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CHAPTER I 

INTRODUCTION 

Microscopic size particle measurement has been an intensive area of research in 

recent years. Microscopic particles (e.g., particles ranging from a fraction of a micron to 

hundreds of microns) play an inportant role in different areas, ranging from industrial 

control of aerosol production to impurity control Solid particles with mean diameter less 

than 10 fdm (so called PMIO particles) can significantly affect human health, aggravating 

such diseases as asthma [6] and causing other health problems. This is particularly urgent 

in West Texas where the local type of soil, dry climate, and high winds generate frequent 

dust storms causing some people to visit emergency rooms. Air quality control is an area 

that has gained momentum in recent years as more and more research data suggest a 

correlation between different health conditions and the quality of the air we breath. 

Over the years different techniques have been used to measure the size of 

microscopic particles including a variety of mechanical methods such as centrifugal 

particle sizing, the Andreason pippet, the C!ahn sedimentation balance, etc. [10]. All of 

these methods are time consuming and intrusive, e.g., they require taking particle samples, 

putting them into the measuring instrument and then analyzing them. 

Optical methods of particle sizing are much faster, and they generally do not 

require any preparation of particles sarrples. These methods can be either intrusive or non-

intrusive [9]. The latter ones were the subject of this research, where we have proposed a 

new model for simulating dust particle interaction with the laser beam There have been a 



series of models built for spherical particles interacting with light [4]. There have also been 

attempts to describe the same process involving irregularly shaped jagged particles [1]. 

However, these latter models use geometrical optics assumptions which allowed these 

models (according to different authors) to accurately explain interaction phenomena only 

for particles with sizes greater than 20fJm. The primary subject of this research was 

measurement of particles in 3 to 50fjm range and therefor this model was not used. 

Instead a new model was developed which adequately describes interaction of the jagged 

particles in this size range. This model is appropriate when a jagged, faceted structure of 

the particle is well pronounced and the approximation of these particles by spheres cannot 

produce accurate results. The model uses the sinple well-developed theory of Fourier 

optics. 

A new method of particle sizing based on particle light scattering was also 

developed and a device measuring particle sizes was constructed incorporating this new 

method. 

This thesis is composed of five chapters. Chapter II explains the mathematical 

technique used in this work to describe light interacting with small particles, its 

approximations and applicability. Chapter in describes our new methods for measuring 

particles and evaluates the performance of the device built in our laboratory using 

mathematical techniques explained in Chapter n. Chapter IV contains a detailed 

description of the device built in our laboratory, and the results of the experiments 

involving this device. Chapter V emphasizes the main results of this work. All electronic 



schematics as well as software for our device is provided in the Appendices at the end of 

this paper. 



CHAPTER n 

THE MATHEMATICAL THECHNIQUES USED TO CALCULATE 

SCATTERED LIGHT 

The first step in designing equipment for microscopic particle size measurement is 

to create a model of the processes involved, make reasonable assumptions and 

approximations, and discard insignificant phenomena that will clutter the model, making it 

unsuitable for a PC simulation. If one attempted to take into account everything that takes 

place during the interaction of a small particle with a high frequency electromagnetic 

wave, one has to solve the Maxwell's equations. Analytical solutions of the above 

mentioned equations are available for very simple cases, although it is virtually impossible 

to obtain them in the conplex case of a randomly shaped and oriented object of the size 

comparable with the wavelength of the electromagnetic (EM) wave. 

Thus we have to find approximations to the general case of the Maxwell's 

equations that will adequately describe our system with less than a given value of error 

(difference between the Maxwell's equations and their more tractable approximations). 

We will break our model into two parts: the first one will represent an EM 

interaction with a small particle treating the EM field as a continuum in the temporal and 

spatial vector field; the second will account for quantum effects that might play a 

significant role at the optical frequencies, if the amount of power involved in the 

interaction is small. 



The Maxwell's equations that describe the EM field anywhere in space, provided 

that we know the time-space charge distribution, are: 

VxE=-— (2.1) 
dt 

_ nTT 

VxH = J + ^— (2.2) 
dt 

V*D=p (2.3) 

V*iB=0 (2.4) 

(upper bars here denote vector values). 

The above equations are the starting point for creating models that describe particles' 

with light, such as the Rayleigh's, Lorenz, Thomeson, Love, Walker, Mie, Debye, and 

Bateman theories [4]. These models place several restrictions that lead to the 

simplification of the Maxwell's equations. One particular restriction is present in all above 

mentioned models: the particles should have spherical shapes. The approach proposed 

here replaces this restriction with others and is not intended to be more comprehensive 

than the above mentioned models, rather it complements them and should be used in cases 

where non-spherical shapes of the particles are well pronounced and the above models 

cannot give an accurate value of the scattered EM field. The restrictions placed in this 

approach are the following: 

1 Particles should have clearly defined facets, and these facets cannot have any curvature 

(e.g., each facet should lie in one plane). 

2. The surface of a facet should be smooth (e.g., unevenness of the facets should be 

smaller than the wavelength of the light source). 



If these requirements are met then we can find the EM field immediately in front of the 

facet, if we know the refractive index of the particle. Thus we are not concerned with the 

charge distribution inside the particle, since we already know the EM field immediately 

before the particle. In this case the right hand side of equation (2.3) is zero, current density 

7 in equation (2.2) is also zero, D=eQE and B = ji^H , where e^ and /i^are 

permeativity and permeability of free space respectively. Performing simple vector analysis 

manipulations we come to the next expression: 

d't 
V'-h eo^ioU =0. (2.5) 

Here U is either electric or magnetic field. Equation (2.5) describes an EM wave 

propagation in free space. Further simplification is possible if we assume that the light 

hitting the particle is monochromatic. In this case the second time derivative in equation 

(2.5) is EM field frequency squared. Also assume the particle is considerably larger than 

the wavelength and the output field is not observed too close to the interaction region, 

different vector components of the EM field are not coupled or the degree of coupling is 

insignificant and the problem transforms from a vector case to a scalar one, i.e., the wave 

propagates in TEM mode [3]. Such a problem does not require a complex mathematical 

using the Maxwell's equations, but can be solved using the Helmholtz equation. 

(V'-h)t ') f /=0, (2.6) 

IK V ^ 
where k - — = 2;r— = ITTVJS^IIQ is the wave number and U is the complex anplitude of 

A c ' 

the EM field, and we have assumed particles to be illuminated by monochromatic light. 



The solution of this equation gives the value of the amplitude and phase of the field 

anywhere in the space at a given moment of time, provided that we have well-defined 

boundary conditions. This equation is applicable to a linearly polarized monochromatic 

EM wave, which we are using in our system However simple the Helmholtz scalar 

equation might be, compared with the Maxwell's equations, it is still difficult to find a 

solution, because in our case we are dealing with a surface EM distribution rather than 

volume distribution. 

Making one more approximation and using Green's theorem we can express the 

EM field anywhere in space as a function of the EM field distribution on a finite surface. 

m r j = — I I I ^ G - C / * ^ (̂ o) = i j J ds {2.1) 
4n •'; V ^ dn 

where f/(/^) is the EM field at a particular point in space that we would like to find. 

Here G is the Green's function that is chosen by the user and subject to some restrictions. 

Also, — denotes a directional derivative on the surface taken in the normal outward 
dn 

direction to the surface. 

The approximation that brings this formula into existence is the following: 

When light hits the particle the scattered EM field is completely characterized by 

the illuminated surface S and is neither affected by the boundaries of S, nor by the non 

illuminated surface outside S. 

Now if it is still impossible to compute ^(z^) analytically, it is easier to compute it 

numerically (using Green's function), compared with the Helmholtz equation, since 



numerical integration is a simple procedure in comparison with numerical solution of 

partial differential equations. To use this formula one has to choose an appropriate 

&xx)(Jkr ") Qxx)(Jkr ) 
Green's function, which is usually chosen to be G = — ^ °̂  where TQ, is 

the distance between a particular point on the illuminated surface and the point source that 

generates the Green's function (in our case the observation point and the point source are 

the same) and r^^ is the distance between the same point on the surface and the mirror 

image of the point source on the opposite side of the illuminated surface. 

So far we have gone from the Maxwell's equations to their easy-to-compute 

approximations without putting any restrictions on the loci of the observation points. The 

following two approximations wiQ restrict the observation space as well, at the same time 

making it possible to find analytical solutions using the integral transforms mathematical 

. , dG . ., ., l^exp(y^ro,) , A^, ., 1 ̂  exp(/̂ rfT.) 
methods: — = cos(n,ro,)(y/: ) ^ "̂  -cos(n,roO(7^—-) ^ \ '' 

^^ 'oi 'bi 'oi 'oi 

(Upper bars here denote vector values). 

It is obvious that cos(n,ro^) = -cos(n,roi) and r̂ j = r^ 01 

We have assumed earlier that the field immediately before and after the illuminated surface 

dU 
is the same, which implies that --— = 0. 

on 

Also cos(n,^i) = 1, if the observer located far enough compared to the dimensions of the 

illuminated surface (the paraxial approximation). 

Having made all these assumptions we come to the following formula: 

8 



U(r,) = l-llu(0^!^^l!^ ds 

This formula cannot be computed directly because the system of coordinates is not 

specified. Next step is to specify the system of coordinates. Let us use the Cartesian 

coordinates. Let the observation and source planes satisfy z = const, with the source plane 

z = 0, then: 

Using a binomial expansion of the square root, and limiting it to the first two terms 

we have: 

r„, = z[l + i(^5^^ii-)^ + 1 ( 2 V I 2 L ) 2 ] . (2.8) 

2 z 2 z 

To use the above approximation for TQ̂  we have to develop a criterion which wiU 

determine the region where this approximation is valid from accuracy point of view. 

Such a criterion is usually chosen so that the maximum phase change contributed by the 

next higher order term in the binomial expansion of equation (2.8) is less than 1 radian. 

This condition is met if the distance z satisfies: 

z'))j^[(x,-xy + iy,-y,)']l^. (2.9) 

ff this is satisfied then the relationship between the interaction region field U (jc,, y^) 

and the observation region field U{xQ,yQ)reduc&s to the following expression, which is 

known as the Fresnel approximation: 

^Uo.>'o) =-^^^^^JJc/U,.yi)exp|y^[(;Co -xy+{yo-y,)']\dx,dy,. ( 2.10) 



Further simplification of this formula is possible if we assume the quadratic phase 

function exp k / \1 
j—(x^+y^j is approximately unity over the entire region of the 

illuminated surface. To make this assumption valid we have to satisfy the following 

condition: 

^^^^(^f-yf)max (2.11). 

Having met this requirement we can use the Fraunhofer approximation: 

k 
exp(;7:z)exp[y—(jco" - yl)^ ^n 

U(xQ,yQ) = - ^ ]]U(Xi,y^)exp[-j-—(xQX^+yQy^)]dx^dy^. 

(2.12) 

As one may see the double integral in formula (2.12) is a two-dimensional Fourier 

transform integral. 

10 



CHAPTER m 

ESTIMATE OF THE SYTEM PERFORMANCE 

3.1. Diffraction Effects on the Amount of Light Collected bv the Detector 

Our goal is to determine conditions under which the output signal of our system 

will relate to the size of the particle as a single-valued function. In other words functional 

dependence can be arbitrary, but a particular value of the output signal will correspond to 

a single value of the size of the particle. When light gets scattered from a small particle the 

following phenomena can lead to ambiguity of the output signal (for illustrations of 

phenomena and techniques we are talking below, see Figure 3.11, p. 39; Figure 4.5, p. 57; 

and Figure 4.6, p.59): 

1. Light gets scattered at different angles depending on the shape of the particle. 

Light scattered at some angles will not reach the detector, thus leading to underestimation 

of the size of the particle. 

2. Diffraction of the light on the particle leads to a redistribution of the output light 

intensity as a function of the solid angle Q.. ff the detector is capable of registering light 

intensity within a certain solid angle ^niax> ^^^^ "̂X rnaxima located at the angles 

^)^max ^ ^ ^ 1°̂ ^ ̂ y ^ ^ detector, leading to underestimation of the size of the particle. 

3. Internal noise of the system added to the signal will lead to either under- or 

overestimation of the size (hopefuUy this wiU tend to average out, if noise is zero-mean.) 

4. The laser beam intensity is not uniform in its cross section, but has a Gaussian profile. 

As a result if one of two identical particles going through the beam crosses the beam 

11 



closer to the center of the beam than the other, the latter size will be underestimated with 

respect to the former. 

First we consider diffraction effects on the system performance. The sizes of the 

particles in question range anywhere from 3 jJm to 50 fJm while the light wavelength is 

632.8 nm Thus the dimensions of the particles are comparable with the light wavelength. 

The first element of our system is the lens that collects scattered light. It is located at a 

distance of 3 mm from the interaction region. The first step is to determine the minimum 

acceptable size of the lens that will collect virtually all light from all sizes of the particles in 

consideration (from 3fdm to 50fJjn). To do so we should choose a functional expression 

that will describe the illuminated side of the particle. This will enable us to use one of the 

above mentioned formulas to find the light distribution immediately in front of the lens. As 

the next picture shows most small dust particles have jagged structures, making it more 

reasonable to model the illuminated surface with a combination of RECT functions, rather 

than approximate their shapes by spheres. 

12 



Figure 3.1 
An electron microgram of dust samples. The bar represents 5 microns. 

This picture is provided by the USDA/ARS in Lubbock. 

Now it remains to find the formula that can be used to evaluate the intensity at a 

distance of 3 mm from the interaction region. It is tempting to use the Fraunhofer 

approximation, being the least computation intensive approximation. Using formula (2.11) 

we find that the distance between the lens and the interaction region for the Fraunhofer 

approximation to be valid should be greater than 6mm This requirement is not met. Next 

we check the Fresnel approximation. The distances at which the Fresnel approximation 

works are determined using formula (2.9). It validates use of the Fresnel approximation at 

distances greater than 3l\fJm, which obviously fits our case of 3mm All the above 

calculations are performed for a 632.8 nm wavelength (HeNe laser), with the maximum 

size of the particles being 50 fJm and minimum 3 jJm. 

13 



Now using the Fresnel approximation we would like to calculate the portion of the 

total power that hits the detector, and the amount of the optical power that will miss the 

detector due to diffiraction, assuming that the objective plane is parallel to the plane in 

which the iQuminated facet of the particle lies. The next two figures show the field at the 

detector when the field of the source is described by the RECT functions: 

R E C T ( ^ ^ ) R E C T ( ^ ^ ) and R E C T ( - ^ 
3fmi 3^m 50/z 

_JL_ ) R E C T ( - ^ ) , 
50/im 50;//w 

respectively. The plots show only a one-dimensional slice of the observed field. A two 

dimensional plot is redundant since x and y variables are decoupled here (i.e., the function 

is separable in x and y). 

1+ 

0.8-

0.6--

0.2-

' • ^ 1 ^ I fc I >- ^ % r l I P I I ' I I iW^ ' I l" !̂ I ' T T 'T T "^ T 

10 20 30 ^ 50 60 

Figure 3.2 
Distribution of the intensity of the light diffracted by a 3 ^ facet in the objective plane. 

Each abscissa unit is equal to 30;/w . This plot was obtained using Maple. 
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The main maximum that in this case contains 95% of power extends to 450/J, from the 

center of the field (point 30 on the horizontal axis). In other words to catch 95% of the 

diffi-acted light at a distance of 3mm we have to have at least 450/Jm x 2 = 0.9 mm 

diameter objective. The vertical axis is normalized by the intensity of the light reflected 

from the facet, le., the incident intensity minus the light propagating inside the particle 

due to refraction. The next plot shows the field distribution for 50 fJm case. 

0.8--

0.6-• 

0.4-

0.2-• 

0" 10 20 30 ^ 50 60 

Figure 3.3 
Distribution of the intensity of the light diffracted by a. 50 fJm particle. Each unit on the 

horizontal axis is equal to 5 fJm. 

As one may see this field looks closer to the geometrical optics prediction. Here 95 % of 

the optical power is contained within 100 jUm region, thus if our objective meets the 
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requirements for smaller particles (0.9 mm for 3fAm), it certainly does for larger ones 

(0.01mm for 50/Jm). 

This requirement for the objective's diameter was calculated assuming that 

the Hght gets scattered in the direction exactly normal to the objective plane, and the 

deviations from this directions are due only to diffraction. In practice however, light gets 

scattered in all directions, due to reflection from oblique facets. Thus later on when we 

take into account the directions at which light gets scattered, we simply add 450 fum (or 

the equivalent angle) in each direction for requirements and then solve the problem using 

geoir»etrical optics. Obviously, this approach is valid in the Fraunhofer region, because 

deviation of the particle's facet plane from one parallel to the objective plane is equivalent 

to a linear phase change in a plane parallel to the objective plane. In the Fraunhofer 

formula this change will correspond to a shift of the field from its central position by an 

angle equal to the angle between the particle facet's and objective plane. It can be shown 

analytically that in the Fresnel region this will also be true, however a quadratic phase 

factor inside the integral in formula (2.10) can lead to slight deviations from the simple 

angle shift of the Fraunhofer approximation. To validate the above mentioned approach in 

the Fresnel region, a series of numerical calculations were performed for a specific 

distance between the facet (source) and the objective (observation points). The results 

were close to the Fraunhofer predictions which is not surprising, since we observe the field 

only 2 times closer than the beginning of the Fraunhofer region. The following two plots 

depict the light intensity distributions along the x-axis in the objective plane when the 

16 



particle's facet is poised at 45° and 22.5° to the objective plane. (The plots were obtained 

for a 3 fJm particle, since diffraction effects are more pronounced for smaller particles.) 

14-1 

0.8-• 

0.6--

0.4-

0.2-• 

-Ci^ ̂f^t^^^^hm^^m^^.^—l^^mt--^^^ , 1_» •»^tfW^ft>^ 

10 20 30 ^ 50 60 

Figure 3.4 
Distribution of the intensity of the light diffracted by a 3 ̂  particle with a facet lying at 

45° relative to the objective plane. Each unit on the horizontal axis is 100 fdm, number 30 
corresponds to the center of the objective. 
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10 20 30 ^ 50 60 

Figure 3.5 
Distribution of the intensity of the light diffracted by a 3 ̂ im particle with a facet lying at 

22.5°realtive to the objective plane. Each unit on the horizontal axis is 100 fJm, number 30 
corresponds to the center of the objective. 

As one may see in the first plot the maximum has moved by 3mm from the center which 

0 _. 3mm 
corresponds to a 45 angle [ tan (- ) ]. In the second plot, the maximum has moved by 

3mm 

1.5 mm ( or 22.5°). Also in the second plot, a slight asymmetry in second-order maxima 

can be observed. This deviation from a simple shift of the intensity of Figure 3.5 is due to 

the observation in the Fresnel region. However this deviation affects the dimensions of the 

95% power region insignificantly. It is a valid statement that the 95% power region is 

shifted by the angle equal to that between the particle's facet and the objective. 
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Our imaging system that projects the particle's image on the optical sensor's active area 

consists of several positive lenses. The question arises: if the objective of the system 

(6mm in diameter) is capable of collecting more than 95% of the diffracted light, will this 

amount of light be further attenuated due to diffraction by the finite apertures of the lenses 

behind it? According to [3], we can find the answer by first ray tracing and finding the 

limiting (smallest) aperture. 

Then: 

1. finding the spatial cutoff frequency f^: 

I 
/o = —-—= 1500 cycles/mm 

2Adi 

I = 6 mm is the diameter of the aperture, d̂  = 3 mm is the distance between the object 

(particle) and the lens, X = 632.8 nm is the wavelength of the Helium-Neon laser. 

2. finding spatial spectrum of the particle G{f^,fy): 

Here it is valid to model particles using two-dimensional RECT functions ( more complex 

jagged facets can be represented by a combination of RECT functions): 

G(x,y) = RECT(- )RECT(^) (3.1) 
a b 

where a and b range from 3 to 50 jmi. Diffi-action effects are more pronounced for smaller 

particles than for larger ones. In other words if the system is capable of collecting all the 

diffracted light from a 3//m particle, it will certainly do so from a 50 ̂ im particle. So 

setting a and ^ = 3 fJm we next find the two-dimensional Fourier transform of (3.1). 
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' ' 7^,3x10^ nf^xlO-" 

|2 

The spectral intensity I( f^fy) a G(f,, f ) , 

Finally, the portion of the total power incident on the detector P is: 

/o /o 

nf.JJdf^df y/^Jx^Jy 

p = zlizh =97.93%. 

\jnfxJy)df^dfy 

So, the entire detection system will put through > 97.93% of the total power, provided 

that the illuminated facet lies in a plane parallel to the one of the objective (the case where 

they are not parallel is considered further below). 

3.2 Noise Effects on the Svstem Performance 

Here we consider cumulative electrical noise effect on the system performance. 

The optical signal mixes with noise when it is converted to an electrical signal at the 

avalanche photodiode (APD), when it goes through the operational amplifier and when it 

is quantized by the analog to digital converter. There are different kinds of noise involved: 

thermal, dark current, quantum nose, and quantization noise. The predominant noise in 

our system is generated by the power supply. This noise can be modeled by white noise 

since it's power spectrum as measured is almost constant up to 48.8 MHz, while our 

system's bandwidth is 1 MHz. The noise voltage has a Gaussian distribution with a = 9.4 

mV. The next two waveforms were obtained using an HP 54603 B digital oscilloscope. 
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Figure 3.6 shows noise generated by our system in the time domain. Figure 3.7 is the FFT 

of the same noise. 

1 %20.0^ 

W'T I!1PPP yf^ f-H -

,r-o.oos i.oo^/ 
y 

1 : 

t : 

f *" * * ^ ^ l *•••'«"'" f ^ ^ " ' • M i l 

...|
...|

...|
...

 

T • 

± 

^ f l P f l " 

f l STOP 

-1-WCT I- f-lln-M-

VrmsCD=9.403mV 

Figure 3.6 
Noise voltage at the input of the analog to digital converter obtained with HP 54603 B 

digital oscilloscope. 
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f f t C o 4—24.4MHH 48.8MHz 
T 

ffi STOP 

VrmsCD chan o f f 

Figure 3.7 
The FFT of the signal of Figure 3.6 obtained with HP 54603 B oscilloscope. 

Each division on the vertical axis is 5 decibels. 

As one may see, the noise from the power supply appears to be white noise at least in the 

frequency range from 0 to 48.8 MHz. 

Next we will perform a simulation which will confute the correlation coefficient 

of the signal characterizing the particle's size and the signal + noise mixture that we will 

have at the output of our system for different values of a. 

The following plot depicts a particle transiting a Gaussian laser beam The particle 

is described by the CIRC function (which is 1 when r < a , where a can be anywhere 

from 3/2 to 5012nm, and 0 otherwise). The cross section of the laser beam is a Gaussian 
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function with a = \50/Mn. The plot below shows the case when the particle is blocking 

the beam 

.dm 

<WW'Wv:<;--V;:/^:vv! 

:'^'^AV^'^//';•|'^:>|.;•."•..^•^ 

JSKic -^ / J : : . ^ •V.-yV ••. ,,^• V 

^^g 

* • ' * • : > : ' ' : * ' > ' ^ ' ^ 

(a (b 

Figure 3.8a 
The intensity of the light in the cross section of the laser beam when the particle is 

blocking the light 
Figure 3.8b 

The intensity of the reflected light by the particle in the laser beam. 

Our system collects the scattered light and converts it to an electrical signal. This 

operation can be described by the following formula, which computes the output electrical 

signal U(t) as a function of time. 
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U(.t) = \\HeavisidA^^ ^"^It^"" ' ^ ' ] exp( -2^^)dxdy , 
a o 

(3.2) 

where the Heaviside function is equivalent to the CIRC function with the radius a , 

t is time, y^ is the Y coordinate of the center of the particle. We are assuming that the 

particle is moving along the X-axis with no Y component. 

The following plot shows a typical output signal of the detector as a function of 

time with no noise present. A 4 8 ^ particle is crossing 150//m spot size laser beam at a 

distance of 33 ̂ m from the center of the beam. 

0.3-
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0.06 

2 4 8 8 10 12 14 16 18 20 

Figure 3.9 
The amount of light collected by the detector when particle transits the beam. 

Our task here is to input particles of known sizes and then introduce noise into the 

system and observe the correlation coefiBcient as a function of the introduced noise power. 

The diameters of the input particles are uniformly distributed from 3 to 50/im. It is worth 
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noting that during some particular instance of measurements there will be predominant 

sizes of the particles and therefore their distribution will not be uniform However, the 

predominant size of the particles depends solely on the environment and we cannot say a 

priori, in what kind of environment our system will operate most of the time. We assume 

that in different types of environments there is an equal probability for each size in the 

consideration to dominate and tiius the assumption of a uniform distribution is valid. 

We choose the Pearson correlation coefficient K as a parameter that will characterize our 

system's performance with the presence of noise. 

xy-p,p 
K= '- (3.3) 

where CT J, and dy are the standard deviations of signal and signal + noise, respectively. 

Here the upper bar denotes ensemble averaging, where p^ and ^^ is the mean of signal 

and signal + noise, respectively (which can be replaced by the ensemble average, if the 

number of san^les is large).The correlation coefficient when the noise is absent is 99.9%, 

which is equivalent to a 0.2% relative error [formula (3.4) defined below] due to the fact 

that the intensity of the light is not uniform over the illuminated area of the particle (it has 

a Gaussian profile). The following table shows the correlation coefficient of the particle 

sizes and signal + noise mixture. The model used to create this table is based on the 

assumption that the optical signal at the detector input is proportional to the size of the 

particle squared (the size is defined as the cubic root of the particles volume). The 

electrical signal at the detector output is directly proportional to the optical signal at its 

input. The signal corresponding to the biggest particles (50 pw) is 4 V (experimentally 
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measured parameter) and the smallest one OfJm) is 16 mV. A zero-mean Gaussian noise 

then has been added, with a ranging from 10 to 700 mV at the detector output. The 

Pearson correlation coefficient of signal and signal plus noise mixture is then computed. 

For this simulation 100 sanples have been used. The following table shows the results of 

the simulation: 

26 



Table 3.1 
RMS Noise Effect on the Correlation Coefficient 

RMS Noise mV Correlation Coefficient % 

10 99!87 

20 99.87 

30 99.83 

40 99.83 

50 99.80 

60 99.80 

70 99.72 

80 99.68 

90 99.60 

100 99.57 

150 99.07 

200 98.67 

250 97.79 

300 97.90 

400 95.82 

500 93.44 

600 90.65 

700 82.54 

As one may see the correlation coefficient stays above 99% until the rms noise value 

reaches 150 mV (remember that the signal corresponding to the smallest particle our 

system is capable of detecting is 16 mV), and stays above 90% until the rms noise reaches 
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600 mV. It is generally accepted that if the correlation coefficient exceeds 90% than we 

can obtain a reliable signal from a signal + noise mixture. A 90% correlation corresponds 

to a relative error of 20%, which is defined as: 

RE = l ^ l Z L (3.4) 
(J.Gy 

where X is the illuminated areas of the particles, Y is X + N (where N is noise which 

includes noise introduced by the non-uniform intensity of the illuminating beam and 

Gaussian electric noise introduced by the electric conponents of the system). The physical 

meaning of the RE is sinple: what is the magnitude of the average mean square error, 

conpared to the dynamic range of the particle sizes we are measiuing. Why did we choose 

the dynamic range (standard deviation is a linear function of the dynamic range)? Since 

we cannot measure one particle several times we cannot compile any statistics on how 

accurate our estimate is for an individual particle. The particles have different sizes and we 

can tie the error to some statistical parameter rather than to the size of one particle. Such 

parameters can be the mean , the variance or the standard deviation. Relating the error to 

the mean does not bring much information about the accuracy. Imagine that we have a 1 

volt signal riding on a 1000 V DC plateau with 10 V rms noise. The RE related to the 

mean will show a good system performance (the error wiU be small), whereas RE related 

to the variance will show a poor performance which will reflect the real situation. Our goal 

is to express RE through the correlation coefficient K: 

(x^ +2xy + y^) 
First, rewrite RE = 

G.Gy 
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since a] = x^ + p] 

thus: RE = 
^ X y 

Py = / i , -f-/!̂ , because Y = X + N, 

G^y =G\+(J\, since X and N are independent variables (but not X and Y !) 

/z„ = 0 , because if the noise does not have a zero mean it can be made so by 

subtracting the mean from the signal + noise mix, since the noise is stationary. 

o] = G\ (3.5) 

is true within 98% accuracy when K = 99% 

a\ = , because our signal is uniformly distributed with the an^litude from 0 to 

4V, ol < (0.15K)̂  for K > 99% as can be seen from the table. 

Thus —^ > 59.25, and approximation (3.5) is at least 98% accurate. 

denoting a^ = al = cr̂  

and p = ii^= iiy.v^Q have: 

R E = 2 - ^ ' ^ : ^ ' =2-2K, (3.6) 

SO if K=0.99 (99%) then RE = 0.02 (2%), 

to find the absolute error (AE) we multiply the relative error by the standard deviation: 

(4Vf AE = RE cr. In our case o = -—^0.02 = 0.027 V. When the average rms noise is 150 
12 
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mV, the average error is only 27 mV, and the particles can be measured with 98% 

accuracy ( or the relative error is less than 100%-98%=2%). Our experiments showed the 

average rms noise value to be 9.4 mV. The corresponding correlation coefficient from 

Table 3.1 is 99.87%, which means are able to determine particle sizes with 99.74% 

(formula ( 3.6)). In our case this means we can get a very good estimate of the size of the 

particle when the rms noise level is 150mV. That is ten times larger than the signal 

generated by the smallest particles our instrument is capable of detecting. Since we have 

used only 100 san^les to create our statistics to estimate the correlation coefficients, the 

next logical question is how close those estimates are to the true correlation coefficient. If 

we define true correlation coefticients as ones obtained when the number of samples goes 

to infinity, then we can use several distributions which describe the estimation error versus 

the number of samples in order to determine the accuracy of our results. 

When we have sarrq)les drawn from two non-Gaussian distributions and each pair 

of sarrples is independent from any other, then for a large number of sarrples the two 

dimensional distribution of X and Y approaches the bivariate normal distribution, and thus 

the confidence interval on the Pearson correlation coefficient can be found using the 

following formulas [7]: 

Lower bound (LB): 

^ ^ _ ( l + /?)-(l-/?)exp[2^„,,/(^-3)^^^] 

{l + R) + {l-R)txp[2z,,,/in-3y"] 

Upper bound (UB): 
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_ (l-K/?)-(l-/?)exp[-2^^^/(;z-3)^^^] 

(l + /?) + (l-/?)exp[-22„/,/(Ai-3)^''] 
U B = ^ ^ ^ ^V^^FL ^ Z a / 2 ^ V̂* -"^ i .^ gs 

Now the confidence interval (CIN) is given by: 

CIN = UB - LB, 

where n is the number of samples (in our simulation n = 100), 

R is our estimate of the correlation coefficient taken from the table, 

I - a is the probability that the true value of the correlation coefficient is within the 

confidence interval UB - LB. The most often accepted value of 1 - a is 0.95 (95%) which 

we will use here is an empirical number that satisfies most experimental needs. 

2„^ is defined by the following formula: P ( Z< 2„^) = a/2 where P is the standard 

normal cumulative distribution, in our case ( 95% confidence ) a/2 = 0.025 7 =1.96 

and n = 100 R = 0.9987 for tiie case C7„ = 9.4 mV we have: 

the lower bound LB = 0.9980 (99.8%), 

die upper bound UB = 0.9911 (99.91%), 

confidence interval CIN = 0.0011 (0.11%). 

Using the formula for the average relative error, RE = 2 - 2K, we can say with a 95% 

confidence level that the true error lies between 0.4 and 0.18%. This is a remarkable 

result: if the average rms noise is 9.4 mV and the signal ranges from 0 to 4V then we can 

state with a 95% confidence that the relative statistical error is below 0.4%. 

3.3. Measurement Error Created bv a Non-Uniform Intensity of the Laser Beam 
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If the intensity of the laser beam were uniformly distributed in the cross section of 

the beam then the total amount of the light power (P) collected by the detector, and the 

corresponding electrical signal at the output of the detector would be directly 

proportional to the illuminated area (AR) of the particle (assuming all the reflected light 

reaches the detector). 

P= J Ids = / * area (arbitrary shaped facet) 

d a 

P= j J Idxdy = I * area = I {a-b){d-c)( in case of a rectangular facet) 
c b 

W 
Here I (—7-) is the intensity of the light in the cross section. However in our case the 

m 

intensity is not uniform and is a function of the location of the point on the illuminated 

surface. 

P= J / (x, y)dS =f( location of the facet) (arbitrary shaped facet) 
s 

d a 

P= \\I{x,y)dxdy = f{I,a,b,c,d) (in case of a rectangular facet) 
c b 

where/is some unknown function of the intensity and the position of the illuminated area 

inside the laser beam (the intensity distribution of the beam is known, but the position of 

the particle is not), ff we could find this function we could remove the measurement error 

introduced by the non-uniform intensity of the beam However, our goal here is not to 

find this. The reason for that is the following: this function wiU depend on the location of 

the illuminated particle facet (a,b,c,d; 4 variables in case of a rectangular surface). Our 
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detector is capable of registering the total amount of light scattered by the surface, and is 

not able to determine the position of the surface in the cross section. Fortunately, we 

know function I(x,y), the intensity distribution in the cross section of the beam so we can 

now calculate the error introduced by this function. Although it is impossible to get rid of 

this error (since the detector registers only the total amount of light it receives), it is 

possible to minimize this error by changing some parameters of I(x,y) or by introducing 

other techniques. As in the previous section we wiU use statistical methods to determine 

the error. First, we conduct a simulation of the detector performance when different 

particles cross the beam at various distances from its center. 

The intensity distribution in the cross section is known a priori to have a Gaussian 

profile: 

_ 2 _ 2 

I (x,y) = exp(2- i ^ ) 

where the beam's center is located at x = 0, y =0. 

In our case, o = G ̂  -^ y - ^ ^ A^ ' where S =2cr is the waist of the focus. 

The following formula describes the action of our photodetector: 

da _ 2 _ 2 

P = f f/exp(2 ^ " ^ )dxdy (3.9) 

u T lQAn\y , W ^ , 
where I = ^^:^^ ; ; ( ^ ) and 

j j exp(2 Y^)dxdy 

- » - ~ 2 2 2 

JJexp(2~-^ 7^ )dxdy= ^-^ =1131 m^ 
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w 
so I = 0.1131 — - gives the intensity in the center in the center of the laser beam. 

cm 

The analytical solution of equation (3.9) does not have a closed form solution, but can be 

expressed through the error function: 

P = KG' 
aJ2 b^ cVi d-J2 

[erf C^^ - erf {^^] [erf C ^ - erf (^i^)] 
2(7 2G 2G 2G 

(3.10) 

2 ' I f t 
where: erf = - = exp( )dt. (3.11) 

<n\ 2 

Since the total light power expressed by formula (3.10) is not a single valued 

function of the illuminated area: P = f(a,b,c,d) ^f((b-a)(c-d)) we cannot come up with a 

data processing algorithm that will completely remove the error, rather we will be 

adjusting parameters of the laser beam and using some optical techniques to minimize this 

error. First, we take a look at the correlation coefficient between the illuminated area of 

the particle and the amount of power collected by the detector under the following 

conditions: 

1. The diameters of the particles are uniformly distributed on the interval from 3 to 50 pm. 

2. The distances from the center of the particles to the center of the beam are uniformly 

distributed on the interval from 0 to 150;im, which models the situation when all the 

particles even partially illuminated by the beam are measured as if they were completely 

illuminated by the beam (the worst case). 

3. The size of the sample space is 100 samples. 
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The simulation yields a correlation coefficient K = 0.876 (87.6%). How close is 

this correlation coefficient obtained from a data set conposed of 100 sanples to the true 

one? To answer this questions we will use formulas (3.7) and (3.8) to find a 95% 

confidence interval for the correlation coefficient. To do so we make the same 

assumption: our samples are independent. Using the above mentioned formulas we find 

the lower and upper bounds to be k = 0.8240 (82.40%) and k = 0.9133 (91.33%) 

respectively. In most cases it is accepted that a correlation coefficient below 90% does not 

indicate a reliable linear relationship between two data sets. In our case it means that the 

error is significant and the particles cannot be measured accurately, since a 95% 

confidence interval extends significantly below 90%. To reduce the average measurement 

error and increase the correlation coefficient we use the following technique: another 

detector is added to the system The central part of the beam (50 fJm in diameter) is then 

projected on this detector (Figure 4.6). 

If a certain threshold value at the output of this detector is exceeded, the decision 

is made to accept the signal from the main detector, if not the signal from the main 

detector is rejected. This procedure insures that we do not have samples partially inside 

the beam In other words we reject particles that are partially inside the beam as unreliable 

data and count only those fully within the cross section. To evaluate the performance of 

this technique we will again resort to a simulation, and then we wiU use statistical theory 

to estimate how close the results of our simulation match the true parameters 

characterizing our system performance. Using again 100 samples of particles uniformly 

distributed in the range from 3 to 50 pm to simulate the real system we obtain the 
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correlation coefficient K = 0.9922 (99.22%). Formulas (3.7) and (3.8) give us the lower 

and upper bounds of a 95% confidence interval, for this case. The upper bound is UB = 

0.9948 (99.48%), the lower LB = 0.9884 (98.84%). As it can be seen even the lower 

bound of the confidence interval is significantly above 90%, which means that we can 

obtain reliable measurements using this technique. Since the correlation coefficient is close 

to unity we can use approximation (3.6) to find the average relative error (RE) as defined 

by expression (3.4) RE = 2 x (1 - 0.9922) = 0.0156 (1.56%), which is conparable but 

larger than the error introduced by the electrical components of the system (0.26%). 

Based on these two errors we can conclude that the dominant source of error is 

the non-uniform intensity of the laser beam as opposed to the error introduced by the 

power supply noise. 

3.4. Error Introduced bv Non-Spherical, Irregular Shapes of Particles 

As it has been shown in some earlier works [4], there is a unique relationship 

between the size of a spherical particle, and the amount of light it scatters within a 

particular solid angle. Unfortunately, this is not the case when particles are aspherical. 

Atmospheric dust mainly consists of particles that have jagged shapes, that can effectively 

be modeled by multi-faceted stereo figures. In the following simulations dust particles are 

modeled by geometric figures with unspecified number of facets. In other words any 

particle can have an arbitrary number of facets. However, we place some restrictions on 

the illuminated area seen by the detector. This area is dependent on the true size of the 

particle defined as: true size = volume^'^. The information about the size of the particle is 
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extracted from the electrical signal which is directly proportional to the illuminated area 

seen by the detector. For exanple, if the amount of light collected by the detector 

corresponds to the illuminated area of 4x10"'° m^, the system will calculate the size of 

the particle: size = -Jarea , which in this case will be 20 pm. The other restriction is that 

the detector can see only one facet at a time. For this to be true the particle should have a 

relatively small number of facets, so that facets do not lie at small angles to each other (if 

the number of facets is large then the particle can be reasonably approximated by 

spheroids). In this simulation the illuminated area seen by the detector is tied to the true 

size of the particle. However, the relationship between the true size of the particle and the 

size measured by the system (determined by the illuminated area seen by the detector) is 

not unique. In the simulation 1000 sarrples have been used. The true sizes are generated 

by the computer and uniformly distributed on the interval from 3 pm to 5 0 ^ and are 

known a priori. The illuminated area has a Gaussian distribution with the mean equal to 

the true size squared, and the standard deviation equal to 25% of the mean. So the 

illuminated area is a random function of the true sizes of particles. The physical meaning 

of 25% standard deviation can be explained using cuboid shaped particles as an example. 

If some variable has a Gaussian distribution 99% of its values lie within 4 standard 

deviations from its mean. If the volume of a cuboid is not changed then an increase in the 

area of one facet should lead to a decrease in the area of another. The ratio of the smallest 

area to the biggest on is called the aspect ratio as shown in Figure 3.10 
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20 m 

5m 

Aspect ratio 5m : 20m = 1 : 4 

Figure 3.10 
Only one facet is assumed to be seen by the detector, ff the 5m facet is seen the size is 

underestimated, if 20m facet - overestimated. 

In our case the aspect ratio is limited to 4(7 and called maximum aspect ratio. The 

cuboids exanple was used just to clarify the physical meaning of parameter G which 

characterizes the particles' shapes. The approach however is more general and is valid for 

more conplex shapes. In the following simulation, both the reflected and refracted light is 

taken into account. The Fresnel formulas were used to find the refracted and reflected 

light given the amplitude and the direction (angle between the incident ray and the normal 

to the surface plane of the particle) of the incident light. 

_ 2sini/Acos0 
^ sin(v/' + 0) cos(v^ - 0) 

2sinv/'cos0 , 
' sin(v/' + 0) ' 
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^ _ tan(0 - \if) ^^ 

' tan(v/' + 0) '' 

^ ^ ^ _ s i n ( 0 - v O ^ 

sin(v/' -f- 0) ' 

Where index/? denotes the components parallel to the scattering plane, 

index s denotes components perpendicular to the scattering plane, 

A is the amplitude of the incident ray 

D is the amplitude of the refracted ray 

R is the amplitude of the refleaed ray 

0 is the angle of the incident ray and 

V/' is the angle of the refracted ray. 

0 is known a priori, Xjf is found using Snell's law: 

sin0 _ /I2 
sinv^ Wj 

where n^ is the refractive index of the surrounding medium (assumed to be equal to 1), 

/I2 is the refractive index of the particle (assumed to be equal to 1.5 which is close to 

refractive indices of many quartz based particles). Diffiaction was accounted for using 

earlier results, mainly: 95% of the light hits the detector within a 1mm region. Since the 

diameter of oiu* objective is much greater than 1mm this effect is not significant, assuming 

the illuminated facet lies parallel (or at angles close to it) to the objective plane. However, 

this effect becomes significant at the critical angles when reflected light starts missing the 
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detector (in our setup 45° from the parallel position). According to geometrical optics aU 

the reflected light will be collected by the objective, if the reflecting facet is within 45° 

angle from the parallel position, and no light will hit the objective at angles greater than 

this. Due to diffiaction effects not all the light reflected from the illuminated surface 

reaches the objective. This effect becomes significant when the reflecting plane is at the 

angles close to 45° degrees (Figure 3.11). As it has been shown above this phenomenon 

plays a larger role for the smallest 3 pm particles then for bigger ones, and the objective 

starts collecting less than 95% of the energy (100% is when the diffiaction effects are not 

taken into account and all the reflected light hits the objective) at angles greater then 

36.5° or 8.5° from the critical angle. The opposite effect also takes place: the objective still 

collects light when the angle exceeds 45°, and according to geometrical optics no light 

should be seen by the objective. This effect is significant (the objective collects more than 

5% of the total reflected light) up to a 53.5° degrees angle, which is 8.5° in the geometric 

shadow. This effect is less pronounced for larger particles. For example, in case of 50 pm 

particles (using the same 95% power criterion) the effect will be significant at 45 + 0.5° 

as opposed to 45° ± 8.5° degrees in case of 3 pm particles. Figure 3.11 shows the effect 

of diffiaction. The particle plane (2) is positioned at a critical angle (3) to the objective 

plane (1). Due to diffiaction a significant amount of light deviates from angle (3) by 

angles (4) and (5). Light deviating at angle (5) is not sensed by the detector, whereas light 

deviating at angle (4) is sensed by the detector when the particle is in the geometrical 

shadow (cannot be seen according to geometrical optics). 
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Particle's Face t 

- Objective Plane 

Figure 3.11 
Diffraction effects on the amount of light reaching the detector. 

The simulation is performed in the following steps: 

1. 1000 random uniformly distributed true sizes are computed. 

2. A random Gaussian area factor is then introduced. 

3. Random angles at which the illuminated facets lie with respect to the objective plane 

are included. 

4. Refraction effects are introduced (Refracted light is assumed not to hit the detector. 

However, the amount of the refracted light is subtracted from the total light reaching 

the detector). 

5. Diffraction effects are included. 
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6. 8-column histograms of the true particle sizes and the sizes our system would have 

measured are built. 

7. The percentage of the measured sizes in the " wrong columns" is then confuted as 

well as the correlation coefficient of the true sizes and their measured values. 

The results are shown in Table 3.2: 

Table 3.2 
Particles' Irregular Shape Effects on the Accuracy of Measurement 

Standard Deviation Maximum Aspect Percentage of Correlation 

G% Ratio Particles in "the Coefficient % 

Wrong Column"% 

10 

15 

25 

35 

50 

1:1.96 

1:2.56 

1:4 

1:5.76 

1:9 

3.4 

6.8 

8 

11.6 

22 

99.3 

98.5 

95.9 

92.3 

85.1 

It should be noted that the Pearson correlation coefficient does not take into account 

compensation which takes place when one particle is overestimated and some other 

underestimated by the same value. The third column of Table 3.2 takes into account this 

phenomenon. Next we answer the question: how accurate is this results? To do so we 

apply formulas (3.7) and (3.8) to find a 95% confidence interval for the above correlation 

coefficient. For the 10% standard deviation case a 95% confidence interval is 0.17%, for 

the 50% case it is 3.4%; 95% confidence intervals for the rest of the case fall between 

these two values. As it has been stated earlier the performance of a measuring instrument 

42 



in general is considered reliable if the correlation coefficient of obtained readings and the 

real data is equal to or greater than 90%. Thus having taken into account asymmetrical 

shapes of atmospheric dust particles, refraction, and diffiaction (though some restrictions 

on the shape, size and refractive index have been placed) taking place during their 

interaction with the laser beam we can conclude that the obtained reading from our setup 

almost uniquely defines ( more than 90% correlation) the particles' sizes when irregular 

shapes of the particles are equivalent to more than 1:4 aspect ratios in cuboids. 

3.5 Theoretical Comparison of Our Svstem Performance with 
That of Malvern Instruments 

The most popular particle sizing instruments are now Malvern instruments. The 

basic principle of Malvern's measurements is based on diffiaction of coherent light by a 

spatial ensemble of particles. The diffiacted light is collected by a ring detector, which is 

capable of capturing the spatial distribution of light diffiacted within its aperture. From 

this distribution information about particle size distribution is extracted. Here we consider 

some numerical characteristics of the processes involved in Malvern's particle sizing and 

compare them with those of our system First of all, we will look at the detectors' 

performance: mainly the resolution versus the amount of light each ring detector is 

capable of collecting. 

The typical Malvern detector system consists of a semi ring detector with 32 

annular rings, an effective aperture of about 10 cm, and a focal length of the objective lens 

of 100 cm. A 10 mW HeNe laser with A = 632.8 nm usually serves as the hght source. 
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The conq)lex diffiaction anplitude in the far-field approximation is described by 

the Kirchhoff diffraction integral (3.12): 

\l/(d,(p)=^jje^'^e^'^'dxdy (3.12) 

where: A = cos(psm6 

B = sin^cos^ 

27r f\ 
A: = — ; A the wavelength of the light, XJ/Q is the oncoming light amplitude, S,R,d,(p 

A, 

are the surface, distance and angles in the spherical coordinates. Angle 6 is angle 1 of s 

Figure 3.12. 

Interaction region 

•X*I'XwIv>X''X'>X-Xv 

:5«ft?a:»>:?::. 

•x-:-x-:-:-:-x-x<:S>;:-.«-.-Maaa»i 

Laser 

9mm diameter beam Positive lens 

Ring detector 

Figure 3.12 
Malvern Principle of Operation. Angle 1 (^) Characterizes the Size of the Particles in the 

Interaction Region. 

Our goal is to find the amount of light received by each of 32 semi rings. 

In order to find it we integrate Y{d,(p) over the azimuth angles and find the intensity as: 

/(0) = k(^)r; 
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TtX 

if the argument 6 is changed to p = —sinO where x is the equivalent diameter of the 

particle, we have: 
2 ^ 4 Iip) = P'x 

2/,(p)"" (3.13) 

Where f^ (p ) is the first order Bessel function of the fu-st kind. 

To find the portion of the total scattered light collected by an individual semi ring, we 

integrate (3.13) over the angles 6 corresponding to the rings diameters: 

r̂  s / s i n 0 

s i n ^ s ^ 
/ 

where k denotes k-th ring, and/is the focal length of the objective lens (in our case 100 

cm). Thus, the portion of the total amount of the scattered light received by an individual 

detector is: 

cuur 

IAx) = l^ —. (3-14) 

0 ^ 

The two plots show the maximum portion of the total scattered light collected by 

k-th ring in case of 3 and 50 jum particles, respectively, k increases from the central to the 

outer region of the detector. 
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Figure 3.13: 
The portion of the total laser light power (%) collected by each annual photodetector, 

provided that aU laser light hits the particle. The diameter of the positive lens in front of 
the detector is 10 cm, its focal length 100 cm. The size of the particle is 3 pm. 
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Figure 3.14 
The portion of the total laser light power (%) collected by each annual photodetector in 

case of a 50 pm particle. All the parameters of the system are the same as of Figure 3.13. 

What is the maximum cumulative rms noise level that can be present at the output of a 

particular ring, so that the probability of the noise exceeding the signal is 10% or less? 

Starting with our earlier assurrq)tion of the noise having a Gaussian profile the probability 

PQ of noise being above the signal is: 

Po = J-7r=T^''P^ 
naS2KG 

X . , 1 1 ^ . V 2 A I 
—T-)dx = erf ( ) 
2CT' 2 2 2 

(3.15) 

where G is the rms noise voltage, ncris the voltage produced by the signal, erf is the 

error function defined in formula (3.11). To find the signal level that meets the 10% error 

requirement expression (3.15) should be equal to 0.1. Then we solve this equation for n. 

To satisfy this equation n should be equal to 1.282, which means that the signal should be 

1.282 times larger than the rms noise value. To find the required rms noise value, we first 
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find the minimum signal value from Figures (3.13) and (3.14), which is 0.00001% of the 

light source output optical power. Assuming the light source is a 10 mW output power 

HeNe laser, the light power collected by ring 27 in the case of a 5 0 ^ particle (Figure 

3.14) is 10"̂  W or 1 nW. A typical silicon PIN diode has a maximum responsivity at 

632.8, nm of 0.4 AIW, which in this case will produce a 0.4 nA current at the output of a 

PEN diode. There are two basic noise sources in a PIN photodiode: 

1. Quantum or shot noise resulting from the statistical nature of the production and 

collection of photoelectrons when an optical signal is incident on a photodetector. Its 

statistics follow a Poisson process. This type of noise is signal dependent and can be 

calculated using the following formula [5]: 

{il) = 2qI^B (3.16). 

Where q is the electron charge, Ip is the photocurrent and B is the electrical bandwidth of 

the receiver. For the above mentioned 0.4 nA photocurrent, and a receiver bandwidth of 1 

MHz, the shot noise is 0.0096 nA, which is significantiy less than the photocurrent. 

2. Bulk dark ciurent is caused by thermal generation of free electrons and holes at the pn 

junction otherwise depleted of carriers. 

3. Surface dark current is singly the leakage curtent. It is dependent on surface defects, 

cleanliness, bias voltage, and surface area. 

These last two types of noise are usually specified by the manufactiu-e and are equal to 0.3 

nA/l mm of the effective surface area for state-of-the-art PIN diodes[l 1]. The area of the 

27th semicircular ring is 80 mm^, which produces an rms noise around 24 nA, which is 
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significantly higher than the 0.4 nA output signal level at the same ring. This calculation is 

done under the assumption that all oncoming light from the source interacts with the 

particles. In practice however, only a small portion of the oncoming light interacts with 

particles, the rest is just a DC component that does not contain any information about the 

present in the beam particles. 

Measurements taken at a USDA research station showed typical concentrations of 

dust particles in a dusty room to be about 15 /x g/m^, which means that only about —^ of 

the total oncoming light will interact with particles. 

Malvern's disadvantages over our system are as follows: 

1. As claimed by the manufacture 100 to 10,000 particles need to simultaneously reside in 

a 9 mm laser beam to obtain an accurate measurement (2600 particle sizer user manual). 

In contrast, one particle size measurement is possible in our setup. If the concentration of 

the particles in the air is low, Malvern's measurements are impossible, whereas our setup 

measurements wiU be slowed down, but still possible. As it has been stated, only — - of 

the total oncoming light carries information about particle sizes (for our measiu-ed 

concentration) in Malvern's case. In the case of our setup the particles scatter light 

independent of their concentration in the volume. Low concentration of the particles will 

result in a large data acquisition time, as opposed to disabling the measurement. For 

example in the case of the above mentioned mass concentration and the size of the 

particles of XOpm the probability of the particle being detected by our system at any given 

moment is the probability that it enters the 50 pm diameter volume and is equal to 0.18%. 
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If the air is moving at a speed of about 1 nVs (2.24 mph) the system will be measuring 37 

particles per second. This number will grow linearly with an increase in the air movement 

velocity and as a cubic root of an increase in concentration of the particles. The time 

needed for measurement is determined by the time it takes for a certain number of 

particle events to occur and the accuracy we require for the inferred data distribution 

(which determines the number of samples we need) [7]. 

2. Intensity of the diffiacted light is very low (the intensity of the beam is 3600 times less 

than that of our setup, provided that the output optical power of the light source is the 

same). 

3. In Malvern's case the light source should be monochromatic, the accuracy of 

measurement is highly dependent on monochromacity of the light source. In case of our 

setup, the accuracy of measurement will not suffer significantly, if the light source is not 

monochromatic. This potentially allows us to use high power LDs instead of HeNe lasers 

currently used in Malvern instruments , which brings the bulk and cost of our setup down 

significantiy. 

4. Each of 32 semicircular detectors has its own electrical output channel which contains 

an operational amplifier, analog to digital converter and some other elements. Our system 

has only one output channel, thus reducing the cost of the equipment. 

5. The volume in which the particles are measured is not effectively optically isolated 

from the rest of the illuminated space where particles are not measured. This creates error, 

unless particles are mechanically restricted to the front focal plane of the lens. Our system 

optically isolates such a volume and decreases the ertor. 
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Advantages of Malvern particle sizers over our system include the following: 

1. Malvern particle sizers do not require a constant air flow. In our case a constant air 

flow is requked and the air velocity needs to be monitored constantiy to estimate the 

absolute concentration of the dust particles in the air. 
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CHAPTER rv 

EXPERIMENTS AND DISCUSSIONS. 

4.1 Description of the Experimental Setup. 

The experimental setup consists of a 10 mW output power HeNe laser 

(see Figure 4.5), a 632.8 nm wavelength light source, two TIED 59 avalanche 

photodiodes (7 and 8) with a maximum radiant responsivity of 20 AIW (according to the 

specification) at 900 nm and 7 AlW at 632.8 nm (measured in our setup) and with an 

active area diameter of 30 Mils (0.45 rmr^ area). Avalanche photodiodes (APDs) 

internally multiply the primary signal photocurrent before it enters the input circuitry of the 

following multiplier. Before using APDs in our system we conducted two experiments to 

find the maximum signal cortesponding to the largest particle our system is designed to 

measure and the minimum signal the APD's are capable of detecting (as limited by dark 

current, e.g., the current in the APD when no light hits its active area). In the first case, a 

100 pvci diameter optical fiber was placed in the focus of the laser beam. The 

measiu-ement was taken from a 100 ki2 resistor connected in series with the APD, using 

the HP 54603B digital oscilloscope with a IMQ input impedance. The following 

measurements were obtained. The average rms noise generated by the power supply alone 

is 9.403mV 
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Figure 4.1 
Noise generated by the power supply alone. 
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1 5 0 . 0 ^ -O.OOs 2 . 0 0 ^ / ^ 1 STOP 

VrmsCn=21.86mV VmaxCn=71.88mV 

Figure 4.2 
Noise generate by the whole system. 

The average rms noise generated by the APD, when the APD is connected to the power 

supply and no light is hitting its active area: 21.86 mV 
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Figure 4.3 
Signal generated by a piece of optical fiber in the interaction region. 

The signal that corresponds to the largest particle staying in the focus (interaction area of 

the laser beam) Vmax = 9.062 V 
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Figure 4.4 
A piece of optical fiber transiting the interaction region. 

The signal that corresponds to the largest particle transiting the interaction region of the 

laser beam: Vmax = 9.062V 

Figure 4.4 shows the optical fiber going in and out of the beam and then repeating the 

procedure in the opposite direction. It can be seen that these two signals are symmetrical, 

which is expected if the signal is not significantiy distorted by noise. 

The incident optical power (in the case of the largest signal) measured by the laser 

power meter (PM-950) was equal to lOjUU ,̂ the corresponding current from the APD 

was 90 pA. The radiant responsivity which is defined as the output light sensor current 

divided by the incident optical power in this case is R = 9 A/W. The maximum signal to 
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noise ratio defined as the maximum output signal value divided by the rms noise is 411 or 

52 dB. The rms signal to noise ratio defined as: signal's rms voltage divide by the rms 

noise voltage —^ = 40 or 32 dB. The signal's rms value was conputed assuming a 
n 

uniform distribution of the signal values and using the following formula: 

(j,=(j(x-p)^f{x)dxy 

where X^ ,A:„„ are the minimum and maximum values of the signal, respectively, p is 

the mean value of the signal and f(x) is its probability density function (PDF) (we assume a 

uniform PDF). 

Here we confute the rms noise value generated by the APD alone. Assuming that the 

noise generated by the power supply and the noise generated by the APD are independent 

from each other we can use the following formula: 

where O"̂^̂  ,Gpj,G, are rms noise value generated by the APD, the power supply and the 

total rms noise respectively. Plugging in our experimental data into these formulas we get 

rms voltage generated by the APD equal to 19.73 mV. Manufacturere's specifications for 

TIED59 avalanche photodiode claim dark current less than 32 nA at the wavelength 632.8 

nm, which in our setup should create a 3.2 mV rms noise value. The discrepancy can be 

explained by a very low level stray light hitting the APD or the APD deviation from the 

manufacture's specifications.. 

57 



Our APD's have their breakdown voltages at 160 V and 154 V, respectively (the 

parameters measured in our setup). We operate the APDs at 153 V, which means they are 

7 and 1 volt below their respective breakdown voltages. The above measurements of the 

rms noise and the output signal generated by the optical fiber transiting the laser beam 

were taken from the APD with 160 V breakdown voltage under 153 V applied voltage. A 

beam splitter (6) is placed inside the imaging system (5) which consists of a micro 

objective with a focal length of 3 mm and two positive lenses with focal lengths of 3cm. A 

focusing system (3) is placed in the path of the laser beam (2). 

Beam ^ 
Splitter o 

Imaging 5 
system 

Measuring 
Detector 

Interaction 
region 

Microobjective Laser 
Beam 

Control 
Detector 

Laser 

Figure 4.5 
The block diagram of the experimental setup. 

With this focusing system (3) the laser beam (2) with CT = 0.8 mm (the manufacture's 

specifications) is focused in the focal plane (4) so that in the focal plane G = 15 pm. This 
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150 jUm diameter region is put in the focus of the imaging system (5). This technique 

effectively isolates a 150 ^/mdiameter volume where particles are to be measured. The 

active area of photodetector 8 receives the image of the entire 150 pm interaction area, 

whereas photodetector 7 is put in the beam so (sometimes we use an iris for the same 

purpose) that only the central 1/3 of the beam reaches its active area. Thus only the central 

50 pm of the interactive area is imaged on this detector. This is done to reject responses 

caused by particles partially outside the beam, and thus reduce the overall error of 

measurement (See Chapter III for quantitative details.) Figure 4.6 illustrates it. 

a) 
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B) 

1. Inner area of the laser beam 

2. Outer area of the laser beam. 

3. Particle being measured. 

Figure 4.6 
Illustration of the partial illumination rejection technique. 

The central 50 pm area 1 is projected onto the active area of the control detector 8. 

Both the central (1) and outer area (2) are projected to the measuring detector (7). The 

role of the control detector is to enable measurement when there is a particle in the central 

area. When a particle is only partially inside the beam as shown in figure 4.6a, there is 

nothing in the central area and the control detector disables measurement, when the 

particle is at least partially seen by the central detector (Figure 4.6b), it is fully seen by the 
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measuring detector, provided that the mean particle diameter is equal to or less than 

50 pm. In the case where the particle is so big that a part of it gets into the central area 

and triggers the control detector to start measurement, yet a part of the particle is still 

outside the outer area, our system will decide that the particle is bigger than 50 pm, since 

this system is designed to size particles only up to 50 pm. To increase the efficiency of the 

system, e.g. to increase the signal to noise ratio at the output of the measuring detector 

(7), the beam splitter is positioned in such a way that approximately 70% of the total input 

light impinges on detector (7), whereas only 30% is reflected to the control detector (8). 

To insure the required sensitivity of the control channel, e.g., to make their output 

voltages the same even though the control detector receives less than half the optical 

power incident on the measuring detector, the APD with 154 V breakdown voltage is 

used as the control detector. Being 6 V closer to its breakdown voltage then the 

measuring detector, the control detector is more sensitive to the incident light power. The 

drawback of being only 1 V below the breakdown voltage is that its rms noise is 345mV 

corrpared to the 22 mV rms noise at the output of the other APD. The output of the 

measuring detector is connected to CA3318 analog to digital converter (a/d) through the 

LT1366 and AD 826 operational amplifiers (see Appendix C for details). The LT 1366 is a 

rail-to-rail operational amplifier that is configured as a voltage follower, and also serves 

to protect the a/d from input voltages higher than 5 V (input voltages of more than 5 V 

can lead to permanent damage of the a/d). The AD 826 can drive unlimited capacitive 

loads according to its manufacturers' specifications and therefore was chosen to provide 

the input for the a/d. The output data bus from the a/d is connected to the CD74HCT574 
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latch which interfaces the a/d with the DS80C320 microcontroller, which is a higher speed 

version of the widely used Intel 8051 microcontrollers. The microcontroller, when it is 

ready to read data from the latch, sends a signal to the latch (see Appendix B for a listing 

of the assembler program used for the microcontroller). Upon reading the data the 

microcontroller sends the signal to unlatch the data and proceeds to output data to its port 

1, which is connected to the parallel port of the PC (data register, pins 2 through 9 of a 25 

pin connector). Then the microcontroller sends a signal to one of the pins of the status 

register (pin 10, bit 6 of the parallel port status register) telling the PC that the data is 

available. The PC, upon receiving this signal, reads the data from its parallel port data 

register and confirms that it has read the data by sending a signal to the microcontroller 

using one of the pins of the parallel port control register (pin 16, bit 2 of the control 

register) (see Appendix A for the C++ program that services this process). Then the 

process repeats itself. With this bi-directional communications protocol we were able to 

go down to 4 data samples received in error for each 100,000 samples received by the 

computer, at a rate of 170,000 samples per second. 

The output of the control detector is connected to an LM339 comparator. The 

output of the con^arator is directly connected to one of the pins of the parallel port status 

register (pin 13, bit 4 of the status register). When the output of the control photodetector 

is below a certain threshold voltage the output of the comparator is in its high state, which 

tells the computer to ignore the data received from the microcontroller. When the 

threshold voltage is exceeded (some object inside the inner 50 pm starts scattering light). 
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the output of the corrq)arator goes into the low state, which tells the computer to start 

processing the data received from the microcotroller. 

The PC ascertains the peaks of the pulses received from the microcontroller until 

the output of the comparator goes high again, which means that the particle has left the 

central 50 pm region. This maximum (pulse peak detection) value is then processed by the 

computer as the measured size of the particle. The process repeats itself until a histogram 

of these values is obtained (in our experiments the histogram is built upon receiving 100 

maximum values). 

4.2 Results and Discussions 

One of the problems we have encountered working on this project was calibration 

of oiu- system. The most common method of calibrating an instrument is to place 

something that we know a priori at the input of the system, obtain the reading from the 

output, then adjust the parameters of the system so that the reading obtained from the 

output is as close as possible to the input data. Following this method in our case we 

should put individual particles ranging in sizes from 3 to 50 pm and then adjust the 

parameters of our system such as: the values of the resistors connected in series with the 

APD's and the reference voltage at the analog to digital converter (the same input voltage 

can correspond to different numbers at the a/d's output under different reference 

voltages). Also it is possible to adjust readings by changing the C++ program used to 

process the data. Since it was inpossible to come up with individual certified size 

microscopic particles, we decided on the following two methods. 
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The first method has been used throughout the project and was based on placing a 

piece of 125 pm diameter optical fiber inside the focused laser beam Although the fiber 

was 125 pm only in two dimensions (in Cartesian coordinates) and on the order of several 

centinreters in the third, the phodetector saw only a 150 x 150 x 150 pm volume, and this 

satisfactory simulated a 125 x 125 x 150 ẑm particle. Next we moved the active surface of 

the measiuing photodetector slightly out of focus, so that only approximately a 1/3 of the 

oncoming light cross section was impinging on the detector. This configuration was 

equivalent to a 50 pm particle seen by the detector. The rest of the light was missing the 

active area of the APD. Then the parameters of the system were adjusted so that this 

signal corresponded to numbers close to 255 at the output of the a/d (255 is the number 

corresponding to the maximum input signal of an 8 bit resolution a/d such as the CA3318 

employed in our system). 

The second method was a statistical approach: two samples of Arizona road dust 

were ordered from Powder Technology Inc., a Minnesota-based company. The 

distributions of dust in these two sanples were provided in the papers that arrived with the 

samples, ff the discrepancy between the distribution provided by the corr^any and 

measiu-ed by oiu" system had been large, the parameters of the system would have been 

adjusted again to achieve the desired distribution and the second sanple would have been 

used to evaluate the system performance. 

Fortunately, having applied the first calibration method we obtained satisfactory 

results from the first san^le, thus leaving an opportunity to use both samples to evaluate 

our system's performance. 
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Both samples had the same chemical composition. According to the specifications 

sent by the company, 68-76% of the dust was ^/O^, 10-15% was A/2O3 and a small 

percentage was composed of various metal oxides. 

The first sample was labeled " nominal 0-40 microns Arizona road dust " and 

contained 500 g of the dust particles with the size distribution shown in Figure 4.6. 
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Figure 4.7 
0-40 micron particle size distribution provided by Power Technology. 

The second sanple was labeled " nominal 0-20 microns Arizona road dust " and 

contained 500 g of the dust particles with the size distribution shown in the following 

table: 
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Table 4.1 
Size distribution of 0-20 ̂ /w particles provided by the Powder Technology 

size range pm 0 - 5 5 - 10 10 - 20 20 - 40 

percentage of the particles in the range 34.05 38.57 26.64 0.74 

inTnr- ——~^'~" 

During the experiments, the samples were taken from the jar containing the dust 

with a pipette and emptied several centimeters above the interaction region. Particles 

were crossing the beam due to gravity. The results of the experiments involving 

0 -40 pm nominal particle size samples are presented in Table 4.2 
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Table 4.2 
Size distribution oi 0-40 pm particles measured by our system 

# of exp. ~ l 11-19 19-27 27-35 35-43 43-49 larger 

pm pm pm pm pm pm than 49 
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The results of the experiments involving 0 - 20 pm nominal size particles, 

conducted under the same conditions as for the 0 - 40 pm nominal particle size samples, 

are presented in Table 4.3. 

Table 4.3 
Size distribution of 0-2O pm particles measured by our system 
# of exp. 3-11 

pm 
11-19 
pm 

19-27 
pm 

27-35 
pm 

35-43 
pm 

43-49 
pm 
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S Series 1 

3-11 11-19 19-27 27-35 35-43 43-49 larger 49 
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Figure 4.8 
Histograms of 0-40 pm particles (upper plot) and 

0-20 pm particles (lower plot). 

The histograms of Figure 4.8 were created by averaging the number of particles in 

each column of Tables 4.2 and 4.3 and then normalizing it. This process is equivalent to 

building a histogram based on 2,000 samples, because we ran 20 experiments and used 

100 samples in each of them. 

As one may see, these two sets of distributions are clearly distinguishable not only 

in the case of 2,000 particles measured (histograms of Figure 4.8), but also in each case of 

100 particles measured (each row of Table 4.2 is clearly distinguishable from any row of 

Table 4.3), e.g., our system was able to distinguish between two samples of particles 

ranging in sizes from 0 to 40 pm and from 0 to 20 pm respectively having measured only 
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100 particles. In spite of that, there are some discrepancies between the distributions 

specified by the company and the distributions measured in our setup, mainly in case of 0 

to 20 pm particles. The specification points out that there should be only around 0.74% 

of the particles ranging in sizes from 20 io 40 pm, whereas our setup showed a significant 

number of particles (around 10%) in the 19 - 27;i/w range. Secondly we had sporadic 

appearances of particles in the 27 - 49 pm range. If the distribution provided by the 

company is accurate, these discrepancies may be explained by the following factors: 

1. Presence of some moisture in the jars containing samples may have caused some small 

particles to stick to each other, thus creating bigger particles. 

2. Two or more particles appearing in the 150 pm volume when there was at least one 

particle inside the central 50 pm region. 

3. Electrical spikes in our system could have resulted in the same reading. This is the 

most unlikely cause of error, since with the rms noise of 22 mV we have to have a 

spike with the amplitude of more than 1.46 V to cause the computer to interpret it as a 

27 pm or larger particle, which is unlikely but possible. 

Variations of the data in different rows of both tables is probably due to the actual 

variation in size distributions in different samples, since each of the rows was built using 

only 100 particles. 

During our experiments it has also been visually observed that a certain portion of 

the particles transiting the laser beam scatter a maximum of light at random angles, 

proving the faceted particle model valid at least for some particles (spherical particles 
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always scatter maximum of light in the forward direction and always the distribution of 

light intensity is described by the Airy pattern (3.13), the size of the particle being a 

parameter of this function.) 
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CHAPTER V 

CONCLUSION 

The main objective of this work was to explore alternatives to the currently widely 

used diffraction based approach for measuring particles in the several to several dozen 

pm range. A light scattering approach, e.g., the approach based on the assumption that 

bigger particles scatter larger amounts of light, has been found to be a good alternative to 

the diffraction based measurements. A new technique has been developed and tested that 

effectively optically isolates the volume where the measurements are taking place, making 

it possible to measure dust particles completely unobtrusively without use of any 

mechanical devices to bring particles into the volume where they are measured. (The error 

induced by the extinction of the optical beam outside the interaction region in a very dense 

dust environment is several magnitudes smaller than the magnitude of an optical signal 

generated by a single particle in the interaction region.) The biggest advantage of the new 

method is the elimination of erroneous measurements due to the particles only partially 

illuminated by the beam, which possibly could have been a reason why particle counting 

based devices were not as widely used as ones based on diffraction. Along with creating a 

new device which incorporated our new measuring techniques, a new theoretical model 

was proposed to explain some phenomena encountered in measuring irregular shaped 

microscopic particles with well pronounced faceted structure, whereas models 

approximating particles by spheres cannot describe particles interacting with light 

adequately. Our model extensively uses the well developed mathematical theory of Fourier 
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optics and based on three phenomena taking place during a microscopic particle's 

interaction with light: refraction, reflection, and diffraction. Although it was impossible to 

quantitatively check this model during our experiments, one of the phenomena (maximum 

light scattering at random angles that cannot be approximated by the Airy pattern which is 

observed in the case of spherical particles) that is consistent with this model, but cannot be 

explained within spherical models was visually observed during our experiments. 
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APPENDIX A 

THE C++ PROGRAM THAT INTERFACES THE PC WITH THE 

MICROCONTROLLER 

#include <stdio.h> 
#include<iostream.h> 
#include<conio.h> 
#include <dos.h> 
#include<stdlib.h> 
#include<math.h> 

void mainO { 
//{ FILE *st; 

long unsigned int sum=0; 
unsigned int base_addr, 

def_cnti. 
1, 
b, 
data[3000], 
hist[10], 
data_stat,data_rec, 
num_samples, 
max, 
d, 
dl=0, 
element=99, 
j=o, 
a=0, 
flagl=0, 
al=0, 
a2=0, 
a3=0; 

float k=l, 
kl=0, 
v=0, 
size[3000]; 

char c, 
temp,filename[60]; 
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data_stat=0x7f; 
data_rec=0x24; 

base_addr=0x0378; 
def_cnti=inportb(base_addr+2); 
outportb(base_addr+2,0x20); //configure data reg to input mode 
printf("Starting...\n\n\n"); 

cout«"enter file name "; 
cin»filename; 
//st=fopen(filename,"wb"); 
//if (st == NULL) 
//{ 
// printf("\ncannot open the file \n"); 
// exit(l); 
//} 
cout«endl«"enter #data samples:"; 
cin»num_samples; 
cout«endl; 
max=num_samples/1000; 

for(int i=0;i<3000;i++) 
{ 

data[i]=0; 
size[i]=0.0; 

} 
for(i=0;i<ll;i++) 

hist[i]=0; 
//for(int i=0;;i++) 
//{ 

for(;;) 
{ ff(kbhit()!=0){a=l;break;} 

while((inportb(base_addr+l)&80)!=64); //waits for proper data 

d=inportb(base_addr); 
outportb(base_addr+2,data_rec); //send 'received' to uC by 
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if (d>dl) dl=d; // seeks the maximum value 
flagl=l; 

ff ((flagl==l) && ((mportb(base_addr+l)&16)=16)) // checks for the data to 
{ // be below the threshold 

data[j]=dl; 

flag 1=0; 
ff(j%10=0) 
printf("%d\t%d\n",j,dl); 
dl=0; 

} 
ff (j=element+l) 
{ 
for (int j 1 =0;j 1 <(element+l);j 1 ++) 
{ 
sizelj l]=(sqrt(data[j l]))/(sqrt(255.0))*50.0; 
if ((size[jl]>=3) && (size[jl]<l 1)) 
hist[0]=hist[0]+l; 
else ff ((sizeUl]>=ll) && (size[jl]<19)) 
hist[l]=hist[l]+l; 
else ff ((sizelj 1]>=19) && (sizelj 1]<27)) 
hist[2]=hist[2]+l; 
else tf ((sizelj 1]>=27) && (size[jl]<35)) 
hist[3]=hist[3]+l; 
else ff ((sizelj 1]>=35) && (sizelj 1]<43)) 
hist[4]=hist[4]+l; 
else ff ((sizelj 1]>=43) && (sizelj 1]<49)) 
hist[5]=hist[5]+l; 
else if (sizelj 1]>=49) 
hist[6]=hist[6]+l; 
else hist[7]=0; 

for (int jl=0;jl<(element+l)/5;jl++) 

{ 
for(intj2=0;j2<5;j2++) 
{ size[j2+j 1 *5]=(sqrt(data[j2+j 1 *5]))/(sqrt(231.0))*50.0; 

printf("%f\t",size|j2+jl*5]); 
data|j2+jl*5]=0; 
sizeij2+jl*5]=0; 

} 
cout«"between 3 and 11 microns: "«hist[0]«"\n"; 
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cout«"between 11 and 19 microns: "«hist[l]«"\n" 
cout«"between 19 and 27 microns: "«hist[2]«"\n" 
cout«"between 27 and 35 microns: "«hist[3]«"\n" 
cout«"between 35 and 43 microns: "«hist[4]«"\n" 
cout«"between 43 and 49 microns: "«hist[5]«"\n" 
cout«"larger than 49 microns: "«hist[6]«"\n"; 
for (inti=0;i<10;i++) 
hist[i]=0; 

printf("\n"); 
j=0; 

getchO; 
}} 

ff(a) exit(l); 

outportb(base_addr+2,def_cnti&0xfb); 
//fclose (st); 
printf("endW\n\n"); 

} 
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APPENDIX B 

THE ASSEMBLER 8051 PROGRAM THAT INTERFACES THE 

MICROCOTROLLER WITH THE DATA ACQUISmON BOARD 

;this program uses 2 way hand shaking to send 
;data to the PC. P3.3 is tied to control line 
;2(pin 16) and P3.6 is tied to status line 6(pin 10) 
;of the parallel port 

dly: 
main: 

rdy: 

#include "wind.h" 
.org OOOOh 
cfr P3.6 
cfr P3.4 
movrl,#Offti 
mov r2, *02h 
djnzrl,dly 
setb P3.4 

setb P3.6 
jnb P3.3, rdy 

clr P3.4 
clr P3.6 
Ijnpmain 
.end 

;latch data 
;set PC status bit 
;wait for cntrl line(pc has received) 
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APPENDDC C 

DATA ACQUISITION BOARD 

fiomfiC' 

-o 
sac 
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