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CHAPTER I 

INTRODUCTION 

During the last several decades, research in microscopic particle size determination 

has been a subject of rapid growth and development. It is hard to over stress the 

importance of being able to measure particles as small as several microns and even smaller. 

In industry, particle sizing is used to determine sizes of the particles ejected into the 

atmosphere as a by-product of some process [20]. The automobile and aircraft industries 

are concerned with fuel droplet sizes injected into the combustion chamber [19] of car or 

aircraft engines to ensure fuel economy and efficiency of the engines. In atmospheric 

physics [20] knowledge of the water droplet sizes in the clouds may help to investigate the 

formation of a cloud and predict its ability to deliver rain. There are also many health 

issues associated with the presence of small particles in the air. Recent research has 

shown that so caUed PM 10 particles (particles wkh diameters less or equal to 10 |Lim) may 

cause or aggravate such diseases as asthma [16] and may influence development of many 

others. In some areas (such as West Texas) having a dry climate and constant high winds 

generating very thick dust storms, soil erosion creates a big problem for the agriculture 

sector. Ability to measure dust concentrations and particle size distributions during such 

storms, especially at different heights above the ground, may lead to a better 

understanding of the mechanism of dust storm generation and may help to predict them in 

the future. 



Over the years different techniques and instmments were developed to obtain 

information about particle sizes and distributions. One of the oldest and simplest methods 

for determining microscopic particle size distributions is mechanical sieving. It is best 

suked for larger particles ranging from hundreds of microns to several mUlimeters [17]. If 

we try to go for smaller sizes, then the quality of the fiher's mesh begins to play an 

important role, which increases the cost of the instmment. A new sieving system was 

suggested by Gilson Co., Inc. that can measure particles as smaU as 20 [xm [17] but k is 

prone to the errors induced by the presence of elongated particles (particles that have 

aspect ratio much higher that unity). This problem will be addressed later in Chapter 111. 

Along with sieving, other mechanical methods were developed such as the Andreason 

pipet, Cahn segmentation analysis, and centrifugal particle sizing [17, 18]. The major 

drawback of all of these methods that they require sample preparation. They are classified 

as intmsive methods, i.e., the sample has to be taken out of its environment and put into 

the instmment, which may disturb the natural balance that existed in the sample before. 

Also, such methods are time consuming and require human supervision. 

Another method that also requires human intervention, but is considered as one of 

the most accurate, is microscopic particle sizing [15, 17]. A sample of particles is 

compared using either an optical or electron scanning microscope equipped with a 

calibration mler to determine their sizes. Such measurements may be done with high 

accuracy (half of the smallest unit on the mler) but they require an even higher degree of 

sample preparation and human involvement. 



An advancement in the optical particle sizing instmmentation occurred with the 

development of stable coherent light sources (lasers). Optical methods generally do not 

require any special sample preparation and may be intmsive or non-intmsive. 

In general, most of the methods may be classified by the number of particles 

measured simultaneously into two categories: 

1. Counting methods, which are usually concerned with measuring one particle at a time 

and 

2. Ensemble methods, which perform measurements on an ensemble of many particles 

and then extract the required information. 

Another way to classify the particle sizing instmments is by the physics of the 

process they are relying on: laser diffraction or imaging. Imaging methods rely on the 

relationship between the amount of light blocked or back scattered by the particle, and the 

size of that particle. The laser diffraction or forward scattering technique is based on 

Fraunhofer diffraction theory and Mie scattering theory. 

Mie theory states that spherical particles with sizes comparable to the wavelength 

of the illuminating light or smaller scatter light in all directions. It takes into account the 

shape of the particle, its index of refraction as well as index of refraction of the medium in 

calculating the intensity variation behind the particle. For particles several times larger 

than the wavelength, Fraunhofer diffraction theory gives a good approximation of the 

scattered intensity field in the near forward direction. In general, the Mie theory is 

complicated and very computationally intensive. That is why most instmments employing 



laser diffraction wkh measurement ranges above 5|j,m make use of Fraunhofer 

approximations. 

Here we will not describe every method and every instmment available on the 

market for particle sizing. Rather we will just mention some of the most common 

instmments with their basic principles of operation. 

The simplest approach is cahed "light-blocking," which may be classified as a 

counting and imaging approach. Its advantages include simplicity of the setup and a direct 

correlation between the surface area of the particle and the amount of blocked light. A 

major disadvantage is to ensure that there is only one particle at a time in the beam (or 

effective interaction volume). Also the optical sensor has to have a large dynamic range in 

order to detect slight variations of light about the high plateau of the DC light intensity. 

The forward Scattering Spectrometer Probe (FSSP) by Particle Measuring 

Systems uses a method similar to the light blocking configuration but employs laser 

diffraction. This approach is described in Chapter III of this work. 

Probably the most popular instmment combining laser diffraction and ensemble 

averaging is the particle sizer developed by Malvern Instmments [15]. The general 

principles of this approach will be described in Chapters III and IV. 

Other approaches include back scattering measurements, where the size of the 

particle is determined by the amount of light it scatters back into the measuring detector 

[3, 9] (also described Chapter V); and time of flight measurements, where the velocities of 

accelerated particles are measured and the size is derived from that data (heavier particles 

move slower) [15]. 



The primary subject of this research was to develop new inexpensive techniques 

and instmmentation for determining particle size distributions. After several laboratory 

experiments, we chose to concentrate on two approaches: ensemble averaging (performs 

measurements on an ensemble of particles) and back scattering (performs measurements 

on a single particle at a time). 

A novel technique enabling us to effective optically isolate the interaction volume 

and to eliminate the problem of "partial illumination" was developed for our back 

scattering instmment, thus increasing the dynamic range and accuracy of the 

measurements (see [3], [9], and Chapter V of this thesis). 

A new detector geometry was developed for the laser diffraction approach 

allowing us to increase both sensitivity of the measurements and the signal-to-noise ratio. 

This configuration also permits adjustments of the detector parameters depending on the 

particular task and measuring volume. 

This thesis consists of six Chapters. Chapter II develops the mathematical 

foundation necessary to describe the light interaction with the particles. It also presents 

the inversion formulas used to extract particle size distributions from the near-forward 

spatial intensity distribution in the far field generated by those particles. Chapter III 

explains the basic principles of the forward scattering techniques and introduces a new 

configuration for the detector. A detailed description of the particle sizing instmment and 

experimental resuhs obtained with this instmment are presented in Chapter IV. Chapter V 

proposes possible modifications to another particle sizer employing the back scattering 

approach that was developed earher as a part of this research project [3, 9]. Also k briefly 



describes an earlier occlusion meter that we designed and constmcted that employed 

simple light blocking measurements. Chapter VI summarizes the main results of this 

work and suggests some of the possible ways to improve the existing configurations. 



CHAPTER II 

MATHEMATICAL BACKGROUND FOR FORWARD SCATTERING 

For a long time, the mystery of light has occupied the minds of people. A great 

number of theories were developed trying to describe this phenomenon. But it wasn't 

until the 1860's that MaxweU summarized some of the existing theories and described 

light as an electromagnetic wave. The famous equations now known as Maxwell's 

equations were an enormous step forward in understanding the nature of light and its 

propagation properties . Knowing the initial spatial distribution of a field allows us to 

ascertain the distribution of the EM field at an arbkrary point in space. 

It is not our goal here to present the detailed solutions for the MaxweU's 

equations. We will show only the highlights of the derivation of the equation for a 

traveling plane wave, as well as the diffraction integral as an important step in calculating 

the intensity distribution in the far field. Then we wUl introduce the inversion formula that 

enables us to extract particle size distributions from the obtained scattered spatial intensity 

distribution. 

2.1. Wave Equation 

In general form Maxwell's equations are described by (2.1): 



— ^ D -
V X H = + J 

^ t 

^ ^ ^ B" 
V x ^ = - ^ ^ , (2.1) 

V • D = p 

V • B~ = 0 

where H and £ are the magnetic and electric field intensity vectors. Assuming that the 

wave propagates in a linear isotropic nonmagnetic media with no free charges present, 

equations (2.1) simplify to: 

V X H = £ 

(2.2) 
— d H 

V X E = -Mo-J^ 

V • £ ~ = 0 
, (2.3) 

V - p,H = 0 

where 8 is the dielectric permittivity of the media and |LIO is the magnetic permeabUity of 

vacuum. 

To find the wave equation we apply the V x operation to the both sides of the 

equation for E in (2.2): 

_ d(V X H) 
V X (V X E) = - ^^-^-J^ -• (24) 

Substituting the top equation in (2.2) into (2.4) we obtain: 

— d ^ ~ 
y x ( V x E ) = - p , £ - j p - . (2.5) 

Now we need to make use of vector identity (2.6) in the Cartesian coordinates, 
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V x ( V x F ) = V - ( V - F ) - V ' - F (2.6) 

which transforms (2.5) into 

V . ( V • ; r ) - V ^ • " = - / / „ ^ . ^ j | - . (2.7) 

After performing simple vector analysis manipulations and placing flirther restrictions on 

the medium such that 8 does not have any spatial dependence and the medium itself is non-

^ - ^ ' E 
dispersive we have V • E = p^e ——— , which can be rewritten as 

where n - \ is the index of refraction of the medium, 8o is the permittivity of 
^ 0 

vacuum, and c ^ - is the speed of hght in a vacuum. 

We have obtained a very important equation which is known as the wave equation 

in vector form (2.8). By the same token the equation for the magnetic field can be 

derived. It will look exactly the same as (2.8) except we need to substitute vector E for 

vector H. 

Usually in the scalar diffraction theory we are more concerned with the solution to 

the scalar wave equation [1, 5, 7]. This comes about from the fact that waves in free 



space propagate in a manner that is completely independent of polarization. It is very 

common to rewrite (2.8) in the scalar form as 

n'' d ^ E 

The solution for (2.9) in general form, for a monochromatic wave in the absence of 

any free charge can be expressed in cosine form [1, 5, 7] as: 

u ( x , y , z , t ) = A(x,y,z)cos[f t^t + ^ ( x , y , z ) ] , (2.10) 

which may be expressed in the complex phasor notation as 

u(x,y,z,t) = Re{U(x,y,z)Gxp(-ja)t)}, (2.11) 

where 

U(x,y ,z) = A(x ,y , z )exp{- j^ (x ,y , z )} (2.12) 

describes the time-independent complex amplitude of the wave and it can be easily shown 

that it satisfies the Helmholtz equation. 

Under particular boundary conditions, the solution of the (2.9) may take the 

form of the plane wave u(r, t) = A cos((Ot -k -r) , or 

u(r,t) = U(r)exp(-jcot) = UQ exp(jk •r)exp(-jcDt). (2.13) 

If we drop the time dependence, then the complex amplitude of the plane wave will be 

described by (2.14) 

U ( r ) = U o e x p ( j k - r ) = Uoexp[j(k,x-Hkyy-Kk,z)] (2.14) 

10 



where r is a vector and k = k^x + k^v + kz is a wave vector which determines direction 

— 2 TT 
of the propagation, k = —— , and (x, y, z) are the unit vectors in Cartesian space. 

A 

2.2. The Fresnel and Fraunhofer Diffraction Integrals 

Let us imagine that we have a complex field U(x, y; z) traveling nominally in the z 

direction. In the plane z = 0 this field is described as U(x, y; 0) and its two-dimensional 

spatial Fourier transform as A(fx , fy; 0). The inverse Fourier transform is described as: 

CX) x 

U(x,y;z= 0)= j j A(f,,f^;0)exp[j2;r(f,x+f^y)]df,df,. (2.15) 
— 0 0 - 0 0 

One of the main properties of the Fourier transform is that it aUows decomposition of a 

complicated function into a set of simpler flmctions. This means that U(x, y; 0) can be 

treated as a superposition of the elementary plane waves: dU = [ A (..)dfxdfy]x exp[j27r(fxX 

+ fyy)]. If we compare these elementary plane waves to the equation of the plane wave 

(2.14) we will notice that they are almost identical ( kx = 27rfx, ky = 27cfy, kz = 27ifz ). 

Let us define a = cos( A ), P = cos ( B ), and y = cos ( F ). a, P, and y are called 

direction cosines of the vector k (Fig 2.1). After simple manipulations we obtain 

11 
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£ 

Figure 2.1 

Wave vector k with angles A, B,and F. 

a = >.fx,p = >.fy,Y = >.fz =Xyl\ -a - p (direction cosines are related to each other 

through a^ + p^ + ŷ  = 1). This enables us to rewrite (2.14) with appropriate variable 

substitutions as U(x ,y ,z ) = UQ exp[jk(«x + /^y + 7z)],or 

U(x ,y ;z ) = Uo exp[ jk(ax + fy)]exp(}kz^J\ - a^ - j3^). (2.16) 

Equation (2.16) describes the plane wave traveling in the direction determined by the 

1 - (Af^) - (y^fy) ] from 

(2.16) is often referred to as the propagator term [1,2]. Also h can be treated as a 

transfer function of free space [2]. In that case, in order to find the amphtude distribution 

of the plane wave at the distance z, we only need to multiply the angular spectmm of the 

initial field at z = 0 by the propagator term P(..;z). [The angular spectmm will be 

12 



a a' 
discussed shortly]. Using the binomial expansion [ Vl + a « 1 + — - —...] and limiting 

2 o 

ourselves to the first two terms (assuming that a « 1) we may rewrite the propagator 

term as: 
kz/l^ 

P(f,,fy;z) = exp(jkz)exp[-j-^(f,^ + f;')] = exp(jkz)exp[-jTrXT^fl ^f^)]. 

(2.17) 

Now we need to come back to equation (2.15) and perform the same variable 

substitution as in (2.16): 

U(x,y;z = 0)= j J A ( | , | ; 0 ) e x p [ j 2 ; r ( j x + | y ) ] d ( j ] d ( | ] . (2.18) 
— 00—00 

~ a p 
In this expression flinction A(—,—:0) is referred to as the angular plane wave spectmm 

(APWS) of U(x, y; 0) and it may be found by taking the forward Fourier transform (FT) 

of the initial field with the appropriate substitutions shown above: 

A (fx, fy; 0) = F { U(x, y; 0) }. Here F{..} denotes the forward FT, while F"̂  {..} denotes 

the inverse FT. At a distance z, the APWS will take the form of 

A (fx, fy; z) = F{U(x, y; 0)}P(fx, fy; z). Consequently, the field at that distance z can be 

found by the inverse FT of the APWS: 

U(xi, yi; z) = ¥\ A (fx, fy; z) }=¥'{ F{U(xo, yo; 0)}P(fx, fy; z) }. (2.19) 

If we expand (2.19) using the convolution property of the FT we get 

13 



U(x y ;z) = U(xo,yQ;O)0 exp(jkz) r-k . 2 ^ 2 ^ 
- ^ e x p D - ( x Q + y , ) ] (2.20) 

where 0 denotes convolution. The next logical step will be to do flirther expansion and 

express U(x, y; z) through the convolution integral: 

# 

Qxp(jkz) } } k ^ ^ 
U(x„y,;z)= J ]U(x„y,-0)exp{j—((x,-x,) +(y,-yo))}dx,dy, 

J —00 —00 

(2.21) 

The resuh above is known as the Fresnel diffraction formula ( or Fresnel diffraction 

integral) [1, 2, 3, 5]. This is a very good approximation of the actual field in the so-caUed 

"near" region. As h is given in the literature, in order for (2.21) to be vahd the 

observation distance for the field should be greater than ẑ  » TC/(4X){(X - xo)̂  + (y -

y o ) } max 

A great simplification of (2.21) can be achieved if we assume that that the 

quadratic phase function exp [ j—(XQ + y o)], which we get by expanding 
2z 

(jc, - XQ )^ + (y^ - ĵ Q )^, is almost unity over the entire illuminated region. This 

approximation gives us a very important formula which wiU be used in calculations later: 

U(xi,yi;z) = —^^^^^PfJ2z^^'"^^'^^- ' J ^(^o.yo;0)exp{j-(xiXo+yiyo)}dxodyo . 
J —00—00 

(2.22) 

The above formula is known as the Fraunhofer diffraction integral. It is valid for 

distances where z » D /^ (D is the extreme measurement of the aperture). As one may 

14 



notice, h is essentially a two-dimensional spatial Fourier transform (multiphed by some 

constant phase factors) whh appropriate variable substitutions. 

2.3. Inversion Formula. Fn. function 

As was mentioned previously, the Fraunhofer diffraction theory gives us a good 

approximation of the actual scattered light in the "far-field" region. Further on we will 

assume that we are in the far region unless otherwise stated. 

Suppose we have a laser beam illuminating some volume where a certain number 

(Ntotai) of particles are present. Each particle contributes to the total diffraction pattern in 

the observation plane. Generally, it is possible to separate particles into several classes 

'upper 

depending on their radius r. In the case of a continuous distribution N ĵ,̂ ,̂ = J f(r)dr, 
0 

where f( r ) is the particle distribution function, rupper is the largest radius in the 

distribution. If the distribution is discrete then the latter formula is a summation over all 

" upper 

classes present in the distribution N j^^^, = ^ n j , where n i is the number of particles 

i = i 

of a particular radius that belong to the same class, and n upper is the total number of 

classes. 

As we have already mentioned, each particle (depending on hs size) contributes 

to the formation of the field in the output plane. According to equation (2.22), the field in 

the "far-field" when only one particle is present is described as 

15 



r Trr 
U ( r ) = exp ( jkz )exp ( jk—)—-

2z j/lz 

2 J , ( k r - ) 
z_ 

1 - ^ kr — 

where f is the radius of the particle, r = -^x^ + y^ in the output plane, and Ji(..) is the 

Bessel function of the first kind of order 1. The intensity distribution is found by 

I(r) = |U(r)p: 

I(r) = (T)^ 
J i (k?^ ) 

n2 

where d is the observation distance. In the inversion 

problem the latter formula presents more interest if it is rewritten in the angular variation 

form rather than in radius form. Let us consider for a moment the paraxial approximation 

(Fig. 2.2). As it can be seen from the picture tan ( a ) = r / d, but for the 

O-^ • > z 

Figure 2.2. Paraxial approximation. 

small angles a = arctan (r / d) » r / d. By performing a simple variable substitution we get 

16 



I ( « ) = ( l - ) -^^ (2.23) 
d L Of J 

It is not difficult to show that the resulting intensity in the "far-field" formed by an 

ensemble of randomly positioned particles is essentially a superposhion of the intensity 

fields generated by each individual particle. Assuming that f( r ) is fiinction that describes 

particle variation by number (how many particle of the given radii) the total intensity 

variation in the out put plane will look like 

I . „ , „ ( « ) = I o j f ( f ) ? ' ^ ^ ^ ^ ^ f . (2.24) 

where lo is the incident intensity. 

There exist several approaches to extract the information on particle size 

distribution f ( r ) from the observed intensity described by (2.24). One of the methods is 

based on matrix inversion [10, 12]. The distribution information can be found by some 

manipulations with the matrix constmcted from the intensity detected by each individual 

annular ring in a "ring" detector. We will not consider h here. The other approach is to 

find analytically the solution to the inversion problem of the formula (2.24). This was 

done by K. S. Shifrin and J. H. Chin independently of each other in the mid-fifties. 

Since the focus of this work is not on the problem of finding the analytical 

solution but rather on the actual acquisition of the data, we will not go into the details of 

the deriving the formula. We will simply state it here and use it to test our instmment. 

The inversion formula for (2.24), as obtained by Shifrin and Chin [4, 6, 11] is given by 

17 



.. . 4;r^ r d r . \{a)^ 
f(r)=-—-^\krai,(kra)Y,(kra)—- a'^—^ da , (2.25) 

Ar Q̂ da\ 1̂  y 

where a is the solid scatter angle, k = 27r/>., Ji is a Bessel function of the first kind, Yi is a 

Bessel function of the second kind, and lo is the incident intensity. 

Before we move on let us discuss some limitations posed by this integral. Here 

integration is performed over all possible angles a = [O..00) but at the same time we know 

that the Fraunhofer diffraction formula is valid only for the near forward scattering when 

the scatter angles a are sufficiently small. This means that we would have to limit our 

integration interval which would lead to the loss of some data and wih limit the resolution 

of the distribution f( r ) [6, 10]. Another limitation of Eq. (2.25) is that h involves 

differentiation of the coUected data. In case of data instability or the presence of noise this 

win also lead to the loss of resolution and fluctuations in the final result (see Fig. 2.2 a). 

Several strategies were developed in order to overcome the aforementioned 

drawbacks of the inversion algorithm. S. Coston and N. George [4] suggested a very 

elegant way to bypass differentiation in (2.25). By utilizing some of the properties of the 

Bessel functions and using the Abel transform they derived the formula for f( r ) : 

2;rkM^ r , I ( « ) d r i 
f (r) = J « ' - ^ - - [ r J i ( k r « ) Y j ( k r a ) ] d a , (2.26) 

r Q 1Q dr 

where d is the observation distance. For a discrete distribution, we would expect f( r ) to 

be several delta ftinctions positioned at the particular values of r (Fig. 2.1 a). If we have a 

18 



closer look to the above formula, we can notice that h may be expressed as [4] 

f ( r ) = - l - F m ( r ) , where 
r dr 

F^(r)= 27r(k¥)^j a'l^(a)rJ,(kTa)Y,(kra)da , (2.26) 
0 

where lo is the normalized intensity and F is the focal length of the Fourier transforming 

lens (see Fig. 3.2 in Chapter III for the typical optical setup). 

This Fm flinction should give us a set of Heaviside step flmctions located at the 

points where particles with that radii are present in the distribution (Fig. 2.1 b). 

Figures 2.1 and 2.2 show the results of the computer simulations performed using 

Shifrin's formula, the alternative formula whhout data differentiation, and Fm-function to 

extract particle size distribution. Simulations were done for the unimodal distributions 

containing only 6 jiim (Fig. 2.1) and only 19 |Lim particles (Fig. 2.2). (Note that we 

consider the diameter of the particles as their size and plots show the radn of the 

particles). As we can notice the use of the alternative extraction formula and Fm -

function gives better result in recreation of the original size than using Shifrin's inversion 

formula directly. Similar resuhs were reported by [4]. 
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Distribution containing only 6 |j,m particles 
a) Extracting particle size using alternative formula (2.26), constant scaling factors 

in front of (2.26) were omitted, 
b) Inversion of the same distribution using Fm function (2.27). 
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Distribution containing only 19 |j,m particles 
a) Shifrin's formula with data differentiation apphed directly; 

b) Inversion formula (2.26) without data differentiation. 
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CHAPTER III 

PARTICLE SIZER 

3.1 Classification of Particles 

At first the question "what is the particle?" may look very silly, but it is actually 

very important in the particle size determination. A little piece of a grinding stone on the 

floor after sharpening a knife is a particle. A droplet of water in the morning fog by the 

lake is also considered to be a particle. So, in the general case a particle can be described 

as a very smah amount of matter. All particles, unlike smaU particles in physics, possess 

some measures, such as mass, dimensions, volume, and surface area. Depending on the 

classification method, any of these measures can be used as a classification parameter. 

Two particles measured to be of the same size may not necessarily have the same shape. 

The shape of the particle may depend a lot on its origin. If it is, for example, a water 

droplet then most likely it will be a sphere (due to the surface tension of the water 

molecules). Or if it is a crystal of salt then most hkely h wih be in the shape of cuboid 

with sharply defined edges and facets. With all the variety of particles in terms of their 

shapes and dimensions, h is not easy to come up with a single measure that will uniquely 

characterize their size. Let us take, for instance, a book and try to determine hs size. One 

may say that h is a big book, which is not very informative. Or one may give all three 

dimensions: 18 x 20 x 3 cm. But if one is asked to characterize it using only one number, 

a problem arises: which number better describes the book (a) 18, (b)20, (c)3 cm, or (d) 
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none of the above. The answer would be (d) none of the above. We cannot characterize 

a book with only one number, unless we talking about its mass, surface area, or volume 

The only object which can be uniquely described with only one dimension is a 

sphere. It is enough to find the radius or diameter of the sphere as we can immediately 

imagine h without any loss of the information or ambiguity. It is common in the theory 

of particle sizing to describe particles, whether spherical or aspherical, as spheres with 

equivalent volume or mass. This method is caUed the method of the equivalent spheres. 

Suppose we have a cube with one side measure 24 |im (Fig. 3.1) and volume 1.4x10 -14 

liters. The volume of the sphere is given by V^^^^^ = — Trr . Then the diameter of the 

equivalent by volume sphere will be approximately 30 ^m. 

!4 pim '0 ^m 

Figure 3.1. 
Cube and equivalent sphere. 
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An interesting effect is observed if we consider a particle with a cylindrical shape 

and its equivalent sphere. But first let us define the aspect ratio. The aspect ratio is the 

ratio of the two main dimensions of the particle. In case of the cylinder h is the ratio 

between its height and diameter. If we consider several cylinders with different aspect 

ratios and their equivalent spheres (Table 3.1), we notice that the closer the aspect ratio is 

to unity, the closer it approximates a sphere in terms of the equivalent volume. 

Table 3.1. 

Cylindrical Particles Whh Different Aspect Ratios And Diameters 
Of Their Equivalent Spheres. All dimensions are in fim. 

Cylinder Cylinder Aspect Equivalent Sphere 

Diameter Height Ratio Diameter 

10 

20 

60 

15 

11 

8 

10 

10 

10 

10 

10 

10 

1 

2 

6 

1.5 

1.1 

0.8 

11.4 

18.2 

37.8 

15 

12.2 

9.87 
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The result in the above table gives us some insight on the source of the poor 

correlation between different methods of measuring particle sizes. 

Let us consider three methods of particle sizing: mechanical sieving, diffraction, 

and particle counting for the cylindrical particles mentioned in Table 3.1. All of these 

methods will treat the same particle differently. Sieving will determine the size as a 

relation between the filter cell size and the diameter of the cylinder. Diffraction based 

instmments will approximate h as a sphere, while particle counting instmments would give 

results depending on the orientation of the cylinder with respect to the readout detector. 

So, if we have cylindrical particles with the same diameter but different heights, then 

sieving instmments will classify them as particles of the same size, but they are definitely 

not. The error may be very large. In such a case the diffraction instmment probably 

would give a better estimate of the particle size because it is not as biased to one 

dimension of the particle, as is the sieving instmment. Unfortunately, we do not always 

know a priori the shapes of the particles in order to apply the appropriate measuring 

technique. 

After all that discussion above, we will assume that the particles measured by our 

instmment are quasi-spherical, so that the approximation of these particles by spheres 

would not introduce substantial errors in both the intensity variation in the far field and the 

resulting inversion distribution. The aspect ratio should either be unity or be close to 

unity. 
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3.2. Ensemble Averaging Using the Standard Ring Detector 

As we have already mentioned, there are various techniques available for particle 

measurements. The general approach for the forward scattering technique is to 

illuminate some area where particles are present and measure the intensity profile 

generated by all particles in the far field, and then do the inversion calculations (ensemble 

averaging) to ascertain particle size distribution. The FSSP (forward scattering 

spectrometer probe) uses a variation of this method which combines forward and back 

scattering as well as light blocking approaches. The laser beam is focused into a smah 

spot. When a single particle passes though the focused beam it begins to scatter hght. 

The intensity variation in the far field (in the near-forward direction) will be described by 

(2.23). The readout circuit monitors intensity readings around the optical axis of the 

instmment. When a maximum is reached, meaning that the particle is in the center of the 

beam and diffracts in the near-forward direction symmetrically with respect to the optical 

axis, measurements of the intensity spatial distribution are performed. 

This method looks attractive in the sense that the particle size extraction process 

(inversion) for the single particle is much easier to perform than for a large set of particles. 

As we know, we do not get something for nothing. The trade off here is in increased 

complexity of the control and readout circuits. The instmment has to be able to process 

information from all of the detectors in real time in order to be able to determine when the 

particle is in the center of the beam. To ensure that the particle is in the interaction region, 

some device (mechanical or electro-mechanical) is needed to restrict particle trajectory to 

one that is nearly perpendicular to the optical axis of the beam. And finally, when a 
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particle diameter (assuming spherical shape) gets closer to the spot size of the focused 

beam, then light blocking effects play a more significant role. This leads either to the 

reduced dynamic range of the instmment (the maximum and minimum sizes it can resolve) 

or to extra complexity of the extraction algorithm. A particle with r = 50 |nm will block 

1250 times more light than particle with r = 1 |j,m (ratio of the illuminated areas). Due to 

all these draw backs, we abandoned this approach for our laser diffraction instmment and 

chose the ensemble averaging technique. 

The typical setup for using ensemble averaging for particle size determination 

employing one Fourier transforming lens is shown in Fig. 3.2. 

laser collimation 
system 

Interaction 
region 

Fourier 
Transform 
lens 

. z 

Ring 
Detector 

Figure 3.2. 

Ensemble averaging configuration used in Malvern particle sizer. a is the angle of 
intensity variation (see formula (2.24)). 
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Let us discuss the above setup. The laser beam is typically spatially fihered and 

expanded to 5-9 mm in diameter. When it passes through the sample volume, it interacts 

whh the particles present there. The Fourier transforming lens is a very important part of 

the setup. It is one of the lens's main properties to focus parallel rays onto the same spot 

on the detector [1,2]. The lens here ensures that all the light scattered into the same angle 

gets focused on the same spot on the detector. All undiffracted light gets focused on the 

center of the detector where it is blocked by an opaque spot (shown black on the figure). 

The detector assembly is the most interesting part of the setup. It is the so-called ring 

detector (Fig. 3.5). It consists of a set of concentric rings of different areas. The inner 

rings are the smallest while the outer rings are larger. Such a configuration allows us to 

measure the radial spatial distribution of the intensity in the detector plane. The larger 

areas of the outer ring help to average out speckles, as well as to compensate for the 

exponentiaUy decreasing light intensity towards the outer rings [4]. 

In the case of the Malvern sizer, there are 32 semi-annular detectors. Due to the 

circular symmetry of formula (2.23) there is no need to have a full circle. Let us calculate 

the amount of light received by each of the 32 detectors. In order to do that we need to 

make use of (2.23) with appropriate variable substitutions. Let ri""̂ *̂  and r^^^' be the inner 

and outer radii of the i-th ring. To find the portion of the light collected by an individual 

semi ring we choose limits of integration in (2.23) as n'""''' and n""̂ "̂. Ring radh and 

scattering angles are related through 

d = F ( focal length of the lens), 

r = a F . 
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Thus, the portion of the total scattered light received by the i-th ring will be given 

by: 

j I ( r ) r d 
111 ij 

I , ( r , ) = YF 
J \(a )dia 

(3.1) 

Two distributions with particle sizes of 5 |im and 50 fim were used. The simulated 

resuhs, obtained using Maple V, are plotted below (Fig. 3.3 and Fig. 3.4). 

% 

3.002f 

ooi9ql 

.0019 

301851^ 

.0018 

1 * 1 % * % % % t i l l t l l i l t * i » > » » i « i i » » i . » i | • ! 

5 10 15 20 25 30 

detector 

Figure 3.3. 

Amount of the total light in % received by each of the 32 detectors for 5 \xm 
particles. 
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detector 

Figure 3.4 

Amount of the total light in % received by each of the 32 detectors for 50 |im 
particles. 

As we know, there are no ideal noise free detectors. For the typical silicon PIN 

photodiode there are several sources of noise: 

1. Shot noise, which depends on the statistics of the electron-hole pair generation by the 

incident light. It is a signal dependent noise and can be described by [2,7] 

<î >=2eoIpB, where Co is the electron charge, Ip is the photocurrent and B is the 

bandwidth of the receiver. 

2. Dark (leakage) current. It depends on the quality of the detector surface, 

temperature, and bias voltage. 
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3 Bulk current. It caused by the thermal generation of electron hole pairs inside the 

material and by the impurity of the manufacturing process (presence of the defects 

inside the material). 

Usually, for small photocurrents shot noise is very small and can be safely 

disregarded. For Ip = 1 nA and bandwidth B = IMhz the noise will be on the order of 

0.0179 nA. This is a smah current and h may be taken out of calculations. The last two 

sources are independent of the signal and usually are specified by the manufacturer [13]. 

A typical value for the leakage current is about 0.3 nA/mm^ . 

Now let us come back to the figure 3.4 and calculate the signal generated by some 

of the outer rings in the case of big particles. The responsivity of the PIN diode may be 

found from the specification of the diode. In the case of a HeNe laser (^ = 0.633 fxm) as 

a light source (Fig. 3.2), R = 0.4 AAV [13]. Given that the 14* ring generates 

photocurrent of about 40 nA while its noise floor is 9 nA the signal-to-noise ratio is 

approximately 4.5 (which is more or less acceptable). If we take the 23'** ring, where the 

next maximum occurs, Ip » 2 nA and the noise ~ 18 nA. Such a signal-to-noise ratio 

(0.11) is unacceptable. If we use the output of this detector ring to reconstmct the 

intensity variation in the Fourier plane and then plug that intensity into the inversion 

formulas (2.25), (2.26), or (2.27), the resuh will be unpredictable [4, 6, 10, 12]. The 

solution is to limit the observation angle. But, as we already seen, that reduces the 

integration limits in the inversion formula which again leads to instability of the solution. 

We suggest an ahemative detector configuration to break this vicious circle. 
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3.3 Alternative to the Ring Detector 

One of the major obstacles for using a ring detector (Fig. 3.5) in any optical setup 

is hs cost and lack of availability. It consists of 32 annular or semi-annular rings whh 

increasing area towards the outer ring (Fig.3.5). Some detectors may also have an 

addhional set of wedge detectors (so called "ring-wedge" detector). Each of those rings, 

in the simplest case, requires a separate readout amplifier and analog-to-digital converter 

(A/D converter). The interface has to have some on-board storage memory to hold 

Figure 3.5 

Annular ring detector. 

readings from individual detectors before they either get processed or sent to the 

computer. As we saw in the previous section, not all of the rings may have useful 

information. This leads to waste of the computer/acquisition board time and resources. 

We would like to propose an alternative solution for the ring detector. Consider 

for a minute a stationary radial intensity distribution in some arbhrary plane perpendicular 
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to the optical axis of the experiment. There are two approaches to measure that spatial 

variation of the intensity. One is to place an annular sensor at every radius possible over 

the area where intensity needs to be measured and make a measurement. That is what the 

ring detector basically does. It takes a snap shot of the entire field distribution at once. 

Or we could take one sensor and take a reading at every radius possible one at a time by 

placing it at every radius possible, and then combining ah readings to reconstmct the fiill 

picture. In other words, we would scan the whole field. In the case of a stationary 

process when there is no variance with time, both of these methods: snap picture and 

scanning would give a complete representation of the field. 

A significant advantage of the scanning approach is its simplicity. We have a 

single detector (vs. 32 for ring and 64 for ring-wedge detectors) with only one readout 

and control circuit. It is possible (and usually preferable) instead of moving the sensor just 

to project different parts of the observation plane onto the sensor. This can be 

accomphshed by placing a moving slit or a pin hole in the plane of interest, thus limiting 

the field of view of the sensor to a particular place. Scanning, however, still fails to solve 

the "problem of the 23'** ring" when signal-to-noise ratio (SN) is incredibly low (the signal 

is literally buried in noise). 

We suggest an alternative approach that would allow us to scan the whole field 

and to increase signal-to-noise ratio. 

Here is how it works. Assume that we have some intensity variance I( r ) in the 

some plane (no time dependence). We place an iris (recall circular symmetry) in that plane. 
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By opening and closing the iris we are able to scan the field with some scanning frequency 

fi. In this manner the output of the detector will be proportional to the integral 

' 0 

J{rJ= I I{r)rdr, 

where rmin is the minimal radius of the iris and ro is some scanning radius of the iris. 

Unfortunately, this does not enable us measure for every r (unless we take ~r~ ). Now 

suppose on top of the scanning signal, which in some fashion changes the radius of the iris 

r(t), we have another signal that adds some small vibration of the radius with some 

amplitude Ar and frequency fi which is much higher than fi (Fig. 3.6). Since the 

frequency fj is much higher than fi we can assume that during one period of radius 

Figure 3.6 

Ihustration of the scanning radius r and high frequency perturbation Ar. 

change Ar the scanning radius r stays almost constant. The output of the sensor placed 

right behind the iris is proportional to the incident intensity which can be described as 
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* f r ^ 
I(r,) = j I(r)2Krcirc dr, (3.2) 

; V̂ ; + Arcos(2;r/2^)/ 

1, i fx<l 
. . Rearranging 

0, otherwise 
where circ(..) is the circle fiinction defined as circ(x) = 

integration limits in (3.2) we obtain 

I(r,)= \l(r)27irdr (3.3) 
0 

Using the additive property of the integral and assuming that I(r) stays almost constant 

during the change of radius Ar we can rewrite (3.3) as 

I(f,) = 2;rjrl(r)dr-H2;d(r.) J rdr 

= 2;z-jrI(r)dr-h2M(ri)-[2riArcos(2;rf2t)-f-Ar'cos'(2;zf2t)] 
0 ^ 

where n is the average radius of the iris around which Ar osciUates. 

If Ar (as we assumed earlier) is small then Ar is very small and that is why we can 

disregard the second term in the bracket as contributing almost nothing to the sum (also 

this term would be filtered out by our system anyway). After this assumption, (3.4) takes 

the form of 

I(fi ) = 2;r J rl(ri )dr + 2;rl(ri )ri Ar cos(2;rf2t). (3.5) 
0 

The first component of the (3.5) describes DC light hitting the detector. It gets rejected 

when we demodulate the signal, ahhough it may produce the significant amount of shot 

noise. We are much more interested in the second term, which contains the information 

35 



on the amount of the light intensity (light power) hitting the particular annular ring (which 

is determined by the Ar and the radius rj). By synchronously demodulating the second 

term we get rid of the cosine and have a DC signal directly proportional to the hght power 

hitting a particular annular ring with average radius ri (Fig. 4.8). 

We suggest using a lock-in amplifier to demodulate the information signal. One of 

the main features of lock-in amplifiers is the ability to detect very small signals (on the 

order of nVolts) in a very narrow bandwidth even in the presence of broadband noise. We 

won't give a detailed description of how a lock-in amplifier works. Interested readers 

may refer to Appendix A for a block diagram for more information. Suppose we have a 

very smaU signal (e. g. output of the 23"* ring in volts). Definitely some amplification is 

required. A normal amplifier wih have about 5nV/(Hz)°^ of output noise. Assuming that 

the bandwidth of the amplifier is about 10 kHz and the gain is 1000 the noise level on the 

output will be 0.5 mV (Vout = Anoise Gain VB ), while the signal on the output is 2 p.Y It is 

still "buried" in the noise . 

Now assume that the 2 nV signal is modulated whh frequency fi as in the detector 

geometry proposed above. Using a gain of 1000, the output signal is still 2 |iV. What 

about noise? Since lock-in amplifiers use phase sensitive detectors (PSD) to lock onto a 

specific frequency, then the bandwidth wih depend on the properties of the PSD. Usually 

h is about 0.01 Hz (!). In this case the noise level at the output is 0.5 |iV. The signal-to-

noise ratio is now 4 and some measurements can be done. 

If the input to the lock-in amplifier consists of the useful information (see eq. (3.5)) 

and broad band noise then the amplifier will detect and amplify signal and noise only with 
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frequencies close to the lock-in frequency (which is f2 in our case). All other components 

will be rejected by the low pass filter that follows the PSD (including the double 

frequency component in (3.4)). A block diagram of the amplifier used in our experiments 

is given in Appendix A. 

From the discussion above, h becomes obvious that our proposed detector 

configuration has some advantages over the tradhional ring detector. First, it is its 

simphcity which helps to reduce cost and number of parts used in the setup. Second, we 

have significantly increased the signal-to-noise ratio by modulating the output signal and 

using a lock-in amplifier to lock onto the signal frequency and retrieve it. Third, the 

dimensions of every ring may be changed in real time by adjusting amplitude (Ar) and 

frequency (f2) of vibration or the scanning frequency fi. Fourth, all parts used in this 

geometry are off-the-shelf components, while ring and ring-wedge detectors are not 

commercially available. They need to be special ordered and are typically very costly. 

The disadvantages of our configuration include high levels of shot noise for some 

apphcations (e.g., beam profile in Chapter IV) on the output of the detector and a strict 

requirement for the signal to be stationary while measurements are performed. 
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CHAPTER IV 

EXPERIMENTS AND DISCUSSIONS 

4.1 Description of Instmmentation 

The experimental setup consists of a 4mW HeNe laser, one Fourier transforming 

lens with diameter 9 cm and focal length F = 200 mm, an iris, an audio speaker with audio 

amplifier, a stepper motor . and a lock-in amplifier. The diameter of the iris can be varied 

between extremes of 1.82 and 30.2 mm. As a detector we used a UDT (United Detector 

Technologies) PIN-6D photodiode with responsivity R = 0.4 AAV at X = 632.8 nm and 

active surface area of 20.3 mm The optical setup is shown in Fig. 4.1. The combination 

of the iris, lens L2, and detector Dl provides the equivalent of the ring detector in Fig. 

3.5. LI is the Fourier transforming lens. The interaction region and the center plane of 

the iris (vertical dotted line) are located in the front and back focal planes of LI, 

respectively. Lens L2 is a simple light collector. It directs all light passed through the iris 

onto the detector Dl Here z is the optical axis of the instmment and also is the rotational 

axis for the iris. The detector is reverse biased with 5 V. The output voltage appears 

across a 470 Q resistor which is connected in series with the photosensor. This voltage is 

given by 

Vout (t) = R X P(t) x R, 

where R is the responsivity of the detector, P(t) is the incident light power, and R is the 

value of the resister which is connected in series whh the detector ( 470 Q in our case). 
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The signal then goes to the input of the lock-in amplifier where it gets demodulated, 

sampled, and sent to the computer for further processing. 

Interaction 
Area 

iris lever 

^ 5 V 

Fourier jj^g 
plane 

Figure 4.1 

Optical setup for the experiment. LI - Fourier transforming lens; L2 - light collecting 
lens; Dl - optical detector; z - optical axis. 

The iris is connected with the stepper motor through a rigid link. Its rotational 

motion is translated into the relatively slow open - close scanning motion of the iris (Fig. 

4.2). For our experiments we chose a stepper motor with 1.8° per step. The reason we 

chose to use a stepper is because it gives more flexibility to the setup and because it is 

much easier to control. The speaker is rigidly connected to the iris lever. Every 

vibration of the speaker membrane gets translated into high frequency and very small 

amplitude 
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Figure 4.2 

Understanding mechanical part of the setup. 

open-close movements of the iris. This high frequency perturbation is very essential in 

determining the effective width (Ar) of the annular detector ring. 

The speaker vibrates with frequency f2 which is also a lock-in frequency for the 

lock-in amphfier. It is possible to use a separate generator to drive the speaker but then 

we need to feed exactly (!) the same signal, as a reference frequency, into the lock-in 

amplifier so that it can phase-lock for proper detection of the signal. In such a case the 

output signal of the amplifier will be proportional to the input signal multiphed by the 

phase difference between reference and lock-in frequencies 
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Vout - V,ig COS((j)rcf - (j)lock)- (4.1) 

We can avoid that by using the amplifier's internal signal generator for the reference 

frequency. 

Motor 
direction 

Motor control 
circuit 

Scanning 
frequency 

fl Function 
generator 

To 
speaker 

Audio 
amplifier 

Modulating 
frequency f2 

Lock-in 
amplifier 

Communication 
link with 
computer 

Computer 

signal 

Analog 
output 

Detector 

Oscilloscope 

Figure 4.3 

Block diagram of the electrical setup. 

After the signal is extracted by the amplifier, it is then digitized and stored in the lock-in 

amplifier memory. When the necessary number of points have been acquired, they are 

sent to the computer via an RS-232 serial communication link. Figure Bl (Appendix B) 

shows the main window of the program created for this project to remotely control the 
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data acquisition process. This program allows the user to select the sampling rate, total 

number of points, and to start or stop the process at any time. 

As we menfioned eariier, the diameter of the iris changes from D în =1.82 mm to 

Dmax = 30.2 mm. This leads to changes of radius as: 

IUn = 0.91nim, Rn̂ ax= 15.1nim. (4.2) 

Since motor and iris are rigidly connected (Fig. 4.2) and knowing that angular 

velocity of the motor is coi . we can express change of the iris radius in general form whh 

respect to time as: 

R(t) = A + Bcos((Oit), 

or using the equality oo = 27rf, we rewrite the above equation as 

R(t) = A + B cos( 27:fit ), (4.3) 

where A and B are the constants that need to be determined (the cosine term comes from 

the nature of the mechanical linkage between the motor and the iris). The latter form is 

preferable because later we will show the dependence of the rotational frequency fi on the 

driving frequency of the generator fgen Constants A and B can be easily found using 

boundary conditions (4.2). After introducing values of R̂ ax and Rmin into the equation for 

the radius and taking values of cosine as 1 and -1, we obtain a very simple system of two 

equations: 

R.ax = A + B 

R„.„ = A - B ' 
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which yields the following solufion: 

A = ^"^ax + R m . n ^ g Q Q 3 

2 
R — R 

B = —^̂ ^̂  siiiL _ 7 095 

Inserting values of A and B into (4.3) gives us a descripfion of the radius of the iris with 

respect to time without the addhional component introduced by the speaker. This is the 

so called scanning mode: 

R ( t ) = 8.005-h 7 . 0 9 5 c o s ( 2 ; r f i t ) . (4.4) 

Now we can easily find an expression for the angular variation. If we come back 

to Figure 3.2 we will notice that the scattering angle a can be expressed through the 

r 
detector radius r and the observation distance d as a = T . Since the radius change is 

given by (4.4) and the detector is located in the back focal plane of the Fourier 

transforming lens (the observation distance d is h's focal length F) we can write the 

formula for the angle a in radians as: 

a(t) = 0 .04 -h 0 . 0 3 5 5 c o s ( 2 ; r f , t ) - (4 5) 

4.2 Noise in the Svstem 

Before we proceed fiirther, we need to estimate the noise generated by our system. 

Unfortunately, ideal systems producing ideal signals do not exist. Noise will always be 

present and the main idea is to keep h as low as possible so that it will not interfere whh 
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our measurements and can be safely dropped out of the calculations. In general, the 

output of a system can be described as "output = S + N", where S is the usefiil signal and 

N is the noise introduced by the system, assuming a "clean" input signal. When no input 

signal is present, the output generated by a system can be described as noise and it can be 

measured. That is what Figure 4.4 shows. The waveform of the noise at the output of 

the detector (signal was not present) of our sizer was obtained using an HP54603 B 

oscilloscope equipped with a data storage and processing module. 

2 1 0 . 0 ^ . (—-50.0^ 200 
V 

•j-

.i. 

1 1 l i j 1 d 1 1 

§ / ^1 STOP 
1 

: : ^i : : ! : t 

VrmsC25=3 .195mV 

Figure 4.4 

Noise level at output of our detector when no signal is present. 

We assumed this noise to be band limited "white-noise" from 0 to IKHz since the 

absolute value of the amplitude of hs FT, as measured, is almost constant up to 1 KHz 

(Fig. 4.5) and our system detects signals in the very narrow bandwidth of 0.01 Hz. (In 

general case, prove that the noise is "white" we need to find its power spectral density by 
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taking the Fourier transform of its autocorrelafion fiinction which may be found by 

integrafion over the infimte period of time. Reahsfically, we cannot perform such 

integration over such interval, so all the measurements need to be taken within some finite 

time window. Often it is possible to make rough estimates of the power spectral density 

just by looking at the absolute value of the amplitude of the FT of the signal in that 

window.) The noise voltage can be assumed to have a zero-mean Gaussian distribution 

with a = 3.195 mV. 

fftC2:i -488 H2 977 Hz fl STOP 

VrmsC2:) chan off 

Figure 4.5 

Amplitude of the FFT of the waveform showed on Figure 4.4. 

Let us now calculate the minimal signal which can be detected and which would be 

two times higher than the noise level (we assume that signal-to-noise ratio should be 

greater than or equal to 2 for normal detectability). Taking into account our assumption 
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that our noise added by detector is "white-noise," hs rms value in the detection band 

(0.01 Hz) is 0.03195 mV. This noise signal gets amplified by the lock-in amplifier in 

addhion to the information signal. The amplifier hself has a noise level of 6 UV/VHZ. If 

the amplification gain is 1000, noise introduced by amplifier NA = 6 UV/VHZ • 0.1 HZ • 

1000 = 0.6 laVnns- Since noise signals generated by the amplifier and detector are 

independent of each other we can express the total noise as Nt = NA + Nd = 32.55 juV. 

Thus, the minimal detectable signal (according to our assumption) at the output of the 

sensor before amplification is Vmin = 65.1 nV. 

4.3 Beam Profile Measurements. 

Probably every laboratory has much old equipment that nobody even remembers 

when it was last used, or whether it works. Some equipment can be stored for ages and 

work just fine but other equipment needs to be checked and calibrated every so often. 

Lasers fah into the latter category. It is highly recommended that gas lasers need to be 

periodically fired and left running for some time. Many people have likely noticed that 

sometimes old lasers can develop one or several "ghost" spots along with the main spot. 

For some apphcations this doesn't matter but for others one needs a "clean" beam with 

maximal power along the beam axis. Particle sizing is one such apphcation, that requires a 

laser with good beam quality. 

That is why, prior to performing any particle measurements, we decided to test our 

detector geometry as a beam profiler to assure that our HeNe laser had reasonably good 

beam quality. 
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iris lever 

Iris 

Figure 4.6 

Beam profile measurements. LI and L2 - beam expander, L3 - light collector. 
Lens LI has focal length Fi, lens L2 has focal length F2. 

The setup of Figure 4.1 was altered to accommodate a beam expander that creates 

a collimated beam with a waist depending on the ratio of the focal lengths of the lenses 

(Figure 4.6). Lenses LI and L2 comprise a simple 4-f imaging system which expands the 

F2 
beam. Magnification is determined by M = TT =10. For the experiment we used a 4mW 

HeNe laser with a waist of w = 0.8 mm. After expansion w' = M»w = 8 mm. Figure 4.7 

shows the results of the measurements obtained using our iris-based beam profiling 

system. We repeated our measurements several times and for several periods and then 

averaged the result. We were using Maple V for processing and plotting. Each curve on 

the plot corresponds to a different angle of rotation for the laser around the 
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Figure 4.7 

Experimentally measured beam profile. Waist w = 8 mm. 
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Figure 4.8 

FFT of the input signal. 
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optical axis. As we can see we have very good repetition of the resuhs. As we expected 

the beam profile is Gaussian (theoretically the HeNe laser profile is described as I(r) 

= exp{-2r /wo }). Figure 4.8 show the FFT of the input signal to the lock-in amplifier 

The tallest peak is at 75 Hz, which is our experiment frequency that the lock-in 

amplifier filters out of the whole spectrum. The 60 Hz component that most likely gets 

injected through the power supply is effectively attenuated by the 60 Hz notch filter at the 

lock-in amplifier input. Later it is removed by the phase-sensifive detector. The picture 

above was taken only for illustrative purposes to show a "typical" spectrum of the 

detector output signal. The actual experiments were run on 87 Hz. There are two reasons 

for that. First, we would like to be far enough in the spectrum from 60 Hz so that AC 

power supply noise wiU not interfere with our measurements. At the same time, we do 

not want to be close to 120 Hz either, because of the possible interference from the room 

lights which radiate light that fluctuates at that frequency. Second, our mechanical 

system has inherent low pass filtering characteristics which means that it will introduce 

substantial distortion if driven at high frequencies. With aU that in mind, we 

experimentally determined that the best operating range for our instrument is 70 - 95 Hz. 

4.4. Experimental Resuhs and Discussions 

It is considered that the lower limit that the particle sizing instrument employing 

Fraunhofer approximations can detect is 5 - 10 |im [12, 15]. The upper limit, in theory, 

extends up to 2000 |im, but in reality is limited by the instrument. More specifically, it 

may be limited by the detector resolution, the wavelength of the laser, and the quality of 
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the lenses (see figure 3.2). As h was calculated in [3] with normal dust concentration of 

15 |ag/m only 10' % of the incoming light will interact with the particles, which results in 

a very strong DC component hitting the center of detector, and thus "swamping" the 

information from the first rings of the detector which contain most of the intensity 

information of the diffracfion pattern for larger particles (Fig. 3.4). In our case we 

decided to chose 70 iiim particle as the upper limit for our measurements. 

To test our instrument, several test masks were created. Since the diffraction 

patterns from a circular aperture and opaque spot of the same size are similar in the far 

field [1,5] we used for the mask "negative" pictures of the dot pattern. First, 5000 

random dots of a known diameter were generated. Then they were photo-reduced down 

to 70 |j,m onto a high-resolution high-contrast KODAK type 1A photoplate. Two other 

sizes: 7 |j,m and 20 |im were made on the same type of plates using the same 70 |j,m mask 

by varying the photo reduction ratio. Masks simulating 70 and 20 |j,m in diameter 

particles had 5000 dots and two masks simulating 7 \xm in diameter particles had 10000 

and 30000 dots. This masks were placed inside the interaction volume as shown on 

Figure 4.1 to simulate dust particles. 

Each experiment was repeated ten to twenty times and the results were 

averaged. Then the obtained data was fitted with cubic splines using Maple V (release 5). 

That approximation was later used in formulas (2.25) and (2.27) to recover the particle 

distribution informafion. As was expected, the direct apphcation of Shifrin's inversion 

formula showed some oscillatory and not stable behavior (Fig. 4.9) while use of Fm 

fiinction gave us very clear and accurate results (Fig. 4.10). 
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Figure 4.9 

Particle distribution obtained by using Shifrin's formula (2.25) directly from intensity 
variation pattern created by 7 |j,m and 20 |j.m test masks. 

The result shown in Fig. 4.9 was computed by using formula (2.25) directly 

without taking into account constant factors in front of the integral (two test masks of 7 

[am and 20 |j.m were used). As we can see, besides our main peaks (shown on the graph) 

there are some other peaks present which may confijse the whole determination process. 

These extra peaks may be interpreted as a resuh of noise present in the data samples 

which is later amplified during the differentiation (it is well known that differentiation 

essentially acts as a high pass filter), and also due to the integration limits posed by the 

limited area of the detector (iris-detector configuration in our case). To be completely 
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sure that the measurements were done correctly one may go through the inversion process 

again but whh different limhs of integration in (2.25). In that case "true" peaks generated 
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Figure 4.10 

Particle size distribution obtained by using the F^ fiinction. a) view of the whole 
distribution, b) exploded view of the step formed by 7 |im particle. 
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Figure 4.10 (continued) 

c) exploded view of the step formed by 20 |j,m particle. 

by the particles should not move much while "noise" peaks should appear at different 

locations since they highly depend on the limits of integration. 

Then the same intensity distribution was used to extract particle size using formula 

(2.27). As we can see in Figure 4.10 a there are only two step fianctions present. These 

steps occur at the radii of the particle present in the distribution. We may clear and 

whhout any ambiguity determine sizes of the particles present which are, as we expected, 

very close to the original sizes (7.2 |im and 20.2 |j.m). Figures 4.10 b and 4.10 c show 

exploded views of the steps at those radii. 
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We will not present here every plot of obtained intenshy variation and resulting 

distribution from that intensity variation. We think that it would be better to summarize 

resuhs of all experiments in a table (see Table 4.1). 

As we can notice, there is a trend to over estimate the particle size in the lower 

band. This may be partially explained by the limited field of view of the detector. Since 

smaller particles diffract light at larger angles and bigger particles do the opposite, then 

limiting the angle on the hght collection will result in loss of some information, which wih 

lead to the erroneous estimations of the particle size. The finite numerical aperture 

Table 4.1 Experimental results for different input patterns and different inversion 
techniques. 

Experiment Test pattern Inversion Technique 

# Size Number Shiffrin 

1 

2 

3 

4 

5 

7 |Lim 

7 |j,m 

20 \xm 

70 |j.m 

7 |j,m and 20 

M-m 

10000 

30000 

5000 

5000 

20000 7 4 

8 nm 

8.4 pim 

18 [im 

66 |im 

|Lim and 19.6 |im 7.2 

8 |j,m 

7.6 |Lim 

21 \xm 

72 |Lim 

\im and 2( 

. .^^l^^l^^^^^^.^^.^,l^^.^,ly,l^l^.^^^,^^^^^vvs^N^^N%VVV^^lV^^^v^^fti%N%N%'^•^.^.•^.•^^i•^^^i^*•••^^N%NNN^.N^.^%i^%S^'^.•^^vx^.%v^.%x^.%^ 

of our system, combined with vingetting effects, tends to attenuate the scattered field of 

smah particles more than that of larger particles, resuhing in a bias such that smaller 
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particles appear "larger" after the inversion process is performed. This is not very crucial 

whh big particles since there will be almost no light scattered at large angles (refer 

to Fig. 4.11 aandb). 

8e-06-

6e-06-

4e-06-

2e-06 

X 

\ 
\ . 

\ , 
\ . 

1 f J 1 I I l | > l l | | T T T T " | r I I I [ T I ? T p i | l l | I I 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 
alpha 

a) 

8e-05-| 

6e-05 

4e-05 

2e-05 

0 
? T T f I I I I I I I J I I ^ I J ' T " ? I » | T f f T | f l ' T ' " l | l l 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 
alpha 

b) 

Figure 4.11 

Theoretical angular intensity distribution for the two test patterns 
a) 30000 dots of 7 îm; b) 5000 dots of 20 ^m. 
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Also accuracy of the esfimafion depends on the number of particles present in the 

interacfion volume. If there is not enough interaction going on between the laser and the 

particles it will result in a strong DC component hitting the detector which will "swamp" 

any scattering pattern that may appear in the far field. For the Malvern sizer (depending on 

the model) there should be at least several thousand particles present in the beam in order 

to obtain accurate readings [3, 12, 15]. 

Some errors, in addition to those mentioned already, may be attributed to the 

imperfection of the inversion algorithms and to some assumptions that were made, e.g. use 

of the Fraunhofer approximation instead of the fiill Mie theory. Actually, most 

manufactures of particle sizing instruments are moving towards using the complete Mie 

scattering theory in their inversion algorithms to obtain more accurate measurements. We 

must also mention that the mechanical part of our instrument likely contributes to 

measurement error. 

In forward scattering instruments the mechanical alignment is of great importance. 

All the elements should be centered along the optical axis of the setup. Any shift of the 

detector or Fourier transforming lens will resuh in wrong readings such as: off-axis 

focused DC light would either saturate the detector annulus or be misinterpreted as a 

signal resuhing from the presence of the large number of the larger particles. For some 

particles h would resuh in the over esfimation of their size, while for the other particles in 

the under estimation of their size. 

Since scattering angle depends on the wavelength of the illuminating source, strict 

requirements are placed on the laser monochromaticity and temporal stability of the output 
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intensity. Fluctuations of the output power may cause errors in the estimations of the 

number of particles present, while presence of more than one wavelength in the beam may 

blur the intensity variation pattern in the back focal plane of the lens. Also changes in the 

emitting wavelength wih result in instant fluctuation of the output intensity pattern whh 

respect to the optical axis, thus creating errors in the size estimation. 
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CHAPTER V 

PARTICLE SIZER BASED ON BACKSCATTERING 

5.1 Basic Principle of Operation 

Unlike most of the laser diffraction (LD) instruments, which are based on the 

principle that smaller particles scatter light at larger angles, back scattering based 

instruments rely on the opposite assumption. Usually they are measuring one particle at a 

time, thus amassing time statistics while LD instruments are obtaining ensemble statistics. 

The basic principle of such an instrument is very simple (Fig. 5.1). A laser beam is 

focused to the tiny spot (interaction region). When a particle enters that interaction 

region it begins to scatter light. An imaging system placed behind the interaction volume 

images the ihuminated portion of the particle onto the detector. A judgment about particle 

size is made by the amount of light scattered into the solid angle covered by the detector's 

field of view. 
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Figure 5.1 

General principles ofback scattering. 

Unfortunately, there are some problems with such a configuration such that most 

particle sizing instrument manufacturs employ the ensemble averaging approach. The 

most obvious problem is partial ihumination. How do we distinguish a smaU particle 

which is completely within the interaction volume from a big particle partially in the 

interaction volume producing the same output signal from the detector? With the 

configuration shown above, it is impossible to distinguish partially illuminated particles 

from the fiiUy illuminated particles. As computer simulations have shown, the correlation 

coefficient is 87.6 % and the lower boundary of the confidence interval is 82.4 % [3]. 

Other problems include interference from particles scattering light from outside of the 

interaction volume and low levels of total light hitting the measuring detector. 

The problems mentioned above were overcome in the back scattering instrument 

that was built and tested in our lab as a part of this research project [3, 9]. We suggested 
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using two receiving detectors instead of one, each viewing different parts of the 

interaction volume. Here is how it works. 

„. J , . , ,, n , .^n focal length ^ 
l^irst, we used a strong a lens with a smaU f-number (F = —r. p— ) to focus 

light into a smah spot (* 150 |Lim in diameter). The low F" helps to limit the interaction 

volume along the z-axis also to less than 150 |im (Fig. 5.1). The optical signal reflected 

from the particle is split between two detectors using a beam splitter. The control 

detector and measuring detector receive 30% and 70% of the incoming light, respectively. 

The field of view of the control detector is hmited to only the central part of the 

interaction region with a diameter of 50 |xm (1/3 of the beam spot) while the measuring 

detector views the entire interaction volume of 150 |j.m. We dubbed this configuration 

a) b) 

Figure 5.2 

Partial illuminafion rejection technique. 1 - area seen by control detector, 2 - area seen by 
measuring detector, 3 - particle, a) particle rejected, b) particle measured. 
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the "partial illuminafion rejection technique" (refer to Fig. 5.2). The imaging system is 

constructed in such a way that it focuses scattered light from outside the interaction region 

away from the detector. 

Measurements of the particle are taken only if the signal from the control detector 

exceeds a certain threshold. This insures that during the measurements, particles are 

completely illuminated, therefore eliminating errors that would result in under sizing of the 

large particles. The instrument was designed to detect particle sizes in the range of 3 to 

50 |im. 

Since we are working with very small amounts of backscattered light, avalanche 

photodiodes are an excellent choice for photodetectors. We used TIED 59 avalanche 

photodiodes manufactured by Texas Optoelectronics, Inc. with a responsivity of 7 — at 

632.8 nm [14]. Those who are interested in more detailed information are referred to 

references [3] and [9]. 

5.2 Suggested Improvements for the Instrument 

In this section we would like to address some issues on how to improve the 

performance of the particle sizer. One of the major sources of errors in such instruments 

comes from the non-uniformity of the illuminating laser beam. If hs profile is significantly 

non-uniform, then this may lead to constant over- or under-estimation of the particle size 

depending on the particle location in the interaction volume. As we have already 
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mentioned, laser beams typically have Gaussian (non-uniform) profiles which may be 

described as 

I(r) = exp{-2r'/wo'}, 

where Wo is the waist of the beam. One way to overcome this problem is to limit the 

sample volume to where the intensity variation of the Gaussian beam is smah, i.e., the 

radius r of the interaction region should be much smaller than the waist of the beam, WQ. 

As computer simulations have shown using a Gaussian profile beam and dimensions of 

the interaction volume as given before, the correlation coefficient is K = 99.22 % [3]. 

It is possible that the beam profile may not be Gaussian at all. In that case a simple 

limitation of the active volume is not enough. We propose that spatial filtering be used 

during the beam expansion process to eliminate unnecessary non-uniform components. 

This wih focus all the rays traveling away from the optical axis of the instruments onto the 

opaque hght stop, thus cleaning the beam's spatial profile. 

Our second improvement is related to the electrical part of the instrument. It was 

suggested in [3] that the output of the thresholding device would be connected directly to 

the parahel port of the computer (PC) as weU as to the output of the microcontroUer (|J,C). 

The role of the latter is limited to constantly reading data from the A/D (analog-to-dighal 

converter) and then transferring it to the PC for fiirther processing. At the same fime, the 

PC is monitoring the threshold signal from the control detector. When h goes high (a 

particle is in the beam) h requests data from the \xC. It continues requesting data until the 

threshold hne goes back to low. While receiving data, the PC is looking for the maximum 

value, which is then stored and is later correlated to particle size [3]. 
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Unfortunately, the computer in this case is used for both processing and 

controlling, and the full capabilities of the |iC are not utilized. The transfer rate between 

the computer and the }iC via the parallel port in ECP mode will not exceed 250 

Ksamples/s. The effective transfer rate (not including software handshaking) would be at 

least three times less. With a desired sampling rate of 4 MHz we are doomed to miss 

some data, especially in the case of particles with high velocities transiting the interaction 

region ( At oc d/v, where d is the diameter of the interaction region and v is the particle's 

velocity). If we also take into account time required to process each received sample and 

the necessity to constantly monitor the thresholding signal, the time gap between 

consecutively read data samples may become significant. 

We propose to shift the controlling responsibility and some of the preprocessing 

tasks towards the |.iC (Fig. 5.3). Since the A/D and the |.iC are able to communicate at a 
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Figure 5.3 

Block diagram of the proposed electrical part for the particle sizer. 
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much higher rate, the tasks of monitoring the threshold and determining the largest value 

(while the particle is transhing the beam) can be turned over to the [iC. When the 

threshold line goes low (to "logical zero") only one data sample, corresponding to the 

peak detected signal, gets transferred to the computer. Whh such a configuration we can 

avoid missing data points, thus enhancing the accuracy of the instrument and the response 

time of the monitoring system. 

5.3. Light Extinction Meter 

During the initial stages of this research another instrument was developed. It is a 

microcontroller based gross light extinction meter which evolved from our experiments 

with the light blocking approach for particle sizing. 

The instrument consists of two modules: a transmitter (also a control module) and 

a receiver. A laser diode is mounted on a precision dual-axis tilt stage for fine aiming 

adjustments, sending laser pulses whh a frequency of 100 Hz through the air where they 

are attenuated by the dust particles present in the beam. A receiver located at some 

distance from the transmitter detects this signal whh a PIN photosensor and sends the 

analog signal back to the transmitter, where h is digitized by a 12 bit A/D converter and 

forwarded to the microcontroller for fiirther processing and storage (Fig. 5.4). The 

system utilizes 
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Block diagram for the transmitter. 

the heterodyne detection technique which enhances the instrument's sensitivity and signal-

to-noise ratio. Digital processing of the signal is done by the microcontroller and the 

result is stored in the on-board non-volatile memory. The temperature sensor senses the 

temperature inside the box to monitor for potential component over-heating, as these 

boxes are placed outdoors under direct sunlight on hot summer days for long periods of 

time. 

The photodetector is located at the back of the receiver (an ammo box) (Fig. 5.5). 

Two sets of irises increase directionality of the sensor so that less background light hits the 

detector. 
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Block diagram of the receiver. 

The system is portable and completely weather proofed. Power is supphed by a 12 

V marine "deep-cycle" battery. 

Test results in the lab where no beam attenuation was present, showed very good 

performance of the system. The standard deviation of the signal during the long term 

measurements was much less than 0.2 %>. The instrument also showed adequate 

performance outside. Figure 5.6 shows the resuhs of the measurements taken near a 

dormitory construction site on the Texas Tech campus. The weather was warm whh 

moderately gusty winds. 
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Figure 5.6 

Data obtained outside near construction site by gross light extinction meter. 1- natural 
dust event, 2 - "man-made" dust event, 3 - dust from a passing truck. 

As we may notice, at the beginning the air was almost completely transparent. 

Occasional gusts of wind would blow some dust through the beam resulting in a slight 

drop of the output signal (area 1 on Fig. 5.6). Later we started throwing dust into the 

measuring volume to create a higher dust concentration in the air. The response of the 

instrument followed reflected the change in the dust concentrafion (area 2 on Fig. 5.6). 

Close to the end of the experiment, a construcfion truck drove by lifting huge amounts of 

dust which resuhed in an almost constant low response from the detector (area 3 on Fig. 

5.6). 

The standard deviation of the output was about 6.88 %>. It looks reasonable to 

keep track not only of the average intensity of the transmitted light but also of the 

deviation of that intenshy. Whh the relatively high transparency of the air a high 
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deviation of the measured signal partially reflects windy/gusty weather conditions and may 

give some estimation of what visibility may be in the case of continuous winds. 

5.4 Combination of Particle Sizer and Light Extincfion Meter 
for Dust Concentration Measurements 

From discussions whh researchers at the USDA research station (near the 

Lubbock airport) we found out that, in addition to particle size distribution, they are also 

interested in having information about total mass density of the particles. Since the 

particle counter measures one particle at a time, is it impossible to extract mass density of 

the particles in the air just using that instrument. It is also not possible to do that using 

only the light extinction meter. We can, however, combine those two instruments and use 

their measurements to extract the necessary information. 

The particle sizer described in the first section of this chapter is connected to the 

computer through the parallel printer port. The hght extinction meter has capabihties of 

communicating whh the computer through either the serial or parallel ports. This means 

that we may connect these two devices to the same computer without any conflict and use 

their readings together to calculate the mass density of the dust (the only problem now is 

that our particle counter is not portable at this moment). Derivation of the formula needed 

to calculate particle density is presented below. 

Suppose our particle sizer measured N particles, which were divided into several 

classes depending on their radh. The number of classes is given in the specs of the sizer. 

Let ki represent the percentage of the particles which belong to the i* class ( normalized 
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such that X ki = 1 ) Given that we have collected enough statistics we may assume that 
i 

the percentage of the particle of a particular size wUl hold for any sufficiently large 

volume. The volume occupied by the laser beam of our light extincfion meter depends on 

the properties of the collimating system and the distance between transmitter and receiver: 

V, = S l = ;rabl, (5.1) 

where S is the area of the beam's cross secfion (in case of the laser diode that we used h is 

an ellipse whh axes a and b) and I is the distance between the transmitter and the receiver 

. The light blocking ability of a single particle from the class i is Si. So, the total amount of 

blocked light L will be determined by 

L^ZntotaikiS. , (5.2) 

where Utotai is the total number of particles present in the laser beam and Utotai ki is the 

number of particles of the particular radius. It fohows from (5.2) that 

L 
n total = y j ^ ^ (5-3) 

i 

The mass of the i* class of the particles is given by 

^ i ^ Z ^ t o t a i k i P v . , (5.4) 

where p is the density of the particle material, Vi is the volume of the particle from the i 

4 3 
class (the particle volume may be approximated by the equivalent sphere Vi = T Tiri). The 

th 
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total mass density p™ may be expressed as p^ - — . Combining (5.3) and (5.4) 

and substituting the result into the expression for p^, we obtain the formula for the mass 

density of the dust in the air as: 

4 ^ k r-

3 " ^ I k . s . 
Pr. = ^ ] . (5.5) 

By substituting values obtained by the particle sizer and light extinction meter into 

(5.5) we can calculate gross mass density of the airborne dust. The errors resulting from 

use of this formula will heavily depend on the accuracy and resolution of both instruments. 

Unfortunately, due to the lack of resources, we were not able to construct a 

portable version of our particle counter. That is why we were not able to obtain 

experimental results of the system described above (system that combines our particle 

counter and light extinction meter). 
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CHAPTER VI 

CONCLUSION 

The main objective of this research was to investigate ahernative methods for 

microscopic particle sizing. Several instruments were developed and successfiilly tested in 

our laboratory. For the forward scattering (laser diffraction) approach, an ahernative 

configuration for the detector was proposed. It allowed us to employ an ordinary area 

photodetector in place of the (expensive and largely unavailable) ring-wedge detector 

commonly used in laser diffraction instruments. By employing a vibrating iris in 

conjunction with heterodyne detection, a drastically improved signal-to-noise ratio was 

obtained. Also the proposed configuration offers the ability to continuously change the 

resolution of the system (keep in mind that there is a natural trade off" between resolution 

and signal-to-noise ratio). Several test masks with particles sizes 7, 20, and 70 jim were 

created. Lab experiments with these test masks showed adequate performance of our 

particle sizer. 

A light extinction meter is another instrument that was designed and tested during 

this research project. It evolved from our early experiments with the hght blocking 

approach for the particle sizing. This instrument is completely portable and weather 

proofed. Laboratory, as well as outdoor, tests showed good accuracy and adequate 

response ofthe instrument to the changing environment. This instrument may work as a 

stand alone unit or as a part of a larger system. 
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For the particle counter (employing the back scattering approach) also designed 

and built as a part of this project, we suggested some changes in the electrical part ofthe 

instrumentation and in the data acquishion algorithm. We also proposed shifting the 

responsibhity for controlling the data acquishion process and for doing preliminary data 

processing from the computer to the microcontroller. The proposed improvements 

enable us to increase the speed ofthe measurements and to eliminate possible loss of data 

due to the difference in communication speeds between computer and particle sizer 

acquisition board, thus increasing the accuracy and the resolution ofthe instrument. 

Although we implemented these changes in hardware, there was not enough time to carry 

out extensive experiments. Also, if we combine such a particle counter with a light 

extinction meter, we should be able to calculate gross dust mass concentration, which is 

important in some particle sizing apphcations. 

As we see h now, there are several ways of improving our present setups. A very 

important step forward would be to make both instruments portable and capable of 

working autonomously outdoors and during severe weather (e.g., dust storms). It is 

possible to replace the lock-in amplifier in the laser diffraction instrument with a less 

generic and more dedicated device. Modifications to the iris driver mechanism are 

possible too. With the development of newer, stable laser diodes, h would be possible to 

use them in place ofthe bulky HeNe gas laser in the particle counter setup. 

We hope that some day a universal low-cost low-error particle sizer, suhable for 

real time sizing of wind-blown dust will be developed. 
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APPENDIX A 

BLOCK DIAGRAM OF THE LOCK-IN AMPLIFIER 
(taken from the SR 830 manual) 

Low Noise 
Differential 

Amp 

50/60 Hz 
Notch 

100/120 Hz 
Notch 

Voltage 
Filter Filter 

Y l - ^ 
^Gain 

Reference In 
Sine or TTL 

Discriminator Phase 
Locked 
Loop 

YOut 

Internal I ^ ^ ^ ^ Phase 
i Oscillatori ^ ^ ^ ^ ^ c«r,oH:w, 

^ m ^ ^ ^ ^ Detector 
tfi.vvM»'v»iv«v<w.%v>nww>%vyA^»v 

pDC Gain| 
^ Offset I 
^ Expand 1 

SR830 FUNCTIONAL BLOCK DIAGRAM 

XOut 

Sine Out 

TTL Out 

Discriminator 

Figure A. 1 

Lock-in amplifier block diagram. 
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APPENDIX B 

LOCK-IN AMPLIFIER DATA ACQUISITION (LADA) PROGRAM. 

Locking Amplifier Data Acquisition S&liiafHi 

Sampgrĵ Bafta R i T " ^ j Hs D«ft̂  buftei .${2« ho24 

&^a fife: 
aAOdOi •^ ••• ^ ^ • f ^ . f . - . . f . f ^ . f . f . f ^ . f . v ^ - v . f t f . ^ - - - - - - - - - > - - - - - - . J ^ J - ^ ^ 

B&)w$$.., 
nMi*rMMiMi i»»»»»» ' * 

start l # 

Figure B1 

Main window. 

1 Waiting... I^j 

W a t i o g l f o f r£f^psaTS$ ; 

; 

„,„„„ : 

Figure B2 

Status window. 
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