities equal and making sure the alignment is
correct. Since the interfering beams are Gaussian, Hong (1977)
has shown that the fringe contrast in the test space is given by

v, = 1/( cosh (AZYsinYcosY/oz)) (4-3-6)

The highest fringe contrast is at the centre of the test
space and the test volume can be defined as the sphere of radius
RS which encloses all fringes of contrast>» 0.95 (Figure (4L-3-d)).
Strictly speaking the test volume 1s cusp shaped and its size
is a funection of Y.

Particles traversing the test space can follow various

trajectories as shown in Figure (4-3-e). The factor which
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Fig.(4-3-c)

Parameters for estimating the size
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Fig.(4-3-b)
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V->0,95

%

Fig.(4-3-d) Visibility of the fringes within the shaded
region is >0.95 (after Hong, 1977)
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distinguishes between particles travelling through various

parts of the test volume is the signal shape as shown

in Figure (4-3-f). For a particle travelling in the direction U1
perfect Gaussian signals are observed from both the photo-
multipliers. However, for any other trajectory a distorted
signal is observed. In this way only signals with Gaussian shape
are measured. Apart from the obvious advantage of limiting the
test space, this system has the added advantage that by
counting the fringes we can find the velocity of the particle.
However, confinement of the test space does not of itself
eliminate the source of errors for an in-situ optical
measurement system where the trajectory of the particle
affects the signal observed. An approach where dependence on

particle trajectory is eliminated is reported by Holve (1979).
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND DISCUSSION
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5.1 Introduction

In this Chapter an electron micrscope study of micro-
quartz fibres is presented with a summary of the experimental
results for glass ballotini, water spray and quartz fibres
for forward and backward scattering. Results indicate a
clear distinguishability between fibres and spherical particles
in the forward direction. In the back scatter mode similar
distinguishability is observed but with reduced polarisation
ratios.

Theoretical results are in general agreement with experiment.
Results are presented for the integrated scattered intensity
allowing for the finite aperture of the collecting lens.

The effect of error in the phase plates, with orientation ¥
and scattering angle 6, is also investigated.

Results are presented of theoretical predictions of the

measured polarisation ratio R given by
= |A2B)
A-B

R (5-1-1)

where A and B were defined in Chapter 2. The effect of
error in the phase plates is to broaden the distribution and

to change the modal wvalue of R.

5.2 Microscope Studv of Fibres

Quartz fibres generated by the Timbrell generator (see
Chapter 3) were passed through the test space and deposited
on electron microscope grids. These were photographed for
analysis. A sample of the fibres is shown in P-5-2-1., The
co-ordinates of the lengths and diameters were recorded on
paper tape using a PCD image analyser unit connected to a
paper tape writing machine. The analysis was carried out

on the College's CDC 660G0C Computer.



P-5-2-1

» A

(ii)
(i) Electron micrograph of fibres; magnification

(ii) Electron micrograph of fibres; magnification

2.4K
1.8K
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p_5-2-2 Electron micrographs of fibres showing their

curved nature; magnification = 1.8k



133

an

1

Fig.(5-2-a) 3-dimensional Number distribution for

quartz fibres against diameter (D) and

aspect ratio (L/D)
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Some fibres were curved as shown in P-5-2-2 and an
approximate length had to be measured. The majority of
the fibres seen were greater than 50um in length.

A 3-dimensional distribution was plotted as shown in
Figure (5-2-a}, with diameter (D) in interval size of lum
and the length to diameter ratio (L/D) in interval size of
10. The majority of the quartz fibres lie in 1-2um diameter
size range. Figure (5-2-b) shows a plot of the number of
fibres against diameter in intervals of 0.25um. It can be
seen that there are three distinct peaks. This distribution
is used in . secliem (5-5)  to predict theoretically the
distribution of polarisation ratios for comparison with

experimental results.

5.3 Results for Forward Scattering

In Chapter 2 computer results were presented for the
ratio R! of two orthogonal intensities I,s and I.s plotted
against size parameter x for various valueg of ¥x. Eowever,
the experimental set-up for forward scattering presented in
Chapter 4, measures R as defined in Equation (5-1-1). In
order to avoid infinities in the results, the reciprocal
of R was plotted (i.e. RATIO = :1/R).

Computations have been performed using the program for
scattering from an infinite cylinder in the forward direction
(6=0) for orientation angles x =90°,60° and 30°. The results
for three refractive indices are shown in Figures (5-3-a-c).
It is interesting to note that the value of the RATIO
increases considerably with decreasing X, and also there
are a number of resonances where RATIO is very high. Figure

(5-3-d) shows that the RATIO is almost constant for X = 0.01°,

The effect of a complex refractive index is to dampen the
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osclllations.

Referring to the optical system of Figure (4-2-a) of
Chapter 4 water spray, glass ballotini and quartz fibres
were passed through the test space 1In turn and the
polarisation ratios obtained for 60 readings each. The results
plotted in the form of histograms are shown in Figures
(5-3-e-g). It can be seen that for water spray and glass
ballotini R=160-180 and for fibres the maximum occurs,
with R=40-60. Figure (5-3-h) shows the result obtained for
laboratory dust. Even in this case R2> 100. Several repeats
of thls experiment have yielded similar results. Thus,
distinguishability between fibres and non-cylindrical
particles has been clearly established.

Similar results were obtained from the apparatus of

Figure (4-4-b) and are shown in Figures (5-3-i-k).

5.4 Results for Back-Scattering

Figure (5-4~a) shows the RATIO plotted for back-
scattering (6=0) for three values of X and with refractive
index of 1.5. Comparison between forward scattering shows
that the RATIO is higher in the back scattering mode. This
means that the measured ratio R in the backward direction
should be lower than that in the forward direction.

Figures (5-4-b) and(5-4-c) show experimental results
obtained for water spray and quartz fibres using the set-up
shown in Figure (4-2-d) Of Chapter 4. The peak occurs at
R~0.45 for fibres. For water spray the value of R is about 3.
The difference between the measured values of R for fibres
and water spray is the basis for distinguishability between

fibrous and non-fibrous materials. It is not understood
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however, why we obtain such a low R for water spray when
in the forward direction it is much higher. It is possible
that water drops are slightly non-spherical or that the

mirror introduces undesirable polarisation effects.

5.5 Investigation of Errors

(i) The phase plates.

Using the apparatus shown in Figure (5-5-a), the ratios
of the maxima to the minima are found for two orientations
of the half wave plate when the signals are maximum and
minimum on PM1 and PMZ2.

Referring to Figure (5-5-b), the intensities Illand I1
are incident on the prism. T1 and R1 are the fractions of_

I,, and I, transmitted respectively. Similarly, T11 and R11
are fractions reflected by the prism.

The response of the photomultipliers, in this case, is
unimportant since we are dealing with ratios. Experimentally

it is found that

B, 5
—== = 400 and = = 100
T - (5'5-1)
11 R1
i.e.
R T_l
11 =4
R

We can write, since T =~ :-R
R : A(l'Ri)

1-R - R:
11 1

(5-5-2)

and solving Equations (5-5-1) and (5-5-2) we get,
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_ 400 _ 1
R11 - 401 T11 401
_ 100 - 1
T, * 7101 R T01 (5-5-3)

Thus we can write down the reflected (R) and transmitted (T)

intensities as

400 1 i}

201 T, FoT0T Yy R

1 100

— + A -

201 T ol s ! (5-5-4)
ile 400 I11 P

401 T 101
R 1
B

1 I11 " 100
701 T 101 5-5-5)

The half wave plate of Figure (5-5-a) is replaced by a

quarter wave plate and another quarter wave plate placed
between L2 and the prism. With the optic axes of the two
plates having the same orientation, it can be shown that

(Appendix D)

I R
R = —f— ' + cos (61+62)

R | - 1 - cos (6 +8 ) (5-5-6)
11 1 2

where R1 is the measured polarisation ratio and Gi and 52
are errors in the phase difference introduced by the plates
(ideally n/s , but assumed to be n/,+ 61 and n/,* 62). With
the second quarter wave plate orthogonal to the first, we

obtain
II- -1t cos(Gl-GZ)
2 o L cos(61—52) (5-5-7)

Using the set-up with the quarter wave plates and 5Sum

pinhole, R was measured to be 200 amd 83 for the two
T
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Orthogonal positions of the second quarter wave plate.

Inserting these values into Equation (5-5-5) in turn gives

I
1
I

I

11 0= 400 and
Il

= 570 . If we assume that these were

11

due entirely due to errors in the phase plates (5-5-7) then
substituting +these values into Equations (5~5-7) and (5-5-6)
gives 61 = 5,6° and 62 ==0,4%. If these errors were due in
part to the other optical components then the overall

effect would be the same.

Consider two quarter wave plates with phase errors 61

and § .
2
A wave of the form

oA dwt
Einc = X e (5-5-8)

incident on the first quarter wave plate with optic axis

along y as indicated below

x}
xt
45° 7Y
i
y
will emerge with electric field
1 A . A id iwt
E = 7o (%' - 135" et 1)e™? (5-5-9)

For a fibre lying at angle ¢ to §' (see Figure below) the

transformations are
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X' = Rgcosd t y.sind
Al _ A . A
y = -Xpsind t+ X.cosd
X !
f X

Substituting the transformations into Equation (5-5-9)

gives
E = j_ ( %p(cosd + 1 sindel®y) + Jelesing ~ 1 cospel®; Jel¥?
2
(5-5-~10)
The scattered field can be written as
1

_ " S s iG' n . . i(S iwt
Eoea = ;:( fo(cos¢+1han¢e 1)+ ny(51n¢-1cos¢s 1)) e

(5-5-11)
where A and B are the orthogonal scattering parameters

defined in Chapter 2.

b

Transforming back to %' and §' using

Xe = %Xlcosd - Flsind
e = X'siné + §lcosd

gives after a little algebra

1 ' 8-
E = —( &%( Acos?¢+Bsin?¢+1i(A<B)sindcosde ] )
=s5ca /2

A (AhB)Sin¢cos¢+i(Asin2¢+Bcosz¢)ei61))

X et (5-5-12)
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In the experimental set-up the phase plates are orthogonal
i.e. the optic axis of one lies along §' and that of the

other along §'!' as indicated below

X

it

y

We can immediately write down that

£1 - - 12
and
§1 - 11

Substituting for %! and §! into Equation (5-5-12) gives

the electric field from the second quarter wave plate as

1 . .
E = 7;(5}“( (A-B)sindcosbe % -1i(Acos2¢+Bsin2¢) ) elf,

1Y (A'B)Sin¢°°S¢+i(ASin2¢+BcoSZ¢)ei51))

X% iwt (5-5-13)

e
Finally we have to transform back to the original x,y

co-ordinates using geometry from the Figure below
x4

45° Y
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we can write down

a1l _ -2 + ¥
V2

g1 - -% - 3
V2

Substituting into Equation (5-5-13) and simplifying gives
the emerging field from the second phase plate. Thus

E, = 3 %( (A-B)sin¢cos¢(1—ei(61+62)
+ i(Acos2¢eidz+Asin2¢e161+Bsin2¢e162+Bcos2¢eiﬁl)
+ §( i(Acosz¢ei62-Asin2¢eié1+Bsin2¢ei62-Bcosz¢ei61

- (A-B)Sin¢cos¢(1+ei(61+62)» eiwt (5-5-14)

We have to examine two special cases

(a) If A = B =, (such as a sphere) then Equation (5-5-14)

becomes
E. = %( % 1(8162+8161) + §i(ei62_ei51)) eimt
2
giving
= + -
I11 %( 1 cos(G1 62))
and

I1 =3(1 - cos(ﬁl-éz)]

This is the same as Equation (5-5-7) as expected

If (b) If there are no phase errors, i.e.cS1 =§ =0
2
then,
E =3(% 3 (A+B)

2

t

+

§( 1(A-B) (cos?¢-sin2¢) - 2(A-B)sindcosd)) eI

1
[

(% i (A+B)

§( (A-B) i cosz6+sinz¢)) it
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H
I
o

A + B]?

I = |a - Bl? (5-5-15)

e

Again this is as expected.

It can be seen that Equation (5-5-15) is the same as

Equation (3-4-1) and thus for no phase errors

I-
= = |A- 3By
I11 A B {(5-5-16)

A computer program has been written to calculate ;i—
for the general case where A ¥ B and 61 and 62 are fini%é.
Calculations have been performed using the infinite cylinder
program and using Equation (5-5-12) incorporating 61 = 5.6°
and 62 = -0.40 for three values of ¢ visg. 00,450 and 90°.
Computations for the forward direction are shown in Figures
(5-5-c-e). It can be seen that the general effect is to raise
the troughs of oscillations. In fact, for ¢ = 90 there is
considerable increase in the value of the RATIO. This means
that the prediection for the observed ratioc R would
correspondingly decrease. Figures {(5-5-f-h) show the same
computation for the backward direction. In this case there
does not appear to be a significant change in the RATIO.

In section (5.2) a diameter size distribution for
quartz fibres was presented. A smooth curve has been drawn
as shown in Figure (5-5-i) and interpolated at intervals
of 0.0lum. The corresponding theoretical values of R were
calculated from the infinite ceylinder program at intervals
of Ax = 21 X 1072 up to x = 24. Using the theoretical values
of R and the interpolated number - diameter distribution,

the number of fibres expected in the ratio range R to R + AR

is found where AR is the interval size. In this way a
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theoretical prediction of the distribution of ratios was
made.

Figure (5-~5-j) shows this distribution for forward
scatter with the cylinder at x = 90° and no phase error.
There appear to be three dominant peaks occuring at
R= 50,80 and 150. In Section (5.3) results indicating
R=40-60 for fibres in the forward scatter mode were
presented. It is envisaged that the inclusion of errors in
the phase plates-into the calculations would reduce the
expected values of R. In fact, this is exactly what happens
as can be seen in Figures (5-5-k-m). For ¢ = 45° there is
a considerable spread in the range of values of R. At
¢ = 900 however, there is a distinct peak at R= 50,
Conseqgently, the experimental and theoretical results
agree well if we take into account errors in the phase plates.

Ideally, for asphere we expect %h = o, However, due to
phase plate errors and: limitatioﬁlgf the polarisation
ratio of the prism the actual ratio obtained is around
160-180. It should be pointed out that the discrepancy
for water spray can alsc arise from asphericity of the
particles due to deformation in the air stream. Ballotini is
hard and spherical, but it has been observed in clusters on
filters used to collect it after its passage through the
test space (see Section (5.6). An agglomerate of spherical
particles traversing the test volume would give a
considerably reduced value of R due to its form anisotropy.

Figures (5-5-n-q) shows the same calculations carried
out for 8 = 180, In this case there is a distinct peak at

around R = 0.5 and there is very little variation with ¢.

Results presented for the backward direction in Section (5.4)
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showed that in the case of fibres R== (G.45. Thus the
experiemtal result agrees very well with the predicted
value,

It should be noted that we have concentrated on
theoretical calculations at y = 90° because fibres may be
expected to align themselves with the flow of air as reported
by Gentry and Spurny (1978). For fibres transversing the
test space at x # 90 even lower values of the ratios are
predicted (see Sections (5.3) and (5.4)). Thus distinguish-
ability between fibres and spheres is unimpaired by any
variation of the ratio with Y.

(ii) Finite Collecting Aperture.

Theoretical calculations are usually based on light
scattered to a particular scattering angle 8. However,
in reality a finite aperture lens has to be used such that
light is collected over a small range of angles.

Figures (5-5-r-s) show the effect of integrating the
light intensity over a finite collecting lens for the
forward and backward directions respectively. It can be
seen that for 6=0 the change in the RATIO is minimal.
However, for 6=180 there are noticeably higher values of
the RATIO (up to three times those without the aperture)
between x=8 and x=20., This partly explains the low values of

R obtained in the backward direction.

5.6 Counting
Having established the distinguishability of fibrous

and non-fibrous and non-fibrous particles, the system should
be capable of ascertaining the concentration of fibres in

the air. In order to test this the modified LDA system of
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Figure (4-/-a) was used. Instead of fibres the counting
can be carried out with ballotini since the actual counting
of any type of paricle is the same.

Ballotini from a fluidised bed, illustrated in Chapter 5
was passed on an air stream through the test space and
deposited on three nucleopore filters situated immediately
adjacent to the crossed beams as shown in Figure (5-6-a)

A vacuum pump was used to provide the suction necessary

for collecting the particles. The oscilloscope was adjusted
to continuous trigger such that each time a signal was
stored in the sampling time was the trace sweep time. The
total number of particles counted was 56 in sampling time
of 4s. The flow rate of air was 2.5 litres/min. By scanning
the 5um pinhole across various points of the test space

in Figure (4-4-a), an estimate of the cross-sectional area
of the test space was made to be 8cm.X 0.05cm. Thus the
number of particles crossing per unit area per unit time
can be calculated. The number of particles deposited on
the filters is found from the suction rate of the vacuum
pump. The area of each filter, the number of particles
crossing the laser beam per unit area per unit time and

the total time the experiment was running. Using the LDA
system has a considerable advantage in that the velocity

of the particles can be measured by simply freezing a
particle trace on the oscilloscope and measuring the time
taken to cross one fringe (distance = 50um). It was
calculated that approximately 10,000 particles should be
observed on each filter, However, electron microscopy of the
filters revealed only about 6,000 particles on each one.

There can be several reasons for this discrepancy.
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-5-4#-1 Tlectron micrographs of filters showing glass
hballotini and extraneous particles.



P-5-6-2

132,

Electron micrographs showing agglomeration
of ballotini particles.
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(i) the suction rate is not the same as the flow
rate of air carrying the particles. In fact, the suction is
maximum at points very close to the filter holder. This is
why the filters were placed close to the laser beams such
that any particle traversing the test space should be sucked
in. .

(ii) electron micrographs of the filters show excessive
amounts of extraneous particles including fibres as shown
in P-5-6-1

(iii) ballotini is found in agglomerates as can be seen
in P-5-6-2. An agglomerate would be counted as one particle
but the inherent form anisotropy would give an incorrect R
for ballotini,

These problems can be overcome by using a better sampling
method and having a clean environment. Calibration of the test
space 1s of the utmost significance in order to obtain
consistant results. Holve (1979) has devised an inversion
procedure for characterising the test space by slieing the
test space into areas, through which a monodisperse size
particles of known size are injected. A count distribution
is obtained with a sharp cut off at the maximum signal
anplitude and spreading down to lower amplitudes. If a
polydisperse source was used the signal amplitude distribution
of such monodisperse distributions. The technique devised
unfolds the measured signal amplitude count distribution in
the presence of a non-uniform test space to obtain the size
distribution. With the aid of a microprocessor this
inversion technique could be incorporated into our system

for characterising the test space.
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5.7 Conclusion

Distinguishability between spherical and ecylindrical
particles based on the ratio R has been clearly established
in both the forward and backward scattering modes. Moreover,
results obtained for dust airborne in the laboratory indicate
a significantly different value of R than for fibres (see
Sections (5.2) and (5.3)).

Theoretical predictions of R for fibres for forward
scatter agree well with experimental values if errors in
the quarter wave plates are incorporated into the calculations.
However, for back scatter the influence of phase plate:
errors on the value of R is minimal, but experimental results
correlate well with theoretical predictions.

The advantages of this method of detecting fibres are
that in-situ measurement is carried out and if the system
is suitably calibrated, automation with a microprocessor
will ensure unsupervised monitoring of asbestos fibres. The
scheme 1s independent of the orientation angle Y and
calculations indicate that for all values of x the fibre
should still provide distinctly low values of R. Since we
measure a ratio, the result is independent of signal size
and any fluctuations in laser light intensity. Accurate
adjustment: and measurement of phase plateléfrors is difficult.
However, in a practical instrument this would not be =
disadvantage since we only require to show that it will
distinguish between fibrous and non-fibrous particles.

The method has some limitations:

(i) localisation of the test space is very difficult
and is dependenf on good optiecs and design. For a single

beam system the test space is very long, but with the LDA
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arrangement it is limited by the interfering beams and any
stops or apertures. Ideally, the test volume should be s
spherical or ¢ubical shape with a uniform illumination
intensity and a uniform light collection efficiency
throughout the volume.

(ii) errors in the measurement of signal. The dynamic
range of the oscilloscope restricts the partiele size. If
sensitivity of the oscilloscope is adjusted to respond to
the smallest particle then the largest signals will be
outside the range. This is not a general limitation and
could be overcome Dby coupling the signals to a microprocessor
via a logarithmic amplifier.

(iii) for backscatter, polarﬁation effects could give
unpredictable results. However, consistently different values
of R for fibres and spheres indicate clear distinguishability.

(iv) errors in adjustment of the prism. These would
introduce erroneous signals due to misalignment giving
incorrect polarisation ratios. Improvements in the optical
alignment - procedure would overcome this.

(v) signal size is dependent on laser light intensity.
The stability of laser output power is essential if measurement
of particle size is required. However, independent monitoring

could be used. to allow for variations of output power.

Calibration of the instrument should be carried out
with particles in the size range of interest, In the signal
analysis, allowance should be made of unpredictable particle
trajectories through the test space. For the LDA arrangement
only one particle at a time can be present in the test space;

thus measurement of the concentation is limited. However,
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for a test space size of ~ lmm?®, the maximum measureable

3

9 -
particle concentration is ~ 10 particles m °. This is very

large compared with the legal maximum concentration of
asbestos fibres of i fibre cm™?.

Future work should include:

(i) Pursue work in the backscattering mode. The success
of this would be advantageous for the production of an
instrument which incorporated all the optical components
and analysis equipment 1in one portable box. This would
require design of optics perhaps mounted on a single tubular
framework. The portability would facilitate setting up and
operating of the instrument.

(ii) Automate peasurement of the ratio R. This is
easily implemented by feeding signals directly into a
microprocessor programmed for signal analysis. Holve (1979)
and Holve and Self (1980) give a scheme for eliminating the
dependence on particle trajectory in the test space. This
has to be examined and perhaps included in the final analysis.

(iii) There may be advantages to moving to longer
wavelength because the RATIO is much larger at small orders
of D/A. Also infra-red lasers are safer for workshop use.
However infra-red optics are not readily available and
very expensive.

(iv) Continue theoretical study of scattering from

finite cylinders.
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Jones (1979) used the integral formulation reviewed by
Saxon (1974) to obtain the scattered electric field for
chains of Reayleigh spheres where the spheres are so small
that the internal field is constant. Space is divided into
a number of small spherical volumes and the internal field
at the centre of the jth particle is calculated.

Two Rayleigh spheres of radii Rl and Rj' whose centres
are separated by Dlj with common origin at O, are shown in
Figure (A-1). It can be shown that the electric field at

I is given by

B(x) - & (552)

3 ‘Eta (kRj)aleﬂ(gj) = - E (r.) (4-1)

€ts; —inc =1

N m=

[ PR Y
[T

where € is the permittivity; K is the wave number and le

is a (3X3) matrix whose elements are given at the end of this

Appendix. Equation (A-1) results in 3N linear simultaneous

equations which can be solved for each of the N particles

to give the Cartesian field components for each sphere.
Referring to Figure (A-2) where the spherical

co_ordinates of the centre of the sphere are (r., Gj,_¢j)

J
it can be shown that the scattered electric field in the far

field {(r >> rg and r >> rj) is

kr N . ~
253 ~-ikr.cosB. 8 +0. _

Z k je j j ®J . 3$1 (4-2)

1 ei
Esca(£)= ;(E-l); 5oy

N

where 6 and 61 are unit vectors along 6 and ¢ directions

and

®; cosBcos¢Ex(£j)+cosGsin¢E (Ej)-sinGEZ(zj)

65 = sin¢Ex(£j)-cos¢Ey(£j)

As indicated in Chapter 3 (Figure (3-2-a)) two oppositely
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Fig.(A-1) Definition of relevant parameters for scattering by separated spheres
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circularly polarised waves interfere in the plane z = 0 to

form a fringe pattern. The electric field at the jth Rayleigh
sphere for each of the two incident waves are given by

(Equation A -1)

E . N . .
()2 0 ije-) o yvam(l) ik(y.-y,)siny
Ej ety l+3(€+2) 151 OCRl) le ° il )
1#;3

ei(wt-kyjsuw)

b
=,
+
-

2y 3B . N . .
_g )=E¢% ( 1+1(§;:). 5 (le)3T£;)e-1k(yj-yl)51nY )
1=1
1#]
X (w_v)ei(wt+kyjsinY) (A-3)

where W = il + sinyﬁl

|<
it

icoszr1

The scattered elect;!a fields can be written as (Equation A-2)

™=

(z) _ 1 kR 3 -iky:sin® (1) _i(wt-ky.sinY)
ESC& = 3(8"1) (Kr) ; e J I‘lj e J

1

X eikr (A'-A)

e'iijsin8 rgz) ei(wt+kijinY)

1]
(A-5)

Let 7 = 1(e-,) (ER)®
3 kr

The scattered intensity can now be found.
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Thus,
I = lz]? g L F(I)F(l)* elk(Y-l-y-)(sinY+sinB)
sca Ui 1j 15t J J
J=1 J =1
: 1 (2)p(2)*% _ik(y,1~y.) (siny-sin®)
+ oz E .Z Plj Fljl € J-o 7
i=1 j =1
N N N ) ]
+ 2Re( [Z|2_Z z riﬁ)pigi elk(yjl yj)81n8)
J=1 =1
(4-6)
= @6 + b
Where Fl,] ®B1 d d,l
D
and @ (*) = cosBE(p) - sinBE(p)

¢§p) - gy

P is the polarisation i.e. 1 or 2. The visibility can be

calculated from

I
v i
DC

where IAC is the last term of IS and IDC is the sum of the

ca
first two terms of I

sca’

Isotropic particles such as spheres, produce no rotation
in the plane of polarisation of the scattered light. However,
anisotropic agglomerates such as a chain of Rayleigh spheres
shown in Figure (A-3) would produce depolarisation. For the

oriented chain Bj = x and ¢ = § and is the same for all

particles in the chain. Also

or x§ = rjsinxcosw
yj = rj sinyxsiny
25 = T cosy

Randon orientation can be treated by calculating the mean

scattered intensity defined by
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Fig.(A-3) Orientation of a chain of spheres
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I 2T T .
Lica = Of nf T ., Sinxdxdd

using Gauwssian integration

P )
SRS

( (p) (@)
S ol o

kg) o) o)
ag.) . hgl)(lej)-hil)(lej) ( 7, (cosx®))-dcosw®)p2(cosy)))
j)—hgl)(kD ) (Pz(cosx(P))+éc052w(P)Pz(cosx(P)) )
baﬁ) = %hil)(lej)sinzw(p)Pz(cosx(p))
elp) =-h£1)(lej)cosw(p)P;(cosx(p))
al?) - -hil)(lej)sinw(p)P;(cosx(p))

e(P) = 2h£1)(lej)PZ(cosx(p))

1]
with
P o(x) = 2(sx*-1)
P;(x) = -3x/1-%
P2(x) = 3(1-x*)

hél)(x) = j,(x) + iy (x)

. _ sin x . - co08 X
Jo(x) = X ’ % (X) %

: G R R _ 3

Jz(x) - (x x) SN X = %7 cos ¥

(-2 4 %) cos X - %7 sin x

yz(X) 2
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Also
lej = k(rl-rj)
= k(yl-yj)/sinw
= k(xl-xj)/cosw
If y=n/2 then cosx(l) = - sinlsiny
cosx(Z) = sin®siny
sinw(l) = sinw(Z) = sinwcosY//%inzwcoszy+coszw
cosw(l) = cosw(Z) = cosV/Vsin2Ycos2y+cos?y
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(i)} Consider left-handed and right-handed circularly
polarised waves of angular frequenciesw1 and w incident
on the plane 72 = 0 at half angle Y as shown in Figure B-1.

The electric fields E, and E, are given by
E = (il+§licosY+§lsinY) elﬁﬂlt-kly51ny)

(w4 .
E i( zt k2y31ny) (B-1)

(X -¥ icosy+% siny) e
2 1 Y1 1

where k1 and k2 are the wave numbers corresponding to ml and @
2

respectively. Superposition of El and QZlgives the total

electric field Ep to be
ET = §1+§2 = (§1+§lsinY)( ei(wlt-klysinY) +ei(wét+kzy5inY))
+ ﬁlicosY( el(wlt-klySIHY) _ei(w2t+k2ysinY) )
Since

ei(wlt—klysinY) ¥ ei(wét+k2ysinY)

2cos((ﬂt+%5ysinY) cos ( —é§i+kysinY)

+ 2 1 sin( wt+%£ysiny ) cos ( —é§£+kysiny )

. . g .
2005(9;0E - ky siny) el(wt)?_ySIHY (B-3)

where Aw = w - W and Ak = k - k
2 1 2 1

Also
. _ . i ' :
el(wlt klyslnYl el(wzt k2y51ny)

o bk
= i 2 sin( A%E - kysiny) o1Vt Tysiny )

(B-4)

Substituting Equations (B-3)} and (B-4) into (B-2) gives

. Ak .,
E = (ﬁl+ﬁlsinY)2cos(é%ﬁ_kysinY) el(mt+;~y31ny)

. Ak,
+ iﬁlcosy2sin(é%3-kysiny) el(wt+;_ySlnY) (B-5)
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Fig.(B-1) Scattering geometry for crossed beams
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The intensity in the test space is

"

I |E.E¥|

4L cos?F + 4 sin?ycos®F + 4 cos?ysin?F

]

4{cos?F + sin®ycos®F + cos?ysin?F )

2 (1 * cos2F + sin?y ( 1+ cos2F) + coszy( y- cos2F))

1

2( 2+ (1 + sin’y - cos?y) cos2F) (B-6)

where
F o= AEE - kysiny

Finally I can be simplified to
I

2(2 + (1 - cos2y) cos2F ) (B-7)
The visibility of the signal is given by (Hong and Jones,1976)

v Lnax = Imin

Imax * Imin (B-8)

From Equation (B-7)

Imax = 2 + (1 - 0032Y)
and
Iin = 2- (1 - cos2y)
Thus the visibility is
vV = %(i; - cos2y) (B-9)

(ii) The total electric field incident on a particle traversing
the fringe plane Z = 0 is given by Equation (B-2). If we
associate A, B and C to represent the scattered light along
three orthogonal axes, then the total scattered field can

be written as
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Egea = (X AH13 Colny)( gLl ok ysiny) o il t4k ysiny)

+ 1§ Beosy oilw t-k ysiny)_ el(m2t+k2ys1nY))

(B-10)
The scattered intensity is
- 2 2 3.2 2 2
I 2( |al% + |c|?sin?y + |B|2%cos?y )
+(|a]% + |C]%sin%y - |B|2coszy) cos (Awt-2kysiny)
(B-11)

Thus the visibility is

|A]2 + {G]2%sin%y - |B|2%cos?y
|A]2 + |C|28in%y + |B|2cos?y

(B-12)
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(i) Consider rotation of the x,y co-ordinate system by

Y to form a new co-ordinate system Xy, as shown below
1

&

We can immediately write down the transformations

X = xlcosw1 - y1s1nkll1
= { + -
y x siny 4y cos¥ (c-1)
and
x = xcosy + ysiny
1 1 1
y, = -xsinb + yeosy, (C-2)

(ii) A linearly polarised wave incident on a quarter
wave plate at an angle wl produces an elliptically polarised
wave. Thus, a plane wave of amplitude EO at t = 0 polarised
in the x direction can be written as
Einc - % Eo e

A oA . iwt
(xlcostb1 y151nw1) E, e (6-3)

where a hat over a letter indicates a unit vector in that
direction. Since the action of the quarter wave plate is to

retard one component of Einc by quarter of a wavelength,

we can write

- 37 .
~ . = iwt
E = (X cosb -7 sinV ez )E e
-1 1 1 1 1 o

(C-4)
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.37
since elz ="1 and ¢ =n/4 for circular polarisation
1

' < 1))
E = 1 (% +i$ )Eer ©
-1 V3 1 1 o
o . . . o oa . { wh
= 4= ((kcosv +ysinv )+i(-Xsiny +Jcosd ) ) E_ e
/s 1 1 1 1 o

= 3( (1-1)%+(1+1)F) Eoeimt

(c-5)
(iii) If there is no scattering, the circularly

polarised wave with wave vector El is incident on the second

quarter wave plate whose optic axis is oriented at angle wz

to the xy co-ordinate system as shown below

xﬂ

%5

Thus the electric vector incident on the second
quarter wave plate can be written using the transformations

(C-1) and (C-2) as

- M (1-1) (3 % s V(8 ainy 48 iwg
E 3( (1 1)(x2cosw2 yzslnw2)+(1+1)(x251n¢2+ycos¢2)) E e
= 3(x.( (1-i)cosv_+(1+i)sinv )

2 2 2

- §,( (i-i)sin -(i+i)cosy ) E oi"F (c-6)

From this field emerging from the second quarter:wave plate

is calculated to be
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%( QJ (1-i)cos¢’2 + (1+i)sinwé)

T .
- §£(1—i)sin¢2 - (1+i)cosw2) e'7) Eoeﬂ”t

2 ( ﬁz( (1-i)cos¢2 + (1+i)sinw2)

1§ ( (1-i)sin¥ - (1-i)cosy ) B ot*"

3 ﬁz((l-i)cos$2 + (1+i)sin$2)
—§2 ( (i+i)sind  + (1<1)cos¥ )) Eoeiwt
since (:+i) = i(1-i)

E
]

b(x, -1 - 5 (i-1)elV,) B otul

i(wt+w2)

3 (1-1) (ﬁz -§2) E.e

Transforming back to X and y gives
_ oA “ o o ilwttd )
E = % (1-1)( xcosV +ysin¥ tksind -ycosy ) E e 2

= 3 (1-1)( %(cos$2+sin$2)+§(sinw2-cosw2)) Eoei(mt+¢2)

2 . .
E = 3 (1-i)ﬁ.—"Eoe1mt.elﬂ/"
2

= 3 (1-1) % 2 Eoeiwt.l— (1 +1)

V2 V2

This is correct since circular polarisation incident on a
quarter wave plate with optic axis at v /4 should produce
linear polarisation.

The intensity of E 1is
2

|E,|?

——

$.2( cos®_+sin’V_ +2cos ¥ siny
2 2 2 2
+ cos®V +sin®*y -2cos Ysin U )E2
2 2 2 2 0

E

o

This is also correct assuming there are no losses.



205

(iv) E is incident on the polariser whose axis is at
2
angle w})to %. The net effect is to transmit the component

along Egjonly. Thus
EIJ = 3(1-1)( ﬁpcoswp( cosw2+ sinw2.1 e
+ :’&psinwp( Sinlbz-COSlbz)) Eoel ! llJz
= f(1?i)£I{c?swI§cosw2+sinw2)i(wt+w )
51nwp (31nw2-cosw2) ) E e 2
The intensity is
IE |2

p

1

} (coszw1£l +sin2w2) +sin2w1£i-sin2wg
+ Rcosy_siny ( cosy siny -cos?yP +sin?y
P p 2 2 2 2
- cosw551nw2»
- 1 .
= % (1+cos2wp)( 1+81n2w2)
+ 3 (1-c052wp)( 1-Sinéw2)
+ 3 si -
5 51n2wp ( cos2wg
This simplifies to
IEIJZ = 2 1+cos2¢Iﬁinzwz-sin2wpcos¢2)

= 3 1+sin2(wp-w2) )

(v) Consider the circularly polarised vector E is incident on
a scatterer whose long axis is at angle Y to the x axis. Thus
from Equation (C-5)

( G-1)%+(3-1)F) BT

i b

B
-1

1
to

|
ol

(1-1) (%+i¥) E e

I
i

(1-1)( xgcosb -F sinb
iwt

—+

i( X sind +§ cosv ) E_e

|
0

(1-1) ( X ( cosy +isinv )

- fs( sinws-icosws)) Eoeimt

g ) Eoejjﬂt

1
20k

. A 1Y . A
(1-1)( kxget's t iy e

N Eal . . wt+
= % (1-1)( x tiy ) Eol( ws)
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If A and B represent the scattering factors along X g and Yg

then the scattered field is

i(mt+ws)

|
0

= % (1-1) (A%_+iBj ) E_e

1]
o

(lui)( A( ﬁcosws+§sinws)

t 1B —isinws+§cosws» Eoei(mt+ws)

I
ok

(1-1)( &( Acosp ~iBsiny )

ei(wt+¢s)

+ ﬁ( Asinws+chos¢S)) E,

This passes through the second quarter wave plate at wz

I
ok~

(1-1)« izcosw£'§231n¢g( Acosws-iBsinws)

-+

(izsinw2+§2coswz)( Asinws+chost »

X Eoei(wt+¢s)

Thus
E = 3 (~-1)( ﬁz(coswz( Acosy -iBsinv )

+ 51nw2( Asinws+chosws)

+ i?z(coswz( Asinws+chost)

- siny_( Acosb -iBsint ))) Eoei(mt+ws)
= 3 (1-1)( %2( Acos(wz—wb)+ iBsin(wz-ws) )
+3§,( ~Asin(v_ -0 )+iBeos(v_-v_))) p et (uwtty)

= % (1-1)( %2( Acos(¢2-ws)+iBSin(wz-¢s))

- oy 1wty )
v { Bcos(wz-ws)+1A51n(w2-wS)))Eoe s

Transforming back to xy

= 1 s a A _ . . _
E 3 (1-1)( xcos¢2+y31nw2)( Acos (¥, lIJS)+1B51n(1!J2 v )

=2
- ( -&sinw2+§cos¢)( Bcos(wz-ws)+iAsin(wz-ws) )

X Eoei(wt+ws)
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|
ol

(1-31)( %(A( cosy cos(v_-¥ )tisiny sin(¥_-v ) )
+ B( sinv_cos(v - )+1cosw sin w - M)
2 2
+§ (A sinwzcos(wz—ws)-icoswzsin(wz-ws))
- B( coswzcos(wz-ws)-isinwzsin(wz-ws))))

Eoei(wt+ws)

=
n
o}

(1-1)( %( §;81(¢2-¢S)+g;ei(w2-ws))
¢ 5( %ze-i(wz-ws)_ gzei(wz-ws)))"

X Eoei(mt+ws)

= —271'2— (1-1)( §((A+B)ei(w2"ws) + ﬁ(A-B)e"i(‘”z"‘L’s))
X Eoei(lut'l'l]]s)

If A =B

1 (such as for a sphere)

ei(UJt'FTr/u)

It=
1

5&; {1-1) % 2E
3\{ EO elwt

This is correct since there is no depolarisation for an
isotropic particle.

Thus the ratio of the intensities along x and y is

1§x| ‘A + B
A - B
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Consider a plane wave of the form
E. = X elmt
=inc

Incident on the first quarter wave plate whose optic axis
lies along §' as shown below

X! X'

45

Thus we can write down

§ = =4
V2
_tar a1y 2 it
and E; . = (x* - § )/ e
2

The field emerging from the first plate with error 61 is

LT .

~ A - + '

E1 = 21 _ ylel(z 61))1 o lut
2

= (& -1§? eiGI) L JLut
V2 (D-1)

There are two cases of interest:

(i) second quarter wave plate having the same orientation
ags the first.

The electric field emerging from the second plate with
error 62 is
Al iGl

E = (%' -4iy'le

i 1 .
E e1(2+62)) S dwt

V2

1 .
A A i(8 +(S ) —_— el(Ut
= ( x4 yl el( 1 2 ) V2 (D-2)
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but
§r - KX § . .1 | %+ %
1/2 ‘/2
o Ez =(x+§ -~ (% -3%) ei(51+52)) jelwt
=( 2(, - 81(61+52)) v 9 (L 4 el(61+62)))%elmt
- - l _
- I = (1 cos(61+62))
and

—
I

P (.4 cos(61+62)) (D-3)

(1ii) Second plate at 90° to the first, i.e. its optic

axis lies along $'! as indicated below

X
i
yn' X"
We can see that
S S §11
and
§1 - A1l

Thus Equations (D-1) and (D-2) can be written
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. 1 .
a11 16 it
et" ) — et¥

=
1}
P
1
>
-
I
pa
»

2

. 1 -
Xllelal) —_ Jlwt

It
11
o~
1
[
.
-
[0
i_.f
O
N
1
[

V2

A i A 1 1 i
- - i y11e162+x118161 ) - glwt ]
V2 (D-4)
Transforming to X and y using
11 - _ Xt F
V2
and ?11 = - ——H i
V2 (D-5)

. . o
since %'! is at 45  to § as shown below

45

y”

Substituting (D-5) into (D-4) gives

161) 1 Giut

E = i((%x+ e 2+ (% -3) e

o . o . 1wt
- i( % (6162 + 8161) + ¥ (6162 _ 8161))2 e

I = 2(1t cos (61-62))

I. = #( 1 - cos (61-62))
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