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ABSTRACT 

A new light scattering instrument is described for 

measuring, as a function of scattering angle, the elements 

of the matrix describing light scattered from small particle 

systems. The instrument uses a piezo-optical birefringence 

modulator to modulate the polarization state of the incident 

light beam, and uses lock-in amplifier detection of the 

scattered light. The first and second harmonics of the 

modulation frequency are used with various combinations of 

filters and orientations to give the separate matrix ele

ments. A normalization technique is used to provide a use

ful scaling for the data as well as to eliminate fluctuations 

in output due to other causes. The advantages of the system 

over the traditional approach are its speed, sensitivity, 

and accuracy. 

A treatment of a simple scattering experiment by 

means of Mueller calculus is carried through to illustrate 

the interactions of the light with the scattering system and 

with the various components of the measuring instrument. The 

system was evaluated using two systems of monodisperse poly

styrene spheres of average radius 550A and 394oX. The ex

perimental output was compared directly with results of the 

Mie Calculation showing that the angular variation from the 

x 
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experiment and theory were in substantial agreement, thus 

verifying the theoretical analysis of the operation of the 

instrument. 

Further measurements on several hydrosol and aerosol 

systems are presented. These include the results on sulfur 

sols, anisotropic Rayleigh scatterers, water aerosols, and 

biological systems. Suggestions as to the possible further 

applications of the instrument to a wide variety of systems 

are given. 



CHAPTER I 

INTRODUCTION 

In order to completely characterize the light 

elastically scattered from a system of small particles, it 

is necessary to determine the intensity and polarization of 

the scattered light for several different polarization 

states of the incoming light. Various techniques have been 

developed in the past to obtain the angular variation of 

intensity of a specific polarization of the scattered light. 

This was done in order to determine the mean size and/or 

size distribution of an assembly of spherical particles with 

known optical constants. In 1950 Kerker and La Mer* devel

oped a method using either the polarization ratio or the 

phase angle of the scattered light as a function of the 

scattering angle to extract size information. Since that 
A M y| 

time several techniques * ' have been used with greater or 

lesser success. However, few attempts have been made to 

experimentally characterize the scattered light completely 

enough to determine more than two elements of the scattering 

matrix.^ To do this, all four Stokes parameters of the 

scattered light must be measured at each angle for various 

states of polarization of the incoming beam. Holland and 

Gagne^ recorded intensity information for eighteen 

1 
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combinations of filters and subsequently took differences 

between the recorded values to obtain the matrix elements. 

The disadvantage of this technique is that the values needed 

to obtain the elements appear as small differences between 

relatively large quantities. Hence small errors introduced 

by drift and instabilities are magnified. 

In this work a technique is reported which avoids 

7 8 
these problems by the use of a polarization modulator. ' 

Briefly, the polarization of the light is periodically 

varied in such a fashion that the synchronously detected 

components of the scattered light are proportional to the 

matrix elements. By proper choice of polarizers, orienta

tions, and harmonics, selected normalized elements of the 

scattering matrix can be plotted automatically (by pairs or 

singly) on x-y recorders. 

The system records the data in a relatively short 

time (a scan from 5° to 168° may be made in a few minutes) 

and produces an output in a convenient format for direct 

comparison with computer generated plots resulting from Mie 

calculations. The sensitivity of the system is such that it 

will respond to 1% differences in linear polarization, which 

is considerably better than in most subtractive techniques. 

The accuracy of the instrument is about ±3% presently but 

that figure should be improved with further development of 

calibration techniques. The angular resolution of the 
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instrument is 1.5 degrees. The normalized parameters 

obtained from the system are in a convenient form to obtain 

the degree of partial polarization which may be used to give 

a measure of the polydispersity in size. 

Before describing the apparatus in detail it will be 

useful to review, in Chapter II, the treatment of polarized 

light by Mueller calculus. This will serve to introduce the 

notation and matrix formalism as well as to discuss a simple 

case that is important in understanding the operation of 

the instrument. Chapter III contains a detailed discussion 

and analysis of the operation of the apparatus as well as 

calibration procedures. In Chapter IV instrumental perfor

mance is evaluated by comparing the results of measurements 

with calculations for two model small-particle systems which 

have independently known characteristics. The final chapter 

contains a discussion of other applications of the technique. 



CHAPTER II 

LIGHT SCATTERING, BASIC CONSIDERATIONS 

Formalism 

The polarization state of any beam of coherent light 

may be characterized by a four element Stokes vector. Ex-
q 

perimentally this vector can be determined by measuring the 

resulting light intensities after the beam has passed 

through each one of four filters, then taking appropriate 

differences between the readings. An equivalent descrip

tion^'^® of the elements of the Stokes vector may be ex

pressed in terms of quadratic functions of the electric 

fields as 

1 " < + BrB? 

Q - < EjEJ - BrE*> 

(1) 

u - <EtBJ * ErE!> 

V = -  E r Ej)>  .  

The subscripts refer to the components of the electric field 

parallel Jl, and perpendicular r, to the scattering plane 

which is defined by the direction of the incoming and 

4 
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scattered waves. The brackets refer to time averages and 

the asterisks denote the complex conjugates. 

The interaction of the I and r components of the 

light with a linear physical system may be described by a 

set of linear equations. The coefficients of the equations 

may be arranged in matrix form. When this is done to trans

form the Stokes vector, the resulting array is referred to 

as the Mueller*1 matrix and becomes a useful tool for pre-
Q 

dieting the characteristics of polarized light. Shurcliff 

gives a list of matrices corresponding to various polarizing 

and retarding elements. 

The most general form of the Mueller matrix, one 

with no zero elements, allows for all possible mixing of 

polarization states; the general scattering matrix is of 

this form. This matrix may be derived from the amplitude 

transformation equations for the electric fields given by 

E* = A2EJU + A3Ero 

E - A.E0 + A.E o r k x, o l r o 

( 2 )  

by substitution into Eq. (1) and solving for the elements of 

the 4x4 intensity transformation matrix. 

The general form of the scattering matrix as given 

by van de Hulst^ is: 



•g (m2 +m3 +mi» +mi) 

S 2 •» " S 3 l 

D211+D3 i 

§ (1112 -m3 +mit -mi) 

\ (m2-m3 -mit+mi) 

S2«t -S31 

D2*-D31 

S 2 3 +s «• 1 

S2 3 -Sit 1 

S21+S 3 i» 

D2I+D3-

"D2 3 "Di» 1 

•D2 3+D"t 1 

•D2 1+D3 I» 

S2 1 -S3 l» 

All the elements are functions of the scattering angle. The 

relationships with the amplitude transformation coefficients 

are: 

mi 

= t A.A* - A . A *  ,  
1  J  J  i j  

(3) 

Sij = *(AiAj + AjAi 

and the A^'s are related to the scattering amplitudes by 

-  S i ( eKe i l t z - i k r ) / ikr  .  

For the case of spherical particles, no mixing 

between the 1 and r channels occurs so that A3 = Ai» =0 and 

the matrix simplifies to: 

F s  -

+ mO §  (ni2  - mi)  0  0  

l (m 2  - mO l (m 2  + mi)  0  0  

0  0  S 2 1  -D21  

0  0  D21  S21  

(43  
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Analysis of a Simple Scattering 
Experiment 

In order to determine the results of a typical 

scattering experiment, it is necessary to multiply the 

Stokes vector of the incoming light by the matrix represent

ing each optical element in order of traversal. Consider a 

simple scattering experiment which has a linear polarizer in 

the incoming beam, oriented at 45° to the scattering plane. 

Let Fg be the scattering matrix for a sphere that describes 

the system of single scattering particles. To determine the 

resultant polarization state of the scattered light, the 

matrices representing first the polarizer and then the scat-

terer operate on the initially unpolarized light. Using the 

matrix for a 45° polarizer the product is calculated: 

fCma+mi) |(m2-mi) 0 0 10 10 1 
• « 
iOi+m2) I 

tKma-mi) |(®2+n>i) 0 0 0 0 0 0 0 
_ 1 

i(m2-mi) Q 

0 0 S21 ~D21 10 10 0 
~ 2 

S21 u 

0 0 Dji S21 
k 1 

0
 
0
 
0
 
0
 
>
 

0 
k 1 

D2 1 
k 1 

V 
k « 

(5) 

The quantities mi and m2 are proportional to the intensity 

of the scattered light, polarized parallel and perpendicular 

to the scattering plane. Thus for this polarization state 

of the incoming light the four elements of the resultant 

vector are just the four independent elements of the 



scattering matrix for spheres. This result will be helpful 

in interpreting later results. 

A useful property of Stokes vectors is that they are 

additive for combining beams of incoherent light. Thus the 

scattering from a collection of randomly positioned spheres 

may be represented by the sum of the Stokes vectors for the 

individual spheres. Stokes vectors are also able to repre

sent partially polarized light; the first element, I, is the 

total intensity while the other elements Q, U, and V measure 

the amounts of linear and circular polarization. Since the 

light need not be completely polarized, I2 s Q2 + U2 + V2. 

In fact, the degree of partial-polarization of the light 

shall be defined here as 

F = Cq' • u| + V)* . (6) 

There is considerable confusion in the literature 

between the physical characteristics of this quantity and 

the quantity referred to in this work as the degree of 

linear polarization, defined as 

p = m2 ~ Ml 
m2 + mi 

This second quantity obviously depends on the orientation of 

the axis along which the measurement is performed. The value 

of F is independent of the choice of coordinate system. 
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In order to gain a clearer understanding of the 

scattering example above, it is worthwhile to examine the 

resultant Stokes vector for the degree of polarization. To 

do this, one must consider the scattering medium more care-

12 fully. Deirmendjian pointed out that the degree of par

tial polarization resulting from scattering by a collection 

of identical spheres is equal to unity (if the incoming 

light is completely polarized). However, if all the spheres 

are not of equal size, he also noted that the degree of par

tial polarization is less than unity and may be used to help 

determine the amount of polydispersity in size. Thus in 

order to determine F, the problem must be solved in detail 

for the matrix elements or it may be determined directly 

from the experimental curves. 



CHAPTER III 

EXPERIMENTAL SYSTEM 

The Instrument 

In this chapter the experimental system is described 

in more detail and examples are given of how the elements of 

the scattering matrix may be obtained. Figure 1 is a sche

matic diagram of the scattering apparatus for which a com

plete block diagram is given in Fig. 2. Light from a high 

pressure Hg lamp (Osram HBO 100) or a laser is collimated 

and passed through a polarization modulator before entering 

the scattering cell. The scattered light is detected by a 

photomultiplier tube (EMI 9781B) in an arm which may be ro

tated through an angle from 0° to 168° by a dc motor. Mono

chromatic filters and polarizers may be placed in front of 

the detector. The ac component of the photomultiplier sig

nal is detected by a pair of lock-in amplifiers and dis

played on x-y recorders. The dc component of the output is 

switched into one of two channels depending on the desired 

mode of operation. It may be measured directly by a loga

rithmic amplifier and recorder or it may pass into a pico-

ammeter which drives a control circuit. In the second mode 

the photomultiplier current is maintained at a constant 

10 
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Fig. -1. Schematic diagram of the scattering apparatus. 
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Fig. 2. Block diagram of the scattering apparatus. 
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value with an operational amplifier which controls the 

photomultiplier gain. 

The 0-drive for the recorders is produced by 

stepping motors which are triggered by a digitizer circuit. 

This consists of a comparator activated by a phototransis-

tor which views a light emitting diode through holes in an 

occulting disc. The disc is geared to the same shaft that 

drives the rotating arm so that the total number of holes 

that pass the phototransistor determines the x position of 

the recorder. 

To understand the operation of the instrument in 

more detail first consider the birefringence modulator. The 

heart of the device (Fig. 3) is a vibrating block of amor

phous quartz which is driven at its natural frequency (50 

kHz) by a piece of crystalline quartz of similar proportions. 

The crystal forms the feedback element of an oscillator cir

cuit, the amplitude of which can be adjusted to the desired 

level. The applied stress in the amorphous quartz induces a 

periodic birefringence which if of the correct amplitude 

could modify the polarization state of the incoming light 

from linear (at 45° with respect to modulator axis) to 

alternately right and left circularly polarized. 

To make the discussion more quantitative, Mueller 

calculus may be used to analyze the light as it progresses 

through the instrument. Before proceeding, the angular 
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Fig. 3. Birefringence modulator element. 
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orientation of the polarizer and modulator must be speci

fied. The two cases considered here are: 

I. When the modulator axis is at 45° with 

respect to the scattering plane and the polarizer 

P is oriented at 0°. 

II. When the modulator axis is parallel to 

the scattering plane and the polarizer is oriented 

at 45°. 

The modulator may be described in both cases as a 
q 

sinusoidially varying phase plate. The eigenvector of the 

phase plate is specified by the polarization state of light 

which remains unchanged after traversing the element and 

must be known in order to calculate the effect of a phase 

retarder. It depends on the azimuthal angle of the fast 

axis of the retarder and may be specified by the Stokes 

vector. The eigenvector is (1,0,1,0) and (1,1,0,0) for 

case I and II, respectively. Once the eigenvector is found, 

the phase retardance matrix may be calculated from the gen-
q 

eral form given by Shurcliff. 

Linear Polarization and Intensity 
Measurements 

For case I the Stokes vector of the light, as it 

emerges from the modulator, is given by the matrix product 
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1 0  0  0  

0 cos 6 0 -sin 6 

0  0  1 0  

0 sin 6 0 cos <5 

1 1 0  0  

1 1 0  0  

0 0 0 0 

0 0 0 0 

f * 

1 1 

0 cos 6 
_ 1 
~ 2 

0 0 

0 sin 6 
. . » 1 

where 6 = instantaneous angle of retardation. In order to 

illustrate the operation of the instrument, consider the 

special case of spherical particles (more general cases are 

treated in the Appendix). The result of the scattering 

matrix operating on the Stokes vector of case I is 

iCma+nu) 

s(m2-mi) 

0 

0 

|(m2-mi) 

t(m2+mi) 

0 

0 

0 

0 

S 2 1  

D 2  i  

0 

0 

• D 2  i  

S 2  x  

1 

cos 6 

0 

sin 6 

§(mi+ni2) + §(m2-mi)cos g 

§(m2-mj) + §(m2+mi)cos 6 

-D2l sin 6 

S2i sin 6 

If there are no further polarizers in the light path 

the photomultiplier will respond to the total intensity of 

the light, given by the first element of the Stokes vector, 

I = 4k {(mi + m2) + (m2 - mi)cos 6} , (7) 
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where k is a constant depending on the phototube sensitivity, 

light collecting efficiency, and overall instrumental cali

bration. The photomultiplier current may be broken into two 

parts: (mi + 1112) , which is a constant in time but varies 

with angle, and (1112 - mi)cos 6, which is a complicated time-

varying quantity. Consider how the time variation enters 

through the phase retardance 6, 

A J 

6 = — s sin wt = A sin at 

where d = thickness of the modulator element, A = wavelength, 

and s = stress coefficient. Hence the phase retardance is a 

sinusoidial function of time but it occurs as an argument of 

a trigonometric function. Expanding sin 6 and cos 6 in 
O 

terms of Bessel functions, 

sin(A sin wt) = 2Ji(A)sin wt + 2J3(A)sin 3o)t + ... , 

and (8) 

cos (A sin tot) = Jo (A) + 2J2(A)cos 2wt + . . . 

The time averages of sin 6 and cos 6 are zero and 

J0(A), respectively. To simplify the data interpretation, 

it would be convenient for Jo(A) to be zero. This is accom

plished by adjusting the amplitude of the vibration of the 

modulator so that A is equal to 138°, which corresponds to 

the first zero of the function J0(A). This restriction 

determines A for each wavelength used. 
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Another function of the electronics is to force the 

direct current (dc) component of the photomultiplier output 

to be a constant, thus effectively dividing by the total 

intensity. Normalizing the output in this way accomplishes 

two useful functions. The unnormalized signals vary over 

several orders of magnitude (for example, see the tables in 

Ref. 12), and are inconvenient to record. After normaliza

tion the signals vary between the limits of ±1 (with one ex

ception, see below). Secondly, the effects of random fluc

tuations in the intensity of the lamp are eliminated thus 

obviating the necessity of a second photomultiplier and 

subtractive circuits. 

The circuit for accomplishing this normalization is 

shown in Fig. 4V The output of the photomultiplier is di

vided into two channels, the ac part is capacitively coupled 

to the lock-in amplifiers, while the dc component passes 

into a picoammeter. The output of the picoammeter is com

pared with an adjustable reference voltage by an operational 

amplifier. The difference signal drives a programmable 

phototube high voltage power supply. The effect of this 

servo circuit is to keep the dc phototube current at a con

stant value, thus effectively dividing the ac signal by the 

total scattered light intensity. Provision is made for mea

suring the total light intensity by switching the dc signal 
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Fig. 4. Block diagram of normalization circuit. 
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directly to a logarithmic amplifier and x-y recorder while 

disabling the servo circuit. 

After accomplishing these electronic functions, the 

output of the photomultiplier may be written: 

I = ik(mi + m2) 1 + + 2J 2 ( A )COS 2o)tj 

or since (mi + m2) is constant, 

I oc const 1 + mz ' m* 2J2(A)cos 2wt] . m i  +  m 2  
v  J  J  

(9) 

By examining the transformation equations [Eqs. (2,3)], it 

can be seen that mi and m2 are proportional to the intensi

ties of the scattered light in the r and 1 directions, re

spectively. Hence Eq. (9) states that for case I, the 

signal proportional to the second harmonic of the oscillator 

frequency is just the degree of linear polarization of the 

scattered light, or 

p = Z 2  I  l!1 • dO) 

It may be seen by reference to Eq. (5) that this is just the 

second element of the scattering matrix for spheres, normal

ized by the total light intensity. 

The total dc current may be obtained by disabling 

the servo circuit, since the time average of cos 2ojt is zero 
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In this case, however, because the total intensity of the 

light is measured, there must be a correction for the ob

served scattering volume. This is done by dividing the 

total intensity term by the sine of the scattering angle. 

For convenience the logarithm of this variable is measured. 

Then the observed quantity corresponding to the matrix ele

ment mi + m2 is given by 

The second term in the logarithm normalizes the output so as 

to make £ equal to zero for the minimum scan angle 0o« 

scattering matrix for spheres, we must examine the operation 

of the system when the modulator axis is parallel to the 

scattering plane. Using the eigenvector for case II, the 

Mueller matrix is found to be 

v _ qnCT fmi(6) + m2(8) 
1 ~ g sin 6 

(11) 

Circular and Oblique Polarization 
Measurements 

In order to extract the other two elements of the 

1 0 0 0 

0 1 0 0 
M 

0 0 cos 6 sin 6 

0 0 -sin 6 cos 6 
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Following the 'same procedure as for case I, the Stokes 

vector for the scattered light is 

• « 

i (m i + 1112) 

i(m2 - mi) 

Now the time varying components appear only in the third and 

fourth element. To obtain an ac signal, a linear polarizer 

is placed at 45° orientation in front of the phototube. 

This results in a new Stokes vector which may be calculated 

in the usual fashion and is given by 

Again expanding the time varying components, taking account 

of Jo(A) = 0, and normalizing, the output current is given 

1 
2 

S 2 1  cos 6  + D21 sin 6  

D2i cos 6 - S21 sin 6 

£(mi + m2) + S2i cos 6 + D2i sin 6 

0 

§(mi + 1112) + S2i cos 6 + D2i sin 6 

0 

by 

I « (|+ DJi(A)sin wt+ SJ2 (A) cos 2oit) (12) 

where 
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where D and S represent the normalized quantities corre

sponding to the measurements. It can be seen from these 

arguments that the signals proportional to the first and 

second harmonic of the driving frequency give the two re

maining normalized elements of the scattering matrix for 

spheres. 

The physical significance of these elements may be 

interpreted by examining the Stokes vector of the scattered 

light given in Eq. (5). Such a vector results when the in

cident light is linearly polarized at 45°. Then S21 is pro

portional to the light scattered at ±45° to the scattering 

plane and D21 gives the component of the light which is 

circularly polarized. The normalized quantity, S, should 

vary from +1 in the forward direction to -1 for the backward 

direction if the scatterers exhibit no linear dichroism. 

Again D should be zero in the forward direction for systems 

exhibiting no circular dichroism. It is important to empha

size here that these quantities are to be associated with 

the scattering matrix, and their relation to the Stokes vec

tor of the scattered light depends entirely on the particu

lar experimental situation. 

For other systems of physical interest, it is 

necessary to consider other forms of the scattering matrix. 

Until now, only spherical scatterers have been treated, but 
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the same method may be used to investigate the elements of 

13 more general scattering matrices. Perrin showed that for 

isotropic scatterers with no optical activity, the scatter

ing matrix has six independent elements and takes the 

following form: 

S 1 1 SJ 2 0 0 

s 1 2 S 2 2 0 0 

0 0 s 3 3 S 3 if 

0 0 -s 3 It S it if 

It can be shown by the same type of analysis (see Appendix) 

that all the elements of this matrix may be obtained experi

mentally. In addition, all but one element will be normal

ized by the total intensity and will result from the same 

two cases with only the addition of a final circular 

polarizer. 

The most general case of interest is if the medium 

contains scatters possessing optical activity. In this case, 

the resulting scattering matrix may be shown to be^^ 

s  l  l  S 1 2  • S  X  3  s x *  

s X 2 S 2  2  "S 2  3  S 2  if 

S  1  3  S 2  3  S 3 3 S 3  if 

S J if S2 "S 3 if S if if 
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This matrix contains ten independent elements for the most 

general case. All of these elements may also be determined 

experimentally but some of them not in such a direct manner 

as the previous cases, as shown in the Appendix. 

Calibration 

Calibration of the instrument is relatively easy 

since most of the measurements are normalized in the case of 

total intensity to the intensity at some reference angle, 

and in the other three cases to unity. It is only necessary 

to insert a linear polarizer or phase plate of the proper 

retardance to produce a full scale (100%) calibration. For 

case I, a polarizer may be inserted into the beam when the 

detector arm is set at 0°. (A set of attenuators reduces 

the intensity of the beam to normal operating levels in 

order to avoid damage to the photomultiplier tube.) From 

Eq. (9), it can be seen that aligning the polarizer in the r 

and i, directions causes either mi or m2 to be zero. This 

results in a positive or negative signal of equal value 

which may be adjusted to give full scale (1001) deflection. 

For case II, S is adjusted for 100% deflection at 0° for no 

intervening polarizers. The D signal may be calibrated by 

inserting a variable retarding stress plate into the beam 

and adjusting the phase plate for maximum deflection. The 

variable retarder assembly consists of a small clamp which 
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can be rotated about an axis parallel to the beam that 

applies an adjustable force to a floating jaw. This pro

duces a uniform stress in a carefully machined plexiglass or 

quartz rectangle, thereby inducing a birefringent phase 

shift between light having a polarization parallel and 

perpendicular to the jaws, 

14 The condition J0(A) = 0 may be obtained by examin

ing the resultant beam for case II with the scattering cell 

removed. By alternatively placing a polarizer in front of 

the photomultiplier tube at ±45°, the following current will 

result: 

t  t  r i  i t  \  i  r i  i 2J2  f A) cos 2(i)t 
I = I„[l ± Jo(A)][l ± 1 i J0 (A) • 

If JoCA) ̂  0, switching from the +45° to the -45° polarizer 

will change the applied photomultiplier tube voltage which 

will change the gain of the tube, in turn causing unequal 

positive and negative second harmonic signals. Thus, to 

obtain the necessary condition, Jo(A) = 0, the modulator 

amplitude is adjusted until the two signals have the same 

absolute magnitude. 



CHAPTER IV 

RESULTS FOR LATEX SPHERES 

Mie Calculations 

Mie"^ calculations were performed to obtain the 

elements of the scattering matrix for the spherical parti

cles of two model systems. The computations were performed 

on a CDC 6400 with a computing routine developed by Dave.**' 

The results of the calculations were plotted using a Cal 

Comp 665 Plotter in the same format as the experimental out

put to facilitate direct comparisons. A Gaussian size dis

tribution was used that matched the specifications given by 

the manufacturer of the test particles. The results of the 

Mie calculations were summed over twenty-one sizes, ranging 

more than two standard deviations from the center radius to 

obtain the curves for a given size distribution. Further 

increasing the number of integration steps did not affect 

the results. 

The effect of the spectral distribution of the light 

was calculated by assuming that it had a Gaussian shape and 

performing a numerical double integration over the two dis-

tribution functions. That is, if F(jjO represents the result 

of one Mie calculation for a given radius, a, and wavelength, 

X, then the average result is given by: 

27. 
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FC«) = r r FCj) e-[(a-a0)/o2]z 
da d, f 

0 J 0 

where ax and a2 give the Gaussian parameters for the dis

tribution in wavelength and size, respectively. The spec

tral distribution, which was somewhat narrower than the size 

distribution, was summed over eleven wavelengths for the 

larger test particles. There was very little difference be

tween the results that included both distribution functions 

and those with only the distribution in size. Therefore, in 

most cases only the size integration was performed, yielding 

a substantial saving in computer time. 

Experimental Results and Comparison 
with Theory 

In order to evaluate the performance of the 

instrument, a series of measurements was undertaken of two 

model systems. This acted as a test of the theory and also 

helped locate problem areas. The two systems used were pre

pared from Dow polystyrene latex spheres dispersed in water. 

According to the manufacturers specifications, one system 

had an average radius of 550A, the other 3940A radius. 

Measurements were made at three wavelengths, the 546lA and 

the 4350A lines of mercury, and at 3250X using a He-Cd laser. 

The 550X spheres were small enough to produce Rayleigh-like 

scattering. This case is especially easy to visualize since 
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the vertical component of the light is scattered isotropi-

cally and the horizontal component varies as the cos 0, 

where 0 is the scattering angle. It is easy to see that the 

scattering amplitudes are given by 

Ai « 1 

A2 = cos 0 . 

Substituting these values into Eqs. (3,10,11,12) and normal

izing them so as to correspond to the signal output gives: 

p _ 1 - cos2 0 <, = 2 cos 6 
1 + cos14 0 ' 1 + cos2 0 ' 

v _ 1 f 1 + cos2 0 sin 0O 1 
i " A0g [ sin 0 1 + cos* 0O J * 

(15) 

Figures 5 and 6 illustrate the computer-produced 

plots of these four variables (Z = SUM, P = POL). The re

sults are from the Mie calculation for spheres of real 

refractive index 1.592 in water, but correspond closely to 

the Rayleigh scattering case. The experimental curves for a 

wavelength of 4350& are also displayed in Figs. 5 and 6. It 

can be seen that the agreement between the calculated and 

experimental results is quite good for the three normalized 

quantities, with a slight deviation in magnitude at low and 

high angles for the total intensity (SUM) curve. 
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The second scattering system investigated was com

posed of the larger polystyrene spheres (Dow lot number 

2F2J, diameter 0.794 microns). The Mie computation must be 

done for this case and it predicts complex scattering curves 

characteristic of the higher order electromagnetic modes of 

a sphere. Figures 7 and 8 illustrate the results for all 

four measurements. It can be seen that the position of most 

of the theoretically predicted features are correctly given 

in the experimental curves. The angular position of these 

17 are indicative of the mean size of the spheres while the 

heights are more characteristic of the size distribution. 

The fact that the experimental positions of the peaks are 

given correctly is confirmation that the technique is work

ing as predicted. The discrepancy in the height of the 

peaks can be attributed to multiple scattering, light scat

tered from the walls of the scattering cell, impurities, and 

clustering. The effect of multiple scattering on the SUM 

and D curves was experimentally investigated. For larger 

dilution factors, less light is multiply scattered into the 

acceptance angle of the detector. This trend may be seen in 

the SUM curves for various dilutions in Fig. 9. 

Another major factor which can lead to extraneous 

scattered light is the internal reflections of the scattered 

18 19 
light within the cell. ' This becomes more important for 
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larger colloids which have strong scattering lobes. Several 

techniques were tried in order to reduce the amount of re

flected scattered light. The two most successful techniques 

were to coat the inside of the cell with a diffusing black 

paint and the use of a commercial scattering cell with a 

ground scattering surface opposite the viewing window. 

20 Recently it has been pointed out that additional 

particles, may be present in the latex sols not within the 

specified Gaussian size distribution. In addition, any im-

21 purities present, including clusters of the sol particles, 

would increase the general scattered light and cause a de

crease in the size of the structure of the curves. The 

large latex sols were prepared with deionized water and cen-

trifuged to decrease the number of two and three particle 

agglomerates. This produced a substantial increase in the 

peak height and brought the experimental results into better 

agreement with the calculations. 

An experimental difficulty was encountered in the 

calibration of the instrument when viewing the laser beam 

(greatly attenuated) with the scattering cell removed. The 

intensity of the beam over a small part of the photocathode 

led to saturation effects at low operating voltages. It was 

found that if the calibration was accomplished by forward 

scattered light at 1 to 3 degrees, this problem was almost 
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completely eliminated since the scattered light covered a 

much larger area of the photocathode than the direct laser 

beam. 

Figures 10 and 11 illustrate the experimental and 

theoretical results for the ultraviolet laser measurements 

on the large polystyrene spheres at a wavelength of 3250A. 

The results are appreciably better due to the high intensity 

of the laser source, and allow the study of much more 

tenuous colloids and aerosols. 

The index of refraction of bulk polystyrene at 3250A 

was measured by use of a spectrophotometer and by the method 

of minimum deviation and was determined to be 1.672 + gi, 

where 3 < 0.0001. The indices used at 4350A and 546lX were 

1.61 + O.Oi and 1.60 + O.Oi, respectively. With these values 

of the refractive index, it was found that the experimental 

results were in better agreement with calculations for 

slightly larger sphere sizes, at all wavelengths, than those 

specified by the manufacturer of the latex sols. The best 

fit was for a radius of 4060X. Since in this case, the 

method is able to measure the absolute size of the latex 

spheres to an accuracy of greater than 1%, it allows a new 

and sensitive determination of that parameter. 
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Degree of Partial Polarization 

Now it is possible to reconsider that question of 

the degree of polarization raised in the last part of 

Chapter II. Equations (10) and (12) indicate that the 

quantities P, S, and D are the original matrix elements 

divided by the total intensity of scattered light at that 

angle. However, in Eq. (5), they occur as the last three 

unnormalized elements of the Stokes vector. Therefore, the 

degree of partial polarization defined in Eq. (6) for the 

experiment in Chapter II is given by 

(P2 + s2 + D2)^ = F , 

hence the degree of partial polarization is easily deter

mined from the measured quantities. For Rayleigh scattering 

and scattering from perfectly monodisperse spherical parti

cles, it is equal to one for all angles. In more complex 

cases involving size distributions, it decreases nonuniform-

ly from unity in the forward direction to a low at some 

intermediate angle. An analysis of both the theoretical and 

experimental results for the small spheres indicates that 

the value of F is very nearly unity for all angles. In the 

case of the larger latex spheres, a Mie calculation using 

the specified size distribution shows that F varies con

siderably with angle as is shown in Fig. 12. It approaches 
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Fig. 12. The degree o£ partial polarization for polystyrene spheres as a 
function of scattering angle. 

The solid curve is from the Mie calculation for spheres of radius 4060A and 
the dashed curve from the experimental data. The wavelength is 3250A. 
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one for forward and backscatter directions while reflecting 

the complex variations in the other scattering parameters at 

intermediate angles. The experimental data in Fig. 12 

follows most of the variations but is usually somewhat lower 

in value. This may be interpreted as due to either a size 

distribution wider than the manufacturers specifications or 

the other non-ideal factors mentioned before, or both. 



CHAPTER V 

FURTHER INVESTIGATIONS 

Experimental Scope 

Several additional small-particle systems were 

studied using the instrument. New matrix elements were 

measured when it appeared they might give further insights 

into the character of the scattering situation. The systems 

varied from one with well-known characteristics to others 

where little outside information was available. The experi

mental results and some interpretations are given in this 

chapter. 

Sulfur Sols 

One of the most thoroughly studied colloidal systems 

22 23 
is the La Mer sulfur sol. ' The sulfur particles are 

nucleated from a solution of sodium thiosulfate and dilute 

hydrochloric acid and grow as a function of time to a size 

of about one micron radius before settling out. They are 

liquid droplets having very nearly spherical shape and a 

double-layer charge which prevents them from flocculating. 

In order to study the single-scattering characteristics, the 

sols were prepared by growing them to the desired state, 

43 
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then titrating the unreacted thiosulfate to halt the growth 

process during the measurement. Figures 13 and 14 illus

trate the comparison between experiment and the results of 

the Mie calculation for a particle radius of 3000X. In 

spite of the intensive studies of sulfur sols, it is be

lieved that this represents the first published data on the 

matrix elements corresponding to S and D. In general, the 

experimental agreement with theory for the sulfur sols has 

been better than for the latex spheres. This is probably 

due to the fact that the sulfur has fewer particles outside 

the Gaussian size range than do the latex spheres. Small 

impurity particles might be effectively removed if they 

served as nucleation sites for the sulfur particles. 

The instrument is well suited to study multiple 

24 scattering effects experimentally when used to study the 

effect of variation in the concentration of a sol with known 
q 

characteristics. The simplest approximation" which may be 

used to calculate the effects of multiple scattering on the 

degree of linear polarization is to assume that the radia

tion that has been scattered more than once is unpolarized. 

If the multiply scattered radiation is q times as intense as 

that from single scattering, the resultant degree of linear 

polarization is given by 
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Figure 15 illustrates the effect of multiple scattering on 

the P signal which results from changing the concentration 

by a factor of eight. It can be seen that the structure of 

the two curves has very little similarity, indicating that a 

more complete theoretical treatment is necessary to repro

duce the experimental situation. 

Successful calculation of multiple scattering 

effects on the polarization of scattered light from spheres 

25 26 
has only recently been performed. ' One of the major 

problems to which it has been applied is for the scattering 

of light in the Venus atmosphere. Measurements of the 

degree of linear polarization (for unpolarized incident 

light the degree of linear polarization is identical to the 

degree of partial polarization) of the light scattered by 

27 28 the Venus clouds ' show a distinct "signature" in the 

polarization versus phase angle curves (scattering angle = 

27 180° - phase angle). Lyot concluded that the clouds could 

be composed of water droplets; however, multiple scattering 

calculations have shown that the scattering particles must 

have a higher index of refraction than that of water. The 

25 
results of these calculations for both plane parallel and 

2 6 spherical atmospheres are available in the literature. 

Since the aim of these calculations was to determine the 

characteristics of the particles in the Venus atmosphere, 
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they included both a large and small (gas) particle contri

bution. The general results of the calculations indicated 

that the particles composing the clouds are spherical, of 

radius « 1.1 microns with a moderate size dispersion, and 

have an index of refraction of 1.45 to 1.50. These are 

rather stringent requirements. With the additional informa-

29 30 31 tion about the albedo variations ' ' from the infrared 

to the ultraviolet it is surprising that there is no agree

ment on the identity of the scattering particles. 

When it is noticed that the index of refraction of 

32 liquid sulfur relative to water is about 1.50, the useful

ness of this system for Venus atmosphere analogy studies is 

apparent. Thus, multiple scattering calculations may be 

checked experimentally and the scattering from the Venus 

clouds may be modeled in the laboratory. In order to dupli

cate the scattering in the laboratory, several independent 

parameters must be controlled. The mean particle size, size 

distribution, and the degree of multiple scattering are the 

most important. The significance of multiple scattering 

effects has already been illustrated in Fig. 15. The size 

and size distribution separately can greatly modify the 

angular dependence of the degree of polarization. Figure 16 

shows the effect of varying the size distribution for fixed 

mean radius while Fig. 17 illustrates the rapid variation 

of the curves for three different sizes. In order to 



Fig. 16. Results of calculations of the linear 
polarization of the light scattered from sulfur spheres for 
various size distributions. 

The mean radius of the spheres is 1.1 micron with a 
size distribution that has a standard deviation of (a) 250X, 
(b) 500A, and (c) 750A. 
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Fig. 16. Results of calculations of the linear 
polarization of the light scattered from sulfur spheres for 
various size distributions. 



Fig. 17. Results of calculations of the linear 
polarization of the light scattered from sulfur spheres for 
various mean sizes. 

The spheres have a mean radius of (a) 0.95 microns, 
(b) 1.1 microns, and (c) 1.35 microns. 
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Fig. 17. Results of calculations of the linear 
polarization of the light scattered from sulfur spheres for 
various mean sizes. 
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produce the scattering characteristics of the Venus 

atmosphere all these factors must be controlled. 

22 The regular preparation of the sulfur sol is 

designed to produce a nearly monodispersed distribution. 

Therefore the sol had to be modified to produce a size dis

tribution with a standard deviation of « 0.3 microns in 

order to be comparable to the other results. The most sat

isfactory way to accomplish this is to start with a more 

concentrated initial concentration. This leads to non-

uniformities in the nucleation process, thus widening the 

distribution. After nucleation has taken place, more sodium 

thiosulfate and hydrochloric acid was added to encourage the 

growth toward the upper limit of size (determined by grava-

tational settling) as quickly as possible. Since the size 

distribution was still too narrow, several sols with differ

ent growth times were mixed. 

In Fig. 18, the experimental data for a laboratory 

hydrosol (including a Rayleigh scattering component consist

ing of 550& polystyrene spheres) is compared with the astro

nomical measurements on the Venus atmosphere. It can be 

seen that the main characteristics of the Venus measurements 

are matched by the laboratory data. There is some disagree

ment at low angles and the experimental data has a higher 

negative polarization in the 90° - 150° region. These dis

crepancies are probably due to insufficient multiple 
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scattering and a slightly differing size distribution. The 

conditions for duplicating the curve are quite restrictive; 

to obtain the two positive peaks in the forward and backward 

directions requires quite specific conditions. The high 

angle peak is characteristic of an average particle radius 

of 0.8 microns or larger while the initial peak must result 

from a particular size distribution centered at 1.1 micron 

radius. When these characteristics are combined with the 

behavior of the polarization at the intermediate angles, the 

restrictive nature on the particles comprising the clouds of 

Venus can be appreciated. 

Rayleigh Particles 

The problem of scattering from small particles is 

important, first because it applies to widely observed 

phenomena (blue sky, sea water scattering, etc.) and second 

because in most cases the problem admits exact solutions. 

The Rayleigh scattering theory is valid for the following 

conditions: the field of the incident electromagnetic wave 

uniformly penetrates the scatterer, there is negligible 

phase difference between waves originating in different 

parts of the particle. Under these circumstances the situa

tion is reduced to the electrostatic problem of a dielectric 

body in a uniform field. 

The results for the case of small homogeneous par

ticles with isotropic polarizability have already been given 
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in Chapter IV in the section titled Experimental Results and 

Comparison with Theory. The entire scattering matrix is 

given by 

sm s 12 si3 sm 1 + cos2 9 sin2 6 0 0 

s21 Sn s23 s2i» sin2 6 1 + cos2 6 0 0 
= const 

s$i S32 S33 Sji, 0 0 cos 8 0 

Sitl S1J2 S t| 3 Si,!, 0 0 0 COS 6 
k / V 4 

where the instrumental normalization and scaling have not 

been taken into account. The total intensity enters only 

through the constant which multiplies the matrix and depends 

on many factors including the size, optical constants, and 

number-density of the scatterers. Therefore, within a mul

tiplicative constant all isotropic Rayleigh scatterers give 

identical results. 

The interest in studying small particles with this 

instrument arises when one of the conditions mentioned above 

breaks down. For small particles with anisotropic optical 

constants, several small changes may occur in the scattering 

results given above. First there may be a non-zero hori

zontal component of the polarization vector at 90° for a 

horizontal exciting field. Thus the light will not be com

pletely polarized when viewed at right angles to the incom

ing wave, and sa (POL) will have a maximum value less than 
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unity. In addition there may be small intensity varia

tions** between the elements slx and s22 and between s33 and 

sH. However, due to the effects of the normalization and 

the fact that each pair of elements has the same angular de

pendence, these differences are divided out and hence are 

not observable. 

Several small particle systems were studied experi

mentally, including the latex spheres already mentioned, 

33 silver colloids, magnetite colloids, and tobacco mosaic 

virus. The silver colloid produced the same results as 

given in Eq. (16). The magnetite and tobacco mosaic virus 

showed maximum polarizations of slightly less than unity but 

had nonzero s3i, signals. Figure 19 gives the s3i» data for 

the magnetite colloid (commercially available under the 

trade name Ferrofluid). These results are somewhat puzzling 

at first sight because the extremely Rayleigh behavior of 

the other signals would imply that the particle size is 

small enough to insure that Rayleigh scattering theory 

should be valid and S34 be equal to zero. The failure of 

the theory to apply to this system stems from the breakdown 

of one of two assumptions. The first is that the scattering 

results given by van de Hulst^ for particles with anisotrop

ic dielectric constants are only applicable to materials for 

which the polarizability tensor may be diagonalized. The 

second is that the size and index of refraction are large 
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Fig. 19. The normalized matrix element s3i» as a function of scattering 
angle for a Ferrofluid hydrosol at a wavelength of 3250A. 



enough so that the phase difference between different waves 

within the particle is not negligible. 

For dielectric materials, it is always possible to 

diagonalize the polarizability tensor. However, since mag

netite is highly absorbing in the visible region we must 

separately diagonalize the dielectric and the conductivity 

tensor. In general the principal axes of these two tensors 

do not coincide except in crystals with orthorhombic or 

higher symmetry.^ Since magnetite structure is cubic, and 

in addition there is a preferred direction due to the inter

nal magnetic field, its tensor should be diagonalizable and 

therefore the theory applicable. 

In order to assess the severity of the effect of 

phase shift, a simple calculation of the difference in phase 

between a wave passing through water and through the same 

thickness of magnetite yields 

<t> « ^ (n - 1.33) « 0.3 

for particles of 200X diameter. This phase shift is large 

enough to cast doubts on the applicability of the Rayleigh 

theory to this situation. 

Experimentally the phase shift may be approximately 

determined from the magnitude of ssi». The physical inter

pretation of S31, can be deduced from Eqs. 2 through 4 and 

the assumption that the amplitude transformation 



coefficients A3 and Ai> are small. It is easy to see that 

the ratio 

= tan <f> , 
S 3 3 

where 4> is the phase difference between the parallel and 

perpendicular components of the scattered electromagnetic 

field. This result may be further interpreted since for 

Rayleigh scatterers S3 3 = cos 0. Noting from Fig. 19 that 

s31» looks roughly like -0.15 cos 0 we can conclude that 

tan <j> » -0.15, a phase shift that is consistent with the 

earlier value of <|>. 

Unfortunately, there is no rigorously applicable 

theory of scattering from anisotropic bodies when the inner 

field is not in phase with the external field. Calculations 

using the Mie theory (ignoring the anisotropic optical con

stants) do not show substantial s3i» signals for these par

ticle sizes. Hence it must be assumed that the anisotropy 

of the particle combined with its finite size must be re

sponsible for the deviations from the Rayleigh scattering 

theory. 

The tobacco mosaic virus displayed a slightly more 

complex behavior of the s3«, signal, as is illustrated in 

Fig. 20. This is to be expected since the particles have 

larger dimensions than the magnetite. The virus assembles 
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Fig. 20. The normalized matrix element s3i, as a function of scattering 
angle for a suspension of tobacco mosaic virus at a wavelength of 3250A. 
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O 
in the form of a rod with a diameter of 160A and a length 

of 2300X.^'^ The optical constants are also quite aniso

tropic, having very different values parallel and perpendic-

35 
ular to the rod axis. Again there is no applicable theory 

of scattering for anisotropic units of this size. Calcula

tions have been performed of the scattering dissymmetry 

about 90° for a thin rod, as a function of rod length-to-

35 
wavelength ratio for varying values of the anisotropy. 

However, again this theory is of no use here since it would 

predict that s3i» would be equal to zero. 

In closing this section, it is important to note 

that in both cases of particles with anisotropic optical 

constants, a definite phase shift is observed in a size-

refractive index region which is usually well approximated 

by Rayleigh theory. Van de Hulst^ (p. 58) has pointed out 

that as the particle size goes to zero, these effects must 

vanish; However, it seems that they do not scale as rapidly 

as other aspects of Rayleigh theory. 

Large Particle Systems 

Several colloid and aerosol systems composed of 

large or irregular particles were studied with the instru

ment. For these samples, the problems in interpretation of 

data become especially difficult for two major reasons. 

These involve the averaging over the size distribution 
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and the severe restrictions on possible scattering calcula

tions for various shaped particles. 

When dealing with large particles (here taken to 

mean an average diameter greater than three or four times 

the wavelength of the scattered light), slight variations in 

the shape or size can drastically alter the scattering pat

tern. Hence when performing measurements on a collection of 

particles, an averaging process occurs which tends to destroy 

the individual scattering features quite rapidly. These 

changes in scattering characteristics depend, not on the re

lative, but on the absolute variation in size. Thus in large 

particles the standard deviation in the size distribution 

must be made a very small fraction of the particle size to 

preserve the single particle scattering character. When 

this does not occur, only a rough average behavior remains 

which may make the results quite ambiguous. If the parti

cles are irregular in shape the scattering over all orienta

tions must be averaged, again leading to the persistence of 

only the major features. Even if some structure does remain 

for the irregular particles, the interpretation of these 

features must rely on model calculations. 

The case of spherical scatterers offers one of the 

few tractable situations for theoretical computations. The 

37 
Mie calculation can be performed for very large particles 
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and, provided adequate computer time is available, for large 

size distributions. The theoretical treatment of scattering 

from non-spherical, large particles is only successful for a 

few severely limited cases. The general problems of the in-

38 39 
finite cylinder and the infinite slab have been solved. 

Scattering from an oblate spheroid has been studied theoreti

cally for many years, and it appears that the computational 

difficulties have been recently overcome.^^ Methods have 

42 
been proposed for solutions from arbitrary shapes but so 

far have not been confirmed. 

The other available approach is only useful for 

restricted conditions on the optical properties of the par

ticles.^ If the index of refraction of the scatterer is very 

close to that of the surrounding medium, the phase difference 

between the internal and external wave may be neglected. 

35 
This type of situation is referred to as Rayleigh-Debye 

scattering. This calculation may be carried out for arbi

trary shapes and for sizes such that 

z(mrel - 1) « 1 

where z gives the maximum path length within the particle and 

mre^ is the relative index of refraction between the particle 

and the surrounding medium. 

Water droplets form an excellent laboratory system 

of large spherical particles for which Mie calculations can 
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be performed. A commercial room humidifier was used to 

produce a stream of aerosol droplets which were directed into 

the common volume formed by the incident beam and the region 

viewed by the detector. The instrument is ideally suited for 

this type of measurement since the fluctuations in the den

sity of the aerosol are compensated for by the intensity 

normalization circuit. The experimental data for the linear 

polarization are compared to the results of the Mie calcula

tion in Fig. 21. The calculations for spheres of radius 

of 4 microns with a standard deviation of 1 micron produced 

the best agreement with the experimental data. The large 

peak at about 143° is associated with the phenomenon of the 

cloudbow^ (a rainbow is usually considered as arising from a 

geometrical picture of scattering by drops of the order of 

1 mm diameter). In Figs. 22 and 23, the laboratory data and 

Mie calculations are compared for the other three independent 

matrix elements. The greater noise in the total intensity 

(SUM) curve is due to the natural fluctuations in the aerosol 

stream but is not present in the others for the reason raen-

tioned above. The predominate effect of increasing droplet 

size is to move the main peak in the POL curve to lower 

angles until it reaches 138° (the value for the rainbow). 

Measurements on a system of human red blood cells 

provide a situation where Rayleigh-Debye scattering theory 
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Fig. 21. Calculated and experimental linear polarization from 4.0 micron 
radius water spheres for light of wavelength of 6330A. 

Note that the experimental data is plotted to 0.5 full scale. 
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Fig. 22. Calculated and expgrimental S signal from 4.0 micron water 
spheres for light of wavelength 6330A. 
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Fig. 23. Calculated and experimental D and SUM signals from water 
spheres for light of wavelength of 6330X. 
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may be applied. The blood cells are 6 to 8 microns across 

and are shaped like flattened spheres or pincushions so that 

the measured data represent an average over orientation. 

The cell wall is quite thin and surrounds a core composed 

largely of water, so that the criteria for this type of 

scattering could be satisfied. Figures 24 and 25 give the 

experimental results for all four matrix elements. The most 

important thing to note is the similarity between this data 

and the results of the Rayleigh theory (see Figs. 4 and 5) 

except for the total intensity curve. A brief look at the 

Rayleigh-Debye calculation reveals why this is the case. 

The scattering amplitudes for light polarized 

43 
parallel and perpendicular to the scattering plane are 

Ail 

A2 

ik3 (Hirer1) 

2 it eiS dV 
1 

cos e 

It can be seen that the same integral of the phase factor 

(which is proportional to the total intensity) multiplies the 

angular variation in both planes. Therefore, when normaliz

ing to the total intensity, only the simple Rayleigh behavior 

remains. The Rayleigh-Debye calculations for spherical 

shells show an extremely rapid variation in intensity with 

angle. This means that a very small particle size distribu

tion will smooth out all the variations leaving only the 
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steeply sloping intensity curve to indicate that the 

particles are quite large. The reason the POL signal does 

not reach unity as in Rayleigh scattering probably lies with 

the failure of the assumption that the phase difference is 

small. 

Experimental Utilization of the 
Instrument 

Only a few of the possible applications of this 

instrument have been included in this work to illustrate the 

variety of measurements it may perform. This section will 

attempt to enumerate some of the other areas in which this 

instrument may be employed. 

The behavior of a large number of small-particle 

scattering systems, both inorganic and organic, may be probed 

further with this system than traditional intensity or cross 

polarization measurements allow, because of the additional 

information in the other two polarization signals. The mere 

presence of some non-zero off block-diagonal elements could 

indicate symmetry properties hitherto unsuspected in some 

scattering systems. The instrument may also be used to study 

diffraction and surface states in cylinders drawn to micron 

44 
size or other macroscopic scatterers in the infrared or 

visible. It should be mentioned, however, that one of the 

original motivations for developing the technique was to 
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39 45 
study surface states in small particles. ' It was 

unsuitable for this application because the surface states 

that usually predominate in very small particles have elec

tromagnetic modes that are simple dipolar. As was pointed 

out in Chapter IV in the section titled Degree of Partial 

Polarization, all Rayleigh (dipolar) angular scattering pat

terns are very much alike, thus severely limiting the appli

cation of the instrument in these studies. 

There is currently interest in determining the 

validity of the results of the Mie calculation as it is 

46 
applied to the particles in the earth's atmosphere. In 

order to assess the importance of non-spherical shapes and 

the absorptive properties of real particles, scatterers 

with similar characteristics to those found in the earth's 

atmosphere can be produced and measured in the laboratory. 

The instrument is ideally suited to this task as well as for 

taking direct atmospheric measurements when a powerful con

tinuous wave laser is used as the light source. 

A whole class of problems dealing with diffuse 
A H 

reflectance from rough surfaces and compactions of parti

cles may be investigated. Liquid crystals are now a subject 

48 
of intense research and their light scattering properties 

are paramount in the interpretation of their internal struc

ture, thus opening up a whole field of liquid crystal 
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diagnostics. In addition, the instrument may do double duty 

as an ellipsometer with only very minor modifications to 

g 
allow wavelength scanning. 

Some of the applications foreseen for the instrument 

are listed in Table I. These include the speculations above 

as well as the examples treated in the text. 



TABLE I. EXPERIMENTAL UTILIZATION OF THE INSTRUMENT 

Type System Applications 

Light scattering 
systems: 

Inorganic 

Organic 

Liquids 

Diffusely reflecting 
systems 

Spherical aerosol and 
hydrosol systems 

Irregular aerosol and 
hydrosol systems 

Tobacco mosaic virus 

Spores 

Phytoplankton 

Liquid crystals 

Liquids near phase 
transitions 

Two liquid system 

Compacted and rough 
surface specimens 

Determining size and size distributions 
Optical constants of small particles 
Verification of multiple scattering calculations 
Planetary atmosphere analogy studies 

Scattering matrix for Earth's atmosphere 
Pollution studies, smokes and fumes 
Astronomical analogy studies of comets 
and diffuse nebulae 

Length determination 
Assembly processes 
Optical properties 

Size and index of refraction studies 

Light scattered from optically active cellulose tissue 

Angular polarization studies for diagnostics 

Coherency length studies 

Mixing studies 

Polarization and albedo studies for asteriods 
and planetary surface studies 
Surface roughness 

Diffraction problems: Long cylinders Sizing 
Surface state studies 

Elipsoaetry: Polished and cleaved 
specimens 

Determination of optical constants of bulk solids 
Thin film properties 



APPENDIX 

DETERMINATION OF THE ELEMENTS OF THE 
SCATTERING MATRIX 

In order to determine the various elements of the 

scattering matrix, it is necessary to use various combina

tions of linear and circular polarizers in combination with 

the two cases of modulator orientation mentioned in Chapter 

III in the section titled The Instrument. Four types of 

scattering matrices are considered. The first and second 

are for Rayleigh and spherical scatterers which were al

ready treated in Chapter V in the section titled Rayleigh 

Particles and in Chapter II, the section titled Formalism., 

respectively. The most common general case usually encoun

tered is that of a collection of anisotropic particles which 

form an isotropic medium with no optical activity. Iso

tropic scattering from the system means that no external sym

metry is imposed by outside fields or other means that would 

result in the orientation of the particles. For this case 

the matrix is given in Eq. (13). Table II gives the neces

sary combinations of polarizing elements to obtain each of 

the elements. All the elements of this matrix are obtained 

in a straightforward manner except for s22. This element 

can be derived from the measured quantity defined as 

75 



TABLE II. INSTRUMENT CONFIGURATION FOR SCATTERING FROM 
ISOTROPIC, SYMMETRIC SCATTERERS 

LP (a), Linear Polarizer at angle a: (A/4)(a), Quarter wave plate 
with the fast axis at angle a. This table is correct if the off 
block-diagonal matrix elements are zero. 

Elenent 
•easured 

fc lenient 
obtained 

simultaneously 

Modulator 
angle 

Final 
filter 

Data 
frequency Calibration Quantity 

obtained 

*11 - 0\ 45* none dc set to zero at 
v reference angle 

sa (SUM) 

- 45* none 2w LP(0•) s12/sll 
s12 

s34 4S* LP(4S*) 2u LP(0*) *12/sll 

•«l" - 0#, 45* LP(0*) dc sane as Sjj S11 + S21 

b 
s22 

- 45* LP(O')  2a  set to 1.0 a - ' 1 2 *  "» 
S11 • S21 

*33 s34 0* LP(0*) 2u set to 1.0 (s33/sll)(S> 

s33 0* LP(45*) u (X/4)(0°) ( - S J 4 / s u ) ( - D )  

*34 
s12 45* LP(45,J w (A/4)C0°) (s34/sn)(-D) 

*43* s44 0* (*/4) • LP(45*) 2u (V4)(0«) s43/sll 

*44 s43 0* (X/4) • IP(45*) u set to l'.O s44/sll 

*For this class of scattering syaaetry »2j " and • s}4. Therefore, it is only necessary to Measure 
s12 and s34. 

bTo obtain ijjt sea the explanation in the text of the Appendix. 



and another matrix element S2i/Sn = P. For all scatterers 

of this type S12 = s 2i so that the normalized value of S22 

is given by 

S22/S11 = a(P +1) - P . 

It can be seen from the first equation that if S11 = S22» 

then a = 1 and s22/sn = 1. Hence it is easy to check 

whether or not sn is equal to s 22» 

The most general possible scattering matrix has no 

nonzero elements and ten independent elements.** Table III 

gives the results of sixteen possible measurements and their 

relationships with the desired elements. If any of these 

elements were zero, the data reduction would be simplified. 

No laboratory data so far have disclosed a case where all 

elements are nonzero and only rarely have the off block-

diagonal elements been of significant value. 



TABLE III. INSTRUMENT CONFIGURATION FOR SCATTERING FROM 
COMPLETELY GENERAL SCATTERERS 

LP (a), Linear Polarizer at angle a: C^/4)(a), Quarter wave plate with the 
fast axis at angle a. 

Element 
obtained 

simultaneously 

Element 
measured 

Modulator 
angle 

Final 
filter 

Data 
frequency Calibration Quantity 

measured 

*11 
0*. 45* dc set to zero at 

reference angle sn (SUM) 

*12 *14 45* 2u U>(0*) 5^ (POL) 
S11 

*13 

14 

'21 

22 

*14 

*12 
45* 

0*. 4S* 

45* 

LP(O') 

LP(0°) 

2b) 

2u 

dc 

2u> 

LP(4S°) 

(A/4)(0*)•LP(45*) 

same as s 11 

set to 1.0 

S13/Sll 

s14/sll 

SU +  S21 

23 s24 * s14 
LP(0°) 2u 

s23+s13 

24 

31 

*32 

s13 • *23 

*34 • »14 

0*. 45* 

0*. 4S* 

45* 

LP(O') 

LP(4S*) 

LP(45*) 

dc 

2u 

(V4)(4S°) 

same as s 11 

s24*s14 
Sll+S21 

sll*s31 

S32*S12 
sll+s31 



TABLE III, Continued 

Element 
measured 

Element 
obtained 

simultaneously 

Modulator 
angle 

Final 
filter 

Data 
frequency 

Calibration Quantity 
measured 

*33 S34 * *14 
0* LP(45*) 2u set to 1.0 

S33+S13 
sll+s31 

s34 s13 * *33 
0*. 45* LP(45*) w CA/4JC0*) 

S34+S14 
sll*s31 

*41 - 0*. 45* (*/4) (0*) •LP(45-J dc same as sll+s41 

s42 *14 * *44 
45* (A/4)(0*)+LP(4S*) 2u (A/4)(45*) 

s42+s12 
sll+s41 

s43 *14 + *44 
0* (A/4)(0*)+LP(45*) 2u (A/4)(90°) 

S43+S13 
sll+s41 

S44 
- 0* (A/4)(0*)+LP(45*) u set to 1.0 

s44*s14 
sll+s41 

ID 
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