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INTRODUCTION

The number of techniques employed for particle size determination exemplifies its importance and perhaps
indicates the difficulty in acquiring thisinformation. Duke Scientific Corporation (1998) published on their
web site (http://www.dukescientific.com) alist of particle sizing methods. That list is reproduced below.

Particle Sizing M ethods

Microscopy Methods
e Optica
e Transmission Electron Microscopy
e Scanning Electron Microscopy
« Atomic Force Microscopy
e Imaging Analysis
Light Interaction Methods
e Laser Diffraction
¢ Photon Correlation Spectroscopy
e Single Particle Light Scattering
e Multi-Angle Light Scattering
e Single Particle Light Obscuration
e Laser Doppler Velocimetry
¢ Time Of Flight
«  Fiber Optic Doppler
Anemometry (FODA)
Electrical Property Methods
e Coulter (Electrozone) Principle
« Differential Mobility Analyzer (DMA)
e Electrophoretic Mobility
e ZetaPotential
Sedimentation Methods
¢ Photosedimentation
¢ Centrifuga Sedimentation
e X-ray Sedimentation
Sorting and Classification Methods
¢ Fluorescence Activated Cell Sorting (FACYS)
* Field Flow Fractionation (FFF)
e Seving and Screening
e Air Classification

Considering Only Light Scattering Techniques

Of the five methods and twenty-four techniques listed above, this document addresses only the
light interaction method and only the laser diffraction or detic laser light scattering (SLLS)
technique within that caegory.  The other light interaction methods (photon correlation
spectroscopy, single paticle light scattering, multi-angle light scatering single particle light
obscuration, laser Doppler velocimetry, and time of flight fiber optic Doppler anemometry) are
defined in the glossary.



Additional Convergence

To fully describe light scattering phenomenon, familiarity with severa supporting theories is
required. That background is provided here, but only to the extent necessary to provide continuity
in the discussons that follow. Detaled information is available from various sources and the
reader will need to research those sources if technica detals are desired. The generd format of
this document, then, will be to present a broad and generd picture, then focus only on detals
pertinent to the main subject of this document which is patide szing by deconvalution of the

light scattering pattern using Mie theory.

From Theoretical Modelsto Practical Applications

Current scattering theory provides the foundation for building an understanding of the
phenomenon, but by no means provides a mathematicd solution for dl dtuations in which
scatering occurs.  This is true for a great number of theories, therefore they are qudified with
gatements smilar to, "..under the assumed conditions of..." Samue C. Florman, in his book The
Civilized Enginesr, puts this redlity into perspective by reminding practitioners that "Although we
are committed to scientific truth, there comes a point where this truth is not enough, where the
application of truth to human objectives comes into play We are no longer considering
theoretical forces and ideal substances. We are now obliged to work with materialsthat arereal,
impure, and sometimes unpredictable. Our aimisno longer to discern absolute truth, but rather
to create a product that will performa function."

This document will introduce the theories and the conditions under which those theories
accurately predict the outcome. It then will apply those theories to the practicd problem of
determining, from the pattern of light scattered from an assemblage of particles, how the
population of particles is disributed by size. In doing so, the effects of not working with
"theoretical forces and ideal substances " will be reveded.
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TheNatureof Light

Energy transmitted by waves through amedium is

cdled radigtion or radiant energy; it includes
dectromagnetic, sound, and €dadic waves.
Electromagnetic energy includes cosmic rays y-
rays, Xrays, light, heat, microwaves, and radio
waves. This continuum of energy is cdled the
dectromagnetic soectrum.  Energy residing in a
specific and very narrow band of this spectrum is
referredto as’light'.

Wave theory often is used to describe
dectromagnetic radiation and therefore to describe
light. Light waves, sound waves, water waves, etc.
share some characterigtics and can be studied using
the same theories, but only in limited cases.
Although smilar in some respects, there are
considerably more differences than dmilarities
between sound waves and dectromagnetic waves.
The same holds true when studying details of
dectromagnetic waves in different bands of the
spectrum; theories that apply to one band of
waveengths may not agpply well to another band.

This document is concerned only with light. Even
within this narow band of eectromagnetic
radiation, interaction between light and matter may
produce very different effects depending on the
waveength of the light or the characterigtics of the
materid; these variables may be referred to as the
conditions under which an interaction takes place.
Interactions that result in what is cdled light
scattering are no exception. So, any description
of light scattering must be accompanied by
quaifying statements that define the conditions
under which the statements (theories, explanations,
or conclusons) are beieved to be factud. The
discussions that follow hold fast to this cavest;
terms are defined and statements qudified as they
pertan to the theoreticd discusson. These
definitions and qudifications may be referred to as
limitations, conditions, congtraints, or boundary
conditions. Regardless, they are what ultimately
will separate the theoreticd ided from red-world
applications of light scattering theory.

A few additiond facts about light should be
mentioned.  The smdlest bundle in which
dectromagnetic energy is packaged is cdled a
photon. All photons of light of a specific
wave ength have a specific quantity of energy. The
intensty of light of a specific wavelength is a
function of the total number of photons emitted (or
collected per unit area) per unit time.

The study of optics dso dealswith light beams and
light waves. A ray is the imaginary line that
corresponds to the direction in which radiant
energy flows. A light beam can be thought of as
a group of padld rays and as having finite
thickness, a light beam dso may be consdered a
stream of photons al moving in the same direction.
To expressit another way, alight ray isthe limit of
narrowness of a light beam. The branch of optics
that is concerned with the path of light rays
through opticd systems is caled geometrical
optics.

Light and, infact, dl dectromagnetic radiaion hasa
dual persondity. Sometimes it behaves like a
particle and sometimes it behaves like a wave, the
wave mogt often being depicted as sinusoidd. This
is the paticlewave dudity characteristic often

attributed to photons. In this document, light will

be trested either as a continuous wave or as a
photon, depending on which view best serves the
current technical discussion.

I nteractions Between Light and M atter

Raely do we observe light directly. More
typicaly, we observe light that has reached either
our eye or alight detection instruments by some
indirect path from its source, having interacted
with some object in its direct path. The study of
how light interacts with matter is cdled physical
optics. How the matter responds to the interaction
is of minor importance in this section; that will be
covered in light detection theory. How the light
responds to an interaction is our principa concern
in this section. Descriptions of some possible
reactionsfollow.












Micromeritics Technical Workshop Series (Fall 2000)

intendity versus angle is cdled the scattering
pattern.

Adding Constraintsand Conditions

Generd Mie theory applies to scattering of plane
waves of monochromatic light by isotropic
spheres. Isotropic materids, incidentdly, have
properties that are independent of the direction in
which they are measured. Mietheory, therefore, is
congtrained to these conditions. Below are listed
the theoreticd and experimentd condraints
assumed in regard to the formation and analysis of
scettering patterns in an effort to extract size
distribution by quantity.

Only monochromatic light is conddered. Mie
theory applies to formation of a scattering pattern
by light of only asingle wavelength.

The patticle is isotropic. This is explicit in Mie
theory. With such particles, it makes no difference
from which direction the incident beam strikes the
paticle.
The particle is spherical. Thisisacondition of Mie
theory.

The incident light is composed of plane waves.
Thisisacondition of Mietheory.

Both scatering AND absorption are considered.
These are two different phenomena and both are
important in understanding how the incident light
beam is affected by interacting with suspended
particles. Absorption of a light beam is not 100%
efficient; some photons in the beam adso may be
reflected or transmitted through the object. In some
cases, absorption may gpproach 100% and few
photons are reflected after impact and few transmit
through the object &fter refraction. In this case the
object is sad to be opague. This does not
diminate the diffraction component of scattering
and the opaque object il scatters light due to the
interaction of the wave front with the edge of the
object.

Both scattering and absorption cause the incident
light beam to be diminished as it is projected
through an assemblage of particles, some decrease
due to redirection of rays by scatering, some
decrease due to loss of the photons by absorption.

A Primer on Particle Szing by Satic Laser Light Scattering

This reduction in the energy of the incident beam
leads to the concept of extinction, which is the
degree of attenuation of the incident light energy.

Extinction = scattering + absor ption

where scattering = reflection + refraction +
diffraction

Only single scettering is consdered. Mie theory
condders only the scattering of light from the

primary light source, and does not include light
scattered from one particle to ancther, which is
cdled multiple scattering. Multiple scattering
occurs when the light beam reeching a particle hes
been strongly attenuated by other particles. Single
scattering means essentidly  that the radiation
impinging upon each particle arrives directly from
the incident source. A more rigorous definition is:
If there are N particles subjected to the
incident radiation, then the scattered light
intensity is N times that scattered by a single
particle. Another way of deting this is the
energy removed from the incident beam by N
particles is N times that removed by a single
particle. Thisisanother example of extinction.

Only detic light scattering is conddered. The
scatering characteristics under consideration are
independent of the mation of the particle.  Thisis
discussed in more detail later in thislesson.

No quantum effects are conddered. Light
scattering, as discussed heregfter, does not apply
to any dteration of the wavelength of the incident
light (Raman or Doppler effects).

SIDEBAR: A test to determine if multiple
scattering is negligible is to double the
concentration of particles and see if the
scattered light doubles. If so, then multiple
scattering is negligible. A more in depth
understanding of the effects of particle
concentration on scattering can be acquired
by plotting extinction versus concentration.
Particle size analyses should be performed
in the linear range.

TheMechanicsof Light Scattering

The amplitude of scattered light at different angles
(the scattering pattern) depends not only on
concentration and particle size, but aso on the

1145
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ratio of the refractive indices of the particlesto the
medium in which the particle exigts. The more the
particles differ from the medium (j.e. the more ther
refractive indices differ), the more light will be
scattered by the particles. At the other extreme, if
there is no difference in refractive indicies, no light
will be scattered.

The diagram in Fgure 1-3illugtrates the interaction
of light with an isolated object. It shows incident
light beams (assume intendty | and wavdength

Diffracted ray

Reflected ray\

Refracted ray

o

Transmitted aftep 7 h
internal reflection

Transmitted ray

No interactionundeviated ray

Figure 1-3. Light rays interacting with a

particle.
N in close proximity with a sphericd particle.
Photons in one ray are sufficiently far away from
the paticde to have no interaction and are
unaffected by its presence. Another beam comes
close enough to be diffracted by interaction with
the edge of the particle. Another beam intersects
the particle.  Some photons are reflected; others
penetrate the surface and, in doing so, are refracted.
The refracted ray of photons strikesthe far side of
the particle. At this interface, some photons
penetrate and are transmitted, while others are
reflected internaly. The reflected ray intersects
another internd interface and is partly reflected and
partly penetrates. Since there is no absorption,
thereis no net loss of photon energy.

The intengity of the scattered light is a function of
the wavdength A, the scattering angle 8, the
particle Sze d, and the relative index of refraction n
of the particle and the medium. Symbalicaly, then,

I =1in( 0, A,d,n). (Ea. 1

Limitations and conditions as noted previoudy are
assumed. It should be noted that 6 is measured

A Primer on Particle Szing by Satic Laser Light Scattering

reldive to the angle e which the incident light was
directed. The undeviated ray in Fgure 1-3,
therefore, is scatered zero degrees and the
diffracted ray is illusraed as having an
approximetely 45 degree scatering angle. Thisis
cdled forward scattering as is any scattering at
angleslessthan 90 degrees.

Mie theory is a powerful tool to calculate the sze
or refractive index of spheroids because the pettern
of scattered light from particlesis very senstive to
gmdl changesin Sze or refractiveindex. Comparing
the measured scettering pettern to that predicted
by Mie theory alows particle size to be calculated
if refractive index isknown.

The theories introduced above form the theoretical
bases for datic laser light scattering particle size
andyzers. The next lesson in this series will
provide information on how various manufacturers
of SLLS particle Sze anayzers design the optical

system in order to messure the scattered light.

Strengths and weeknesses of these designs will be
explored.

Future lessons will focus on extracting particle size
information from messurements of the scettering
pattern  followed by  instrument-specific
information and application informetion.

Differentiating Between Dynamic and Static
Light Scattering

The definitions of light scattering as given above
introduced a juncture in light scattering theory a
which datic light scattering (SLS) and dynamic (or
quas-eladtic) light scattering (QELS) are separated.
By the dtic light scattering technique, particle
sze information is extracted from intensty
characterigtics of the scattering pattern a various
angles. With dynamic light scattering, particle size
is determined by corrdaing vaiations in light
intensty to the Brownian movement of the
particles. \Aues obtained by the latter technique
vary widdly depending on the concentration and
condition of the sample, as well as environmentd
factors. With both techniques, however, the
scattered light has undergone no dteration in
wavelength.

1-6
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Other scattering methods include Laser Doppler
Velocimetry (LDV) and Fiber Optic Doppler
Anemometry (FODA). LDV employs a laser to
messure the aerodynamic diameter of particles
between 05 and 10m in dianeer and is
independent of the particles optica properties as
long as the particles scetter light. FODA is a
technique that utilizes fiber optic sensors to detect

and messure mass concentration in submicron
particle systems. In these methods, the

wavelength of light is dtered by the interaction
with matter.

Micromeritics Instrument Corp. Workshop Series: Introduction to the Latest ANISISO Standard for Laser Particle Sze Analysis
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SUMMARY OF LESSON 1

Scattering is a process that conserves the total
amount of energy, but the direction in which the
radiation propagates (spatid distribution) may be
atered.

Absorption is a process that removes energy from
the incident light beam by converting it to another
form.

Extinction (or attenuation) is the net effect of
scattering and absorption and describes the effect
of the interaction between the radiation and the
matter upon which it impinges.

Limitations must be applied in order to describe
scattering exactly. Thelimitationsinclude:

o Incident light of only asnglewavelength is
congdered.

o  Nodynamic scattering effects are considered.

o Thescatering paticleisisotropic.

o  Thereisno multiple scattering.

o All particles are spheres.

o All particles have the same optical properties.

» Light energy may belost to absorption by the
particles.

Gened Mie theory rigoroudy describes the
scettering  pattern from a spherica, isotropic
paticle illuminated by monochrometic plane
waves.

Congtraints and conditions are applied to the
experimenta conditions under which the scattering
pattern is produced. Otherwise, Mie theory may
not directly apply.




Light Scattering Patterns

In Lesson 1, light scatering achieved under
catain conditions was discussed.  Some of the
conditions are:

A) incident and scettered light are of a single
wavelength,

B) sateing patides ae  separated
sufficiently that they are exposed only to
pardld raysof theincident light,

C) scattered light from these partices have
aufficient space to form their own scattering
patterns undisturbed by other particles,

D) dl paticles have the same opticd
properties, and

Intensziby

Scatering
Angle (degrees)

= 1 8 18

aound a centra bright spot. The image is
creulaly symmetrical meening thet for a
given scettering pattern the intensity | of light
scatered & any angle O réedive to the optica
axis is the same whether it is scattered O
degress up, down, left, right, or whatever.
Therefore, a scattering  patern can be
described completdly in two dimensions, (6,
.

Fgure 2-1 illugtrates four ways of depicting a
light scattering pattern. The first illustration &t
the left shows how the pattern projected onto a
screen may appear to the eye. Superimposed
upon this illugtration is the second way a licht
scatering pettern can be described as an X-
Y plot of intensty versus scattering angle.

40°
30°
: 20°
! 10°
0°
Intensity ™ B écatierlng
Scale “"Pattern
(log)

Figure 2-1. Four waysto represent alight scattering pattern. LEFT: the bull’s eye pattern is what one sees
when several degrees of the pattern are projected onto a screen. The overlaid plot is a graphica
representation of intensity (y-axis) versus scattering angle (x-axis). CENTER: A false-color, 3-dimensiona
plot, the vertical projection representing light intensity. RIGHT: A plot of light intensity versus scattering
angle in polar coordinates. NOTE: the four representations are not necessarily of the same light scattering

pattern.

E) the particles that scatter the light are
spherical and isotropic.

Some of these conditions are fundamentd to
Mie theory, othes ae imposed by
experimenta  conditions to assure that the
scatering  pattern  produced is  subject to
anaysisby Mietheory.

An image of a scatering pattern produced
under the conditions described in Lesson 1
gopears as concentric bright and dark rings

The center illugretion is a three-dimensond
plot of the scattering pattern where the vertical
axis indicates light intensty and the position
of the rings on the radius represents the
scattering angle, zero angle is the center of the
rings. The rightmost illustration is yet another
way to illustrate a scattering patern as a
two-dimensond pola plot  where light
intengity is depicted by the extent of the radius
and the scattering angle is represented by the
angle of the radius vector.
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Mie, Rayleigh, and Fraunhofer Light
Scattering Theories

Gusavr Mie devdoped a complee
mahematicd-physica theory of the scattering
of dectromagnetic radiation by isotropic
sphericd  paticles, in 1906. Mie theory
predicts scattering intendty as a function of
the angle a which light is scatered a the
point of interaction with a spherica particle.
Prior to the wide avalability of fast
computers, Mie theory was applied with
boundary conditions (constraints) that placed
limits on the range of particle size and index
of refraction that a paticular data reduction
method could accommodate; this is illustrated
in Hgure 2-2. The smplest mahemdicd
reductions and the cdeaest physicd
interpretation of the scattering formula are
obtained in aress of the refractive index
particle size plane that satisfy at least two of
the following conditions:

Xx<<1l or x>>1
nl<<1 or n1>>1 (EqQ 21)
x(nrl)<<1l or x(n-1)>>1

where n is the rdative index of refraction of
the particle to the medium (mym,), and x is
related to particle size by

x=21(r/\) (Eq. 2-2)

where )\ is the waveength of incident light.
The expresson x(n-1) represents the phase
shift of the light ray in passng through the
paticleadong aradius, r.

Today, with the avalability of condderable
computing power on  ones  desktop,
condraints are not necessary and Mie theory
can be gpplied as expressed by Mie with no
additiond  condraints for the ske of
smplifying the math.

The pattern of scettered light from spherica
paticles can be vey sendtive to smal
changes in sze or index of refraction.
Refraction, as introduced in Lesson 1, is one
of the light-matter interaction processes and
the index of refraction is a parameter that
characterizes the extent to which the path of
light is bent & the interface when leaving a
medium of one index of refraction and

Mie Theory

Large
Knomalobg SPheres }~Optica
resonange

diffraction

. Rayleig
Refractive] ( scattering

region
Rayleigh
Gansregion

Size of Particle in
Relation to
Wavelen

Phasg/Shift

Figure 2-2. Constrained subdivisions of Mie
theory for which simplified mathematical
expressionswer e derived. Theseconstraintswere
necessary to simplify hand calculations, but are no
longer needed due to the availability of computers.

entering a medium of a different index of
refraction.

Fraunhofer theory predicts the diffraction of
ligt a the edges of objects specificdly,
opague objects. Origindly describing the
diffraction  paterns produced by light
projected through an aperture, in paticle
gzing it rdaes to light bending around the
edges of an opague particle. If the particle &
not opaque, then Fraunhofer scattering theory
is incapable of completdy describing the
scattering phenomena. A Fraunhofer
diffraction pattern consists of concentric bright
and dark rings.

The limitations of using Fraunhofer theory are
that it must be applied only to opague or
essentially opague particles and the particles
must be much larger than the waveength of
the incident light. It usualy is applied when
the light absorption by the paticle is very
high. The advantages are that the cdculation B
smple compared to that of Mie theory
(therefore, fast) and no index of refraction is
required. However, the same reslts can be
obtained usng Mie theory and therefore Mie
theory is sometimes said to encompass the
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Fraunhofer techniques for determining particle
sze

Presenting to the Optical System the
Particlesto be Measured

The desgn of a light-scattering, particle-sizing
ingrument based on Mie theory must be
guided by expressed conditions of Mie theory
in order to produce a scatering pattern
reducable by that theory. These conditions are
listed, A through E, in the first paragraph of
this lesson. Condition A  becomes a
specifiction of  the  opticd design,
specificdly, the incident light  source.
Conditions B and C pertain to the sample
suspension and, dthough can be manipulated
to some extent by the design of an automated
sample handler, the operator dso must be
involved in  satisfying  this  condition.
Conditiion D pertains to the sample materid
and it is the responsihility of the operator to
introduce the proper sample maerids to the
measuring system.  However, some vaiation
on this condition is permissble and the error
introduced may be indgnificant. Because of
the essentitdly infinite veriety of sample
types, methods development is caled upon to
determine exactly how much a particular
sample can devige from ided and il
produce acceptable results. How one procedes
under condition E is dmilar to how one deds
with condition D.

Devices Used to Deliver Particles to the
M easuring Zone of the Instrument

Laser light scattering instruments of concern
here andyze samples in one of three methods
of presentation: 1) solid particles suspended in
a liquid medium, 2) widdy separated solid
paticles that cascade in a stream ether under
the influence of gravity or carried in a gaseous
dream, and 3) olid or liquid partices
suspended in a geseous medium  (aerosols).
Other types of instruments include those that
Size paticles entrapped in a solid or gd, those
that andyze bubbles forming in a medium,
those that characterize dissolution of solids in
a liquid, those that analyze flocculation of
particles, or growth of crystas, and others.

A Primer on Particle Szing by Satic Laser Light Scattering

The didribution of particles in various
suspenson media may differ; this can be a
desrable or undesrable consequence For
exanple, adding dispersant to the liquid
medium can prevent paticles suspended in the
medium from flocculing. Preventing
patices from grouping together is more
difficult when working with dry powders and
aero0ls. So, when a solid sample is cascaded
or an aerosol is formed or particles are placed
in a liquid, the influences to separate or to
agglomeae ae diffeent and  different
digtributions may be reported for the same
sample.

From Micromeritics  experience  with the
SaiGraph, most users want to determine the
sze digribution of individud paticles o
efforts ae made to keep the particles

sepaated. But, even with the SediGraph,
some  expaimentes ae  intereted  in
measuring flocculated or agolomerated

assemblages and, so, do not want to apply too
much ultrasonic  digperson  energy  to  the
suspension  because it will bresk up the
clugers.

When working with leser particde dzing
equipment, the user has a choice of methods
for presenting the sample to the measurement
zone. Why patide sze is beng messured
will influence how best to present the sample
to the andyzer. For example, if one is
measuring patide dze as a paameter in
understanding how a solid-liquid suspension
of these paticles behaves during trangport,
then it seems reasonable that the samples
should be evduated while suspended in the
same liquid. Simply because dry powder
sample handlers diminate the need to prepare
dispersing liquids and may save operator time
may not be sufficient reasonsfor their use.

Regardless of the sample presentation method,
the sample materid must be ddivered from a
source externd to the insrument to the
sampling zone of the insrument. The sample
must be contained so it does not contaminate
the sendtive optical eements and the sample
must be presented in a manner tha represents
the bulk quantity that was introduced for
measurement. How this is achieved for liquid
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sugpendons, cascaded dry samples and ges
suspensionsis discussed below.

Liquid sample handlers. A liquid sample
handling sysem must present to the incident
light beam a homogeneoudy suspended,
bubblefree  liquid-solid suspenson  of the
proper concentration. This, in the mgority of
goplications, is accomplished by maintaining
flow from the reservoir through a sample cdl
while daa ae beng collected or by
maintaining a girring action within a sample
cdll through which isno flow.

A flow system would include & minimum: 1)
an exteior resavoir with an opening to
receive a pre-suspended sample, or in which to
creste the dispersed suspension, 2) a pump, 3)
conduit to carry the susgpension to the sample
cdl, 4) a sample cdl, 5) conduit to carry the
suspension back to the reservoir and 6) a
means by which to drain and rinse the system.

The liquid sample handler sysem may have
additiona,  convenient, but  non-essentid
features. Examples ae liquid levd sendng,
and automatic dilution, ringing, and refilling.

Each of the essentid subsystems, 1 through 6,
may have their own specia features to further
enhance the utility or overdl operation of the
system. Each subsystem and added festure
must be designed to maintain the homogeneity
of the suspenson (no particle trgpping or
segregation by  §ze), prevent or  diminae
bubbles (maintain a mixing action without
pulling bubbles in from the surface), and avoid
mechanicaly dteing the paticles (crushing
or grinding by the pump or valves).

The flow veocity of the liquid through the cell
is an important design consideration because
the energy of the flow keeps large particles
cdreulaing. Flow veocity can be achieved a
low flow rates by reducing the size of the
liquid-carrying conduits. However, for good
sampling datigtics, flow rate adso must be
consdered. The volumetric flow rae through
the cdl and the totd cdl volume determine
how many times the contents of the cdl 'turn
over' or ae swept out. The relation between
sample cdl sweeping and sampling statitics is
illustrated by Table 2-1.

A Primer on Particle Szing by Static Laser Light Scattering

For example, a flow of 100 cc/sec (6 liters per
minute) through a 100-cc cdl means that the
contents of the cdl are swept out every
second. The tota time during which
measurements are taken multiplied by the flow
rate gives the tota volume passed through the
cdl and the maximum volume of the liquid-
lid suspenson that was subjected to
measuremen. Dividing the totd system
volume by this number gives the fraction of
the total sysem volume that underwent
andyss.

These ae important condderations when
evduding messurement ddidics, heres why.
Firg, the volume of asphereis

V = (43 (Eq. 2-3)

If the dze didribution of a sample of spherica
particles ranges agpproximatedly from 1 to 10
pm, the range of volume is 524 x 10™ to 5.24
x 10 un®, or three orders of magnitude in
range. Since mass is directly proportiond to
volume, mass scdes the same as volume To
determine how many smdler paticdes ae
required to be of equa volume or mass to one
larger particle, thefollowing relation is used:

ng4/3)mrs® = n (4/3)mr 3 (Eq. 2-4)

where ng is the number of smdler paticles, n
the number of larger paticles and rs and
the radii of the smdler and larger paticles,
respectively. This leads to the generd
expression for number ratio,

ngn, = (r/re)® (Eq. 2-5)

and for the specific case of 5= 05 pm and 1.
=5um,
ngn, = (5/0.5)* = 10°.

Therefore, a sngle 10 um diameter particle is
equa in mass and volume to 1000 particles of
1 um diameter.

Figure 2.3 in which the number and volume
digributions of the same sample are shown
illustrates these points. As can be seen for this
digribution, about 3% of the totd sample
volume is 1 pm or larger, but this represents
nearly 40% of the total number of particles.
Likewise, about 2% of volume (thus, mass) is
10 um and larger, but the number of particles
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Figure 2-3. Top: Number distribution.
Bottom: Volumedistribution of same sample.

is far less than 1% (actudly, 0.012% from the
experimenta data).

For the particle size anadysis illustrated (garnet
reference materid), the mass concentration of
paticles in the sugpension is 6.36 x 10° gml.
The dendty of ganet is 3.87 grams per ml,
therefore the volume of ganet in each ml of
suspensionis

(Eq. 2.6)

(6.36 x 10° g)/(3.87 g/ml) =
1.64 x 10°° ml of garnet per ml of suspension

Snce only aout 2% of sample volume is
composed of particles >10 pum, this means that
the total volume of particles of size 10 pym and
larger is 328 x 107 ml or 1.27 x 10° gram of
these sizes of ganet patices in eech ml of
suspension.

Likewise, there is aout 3% of sample volume
contained in particdes <1 pym dameter, the
total volume of these partidles is 492 x 107 ml
or 1.9x 10° grams per ml of suspension.

Assume that dl large particles in this sample
ae 10 pm in dameter (this gives the
maximum number of patices). Each paticle,
then, has avolume of

A Primer on Particle Szing by Satic Laser Light Scattering

Frequency

V1o = (43)1(5um)® = (4/3)1(5 x 10* cm)®
=5.24x 10 cm?®

and mass of

Mg = (5.24 x 10°%° cm®)(3.87 g/lem®) =
2.03x 10°° g per 10 um diameter particle.

Since the totd mass of >10 um particles per
ml of sugenson is 127 x 10° g, the
maximum number of large paticles (assuming
dl are 10 ym particles) per ml of suspengonis

(1.27 x 10°° g)/(2.03 x 10°° g/particle)=
=626 particles per ml of suspension

However, the didribution shown in Figure 23
indicate the presence of large paticles of a
leest 20 pm diameter.  Thee esch have
volume of 4.189 x 10° am® and mass of 1.62 x
10® g. This means that only 78 such particles
can be present in the 2% sample mass per ml
of suspension. If 30 um particles are present,
then only 23 of these particles accound for 2%
mess per ml of suspension, and only a single
paticle of 40 pm diameter would account for
the total 2% mass per ml of suspension.

At the other extreme, there is 3% of total mass
in paticles <1 pm dameter in esch ml of
suspension, or 0.081 x 10° grams. Since these
patides & maximum contan 203 x 10%
grams of mass each, the number must be a
least

(1.9x 10° g)/(2.03 x 102 g/particle)=
=0.36x 10° particles per ml of suspension

As can be appreciaed by this lengthy exercise,
the broader the digtribution, the more disparity
is produced between then number of large and
gndl patides tha ae subjected to
messurement.  Very poor sampling ddidtics
ae acquired for the larger Szes in the
presence of much smdler sizes unless the
sampling time is long and the flow rae is
high. Those two vaigbles are the only way to
increase the number of large particles that get
messured and averaged. Tebles 2-1 and 2-2
further illustrate this point.

Maintaining a homogeneous dispersion in a
liquid sample handling system: A primary
problem in maintaining continuous circulation
of a homogeneoudy suspended sample is that

2-5



Micromeritics Technical Workshop Series (Fall 2000)

Fraction of SampleMaterial Measured
Under Different Conditions of Flow Rate
and Measurement Time
Volume of Measurement Zone: 10cc
Flow Measure- | Percent of Sample Actually
Rate ment Time | Subjected to Measurement
(cclsec) (sec) Sys. Vol.= Sys. Vol.=

100 ml 1000 ml
1 0.1 0.1 % 0.01 %
1 1.0 1.0 % 0.10 %
1 10. 100 % 1.00 %
1 100. 100. % 10.00 %
10 0.1 10 % 0.10 %
10 1.0 100 % 1.00 %
10 10. 100. % 10.00 %
10 100. 1000. % 100.00 %
100 0.1 10. % 1.00 %
100 1.0 100. % 10.00 %
100 10. 1000. % 100.00 %

Table2-1. Thefraction of theintroduced sample
quantity that actually passes through the measur e-

ment zone.

Particle Mass asa Function of
Size (um) and Density (g/cm’)

Size [Volume [ p =2 | p =4 p =6 p =8

0.01 5.24E-18 1.05E-17 | 2.09E-17 3.14E-17 4.19E-17

0.05 6.55E-16 1.31E-15 | 2.62E-15 3.93E-15 5.24E-15

0.1 5.24E-15 1.05E-14 | 2.09E-14 3.14E-14 4.19E-14

0.5 6.55E-13 1.31E-12 | 2.62E-12 3.93E-12 5.24E-12

1 5.24E-12 1.05E-11 | 2.09E-11 3.14E-11 4.19E-11
5 6.55E-10 1.31E-09 | 2.62E-09 3.93E-09 5.24E-09
10 5.24E-09 1.05E-08 | 2.09E-08 3.14E-08 4.19E-08
50 6.55E-07 1.31E-06 | 2.62E-06 3.93E-06 5.24E-06

100 5.24E-06 1.05E-05 | 2.09E-05 3.14E-05 4.19E-05

500 6.55E-04 1.31E-03 | 2.62E-03 3.93E-03 5.24E-03

1000 | 5.24E-03 1.05E-02 | 2.09E-02 3.14E-02 4.19E-02

5000 6.55E-01 131 2.62 3.93 524

Table2-2. Themassof asingle particleasa
function of size and density.

the particles tend to separate by size during
circulation resulting in the smdler szes being
over-represented  because they are transported
more efficiently.  Gravitationd sedimentation
is one influence on separaion; another is the
result of hydrodynamic effects.

To visudize what is going on during
circulation, here is a thought experiment.
Imagine a microscopic view through a sl
window in the sde of the reservoir or in the

Turbulent Flow

A Primer on Particle Szing by Static Laser Light Scattering

tubing leading to and from the reservoir.  If
the liquid flow is smooth and laminar, the
liquid sweeps paticles of a wide range of
sizes from one end of the liquid system to the
other. But, particles not only move laterdly
falowing liquid flow, but adso are sHtling.
The lager paticles sdtle faster than the
andler patides (remember Stokes law?) and
the larger paticles eventudly settle to the
lower extremes of the conduits and tumble
dong the lower walls. This causes resstance
to motion and they move dightly dower than
the liquid flow. Little by little, the large
paticles fal behind the smaler particles tha
sldom contact the walls and continue to flow
dong with the liquid. The smdler particles
ae bang ddiveed to the sample cdl more
efficiently than ae the larger partides  If
there is a verticd section of tubing in the flow
path through which the liquid flows upward,
large paticles move more dowly upward in
this dtuation then do smdl patides agan
contributing to separation.

To comba the above-dexribed effect, energy
needs to be imparted to the particles to keep
them uniformly integrated regardiess of Sze
One way to accomplish this is by the
introduction of fluid turbulence.  Turbulent
forces can overpower the sedimentation forces
and cause the large paticles to reman mixed
with thesmaler particles.

Laminar Flow versus Turbulent Flow. The
long lines represents the direction of fluid flow
and the short arrows represent the net direction
of motion of the particles carried by the fluid.

The effect in laminar flow is that the particles
seitle downward a rates according to size. In
turbulent flow, the paticles move in dl
directions and congtantly are being mixed.

Too much turbulence, however, can hold
bubbles in the liquid and, in extreme cases
can pull ar from the surface into the liquid
cregting bubbles*.  The suspenson must be
bubble free because bubbles ae light

T

A." ....... . _}.*.‘

Laminar Flow
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scaterers and cannot be distinguished by the
sysem from solid particdes. Therefore, the
circulation sysem must be carefully designed
to control turbulence in order to achieve the
dua and opposing objectives of maintaining a
wdl-mixed  liquidsolid suspenson  while
preventing bubble induction and reeasing
those bubblesthat do formin theliquid.

Dry powder feeders: Dry feeders may
cascede the sample through the messurement
zone under the influence of gravity (freefdl
feeders), or drive the particles through the
measurement zone by some force, typicaly a
gas dream. Since the paticles are driven by
the gas and are not suspended in the gas they
do not fdl into the category of aerosol
samplers. Fine powders (<10 pym) are difficult
to digperse and being caried by a turbulent
gas dream provides a means of dispersng or
maintaining disperson.  In some embodiments
of a gas driven sydem, the paticles are
gected by means of gas (ar) through a nozzle
or caried by tubing through a sample cdl.
Some manufecturers configure the dry sample
handler to remain on the andyzer with the
liquid sample handler and require only that the
gopropriate sample cell with sample conduit
be placed in the messurement zone.

A problem tha requires attention is the
accumulation of datic dectricd charge, which
may lead to clogging of the system and
separation of sample by sze. According to
how individud patides ae chaged,
dectrogtetic effects may lead to
agolomeration.

Gas jet-driven dry powder feeders use the
shearing force of the air stream for dispersion.
This is best accommodated by a vaigble gas
flow rate in order to have control of the
amount of energy put into the system.

Freefdl dry powder feeders are paticulaly
important when the sample is fragile because
it applies minimum forces to the sample. The
only additional energy fed into the systlem may
be vibration to keep the powder moving and to
didodge particles that tend to stick to parts
dong the transport route. However, these
types of samplers are not as useful with fine

A Primer on Particle Szing by Satic Laser Light Scattering

powders (<10 pm) or larger low dengty
materidls that have a drong tendency to
adhere. Another difficulty is assuring that the
cacade is of low enough concentration to
assure  wide separation  between individud
paticles, therefore guarding againgt multiple
scattering.

With either type of dry feeders, dorasve
samples can present awear problem.

Aerosol samplers: An aerosol is defined as a
liquid or solid particle suspended in a gaseous
medium.  Dry agrosols usualy are not what
are andyzed in a laboratory lasr particle size
andyzer; this type of measurement is usualy
relegated to environmentd monitors.
However, it is possble to accommodate dry
aerosolsin alaser particle Sze andyzer.

Most paticle sze digribution measurements
of aerosols are performed on liquid droplets or
soray. Most often, the device that produces
the agrosol is not an integra pat of the
instrument system as would be a liquid or dry
powder sample handler. The aerosol usudly
is produced by some device and what actualy
is under test is the capability of the device to
produce agrosols of the desred gze
digribution. Examples ae the aray of
familiar spray cans used in households, the
less familiar devices such as automobile fud
injector nozzles or industrid spray nozzles,
and phamaceutica delivery devices, primarily
respiratory inhders. An aerosol sampler, then,
is usudly a means of accommodaing some
other device tha produces the aerosol and
mus have the means for contaning the
aeros0l, ddlivering it to the messurement zone,
and disposing of the aerosol. There dso may
be a need to measure the sze didtribution a
critica times in the development of the aerosol
plume, for example a the initiation, during
continuous production, or during cutoff. This
can be appreciated by anyone who has used a
can of spray paint that produces large droplets
when the spray is first initiated, an undesirable
effect for a gpray paint applications.
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* A different bubble-producing phenomenon is that of cavitation by which bubbles of the vapor phase of the
liquid form due to a reduction in local pressure. This can be caused by a rapidly spinning stirrer or pump
impellor.

"The Mie scattering calculations are so complex that large computers are required, particularly if the complex
refractive index must be used as for metallic scattering particles. For nonspherical particles even more complex
approaches are required, and special cases such as éllipsoids and rod-shaped particles have been solved by
workers such as R. Gans; even more complex are mixtures of particles of different sizes. These solutions are
important in the investigation of colloids, aerosols, smokes, smogs, and so on, where the particle sizes and
shapes may be deduced from the light scattering behavior. "

From "Understanding Light Scatter Artifacts|n Spectroscopy Part 2: Types Of Light Scatter ", Dr.
Jeffrey L. Taylor, http://www.geocities.com/CapeCanaveral/Hangar/6386/s003007.html

WHAT DO STOKES LAW AND MIE THEORY HAVE IN COMMON?

STOKES LAW (assumes spherical particles): If
the particles are not spherical, how will this affect
particle settling? Particles having a density greater
than that of the suspending medium will settle

according to the combined influence of gravitational
forces, buoyant forces, and resistive forces. The
problem with non-spherical particles is that we don’t
necessarily know the theory that predicts exactly at
what velocity the particles will settle. Since Stokes
law provides an exact solution only for spherical
particles, it provides only an approximation for non-
spherical particles. However, since particles of a
given shape, size, and relative density will settle at
the same velocity every time the experiment is
conducted, we can use Stokes law combined with
the measured settling velocity to obtain the particle
size of an equivalent sphere.

MIE THEORY (assumes spherical particles): If
the particles are not spherical, how will this affect
light scattering? Particles having an index of
refraction different from that of the medium will
scatter light according to the physical laws that
govern interactions between light and matter. The
problem with non-spherical particles is that we don’t
necessarily know the theory that predicts exactly in
what direction and at what intensity the light will be
scattered. Since Mie theory provides an exact
solution only for spherical particles, it provides only
an approximation for non-spherical particles.
However, since particles of a given shape, size,
and index of refraction will scatter light in the same
manner each time the experiment is conducted, we
can use Mie theory combined with the measured
scattering pattern to obtain the particle size of an

equivalent sphere.

The equivalent sphere assumption introduces error, but it introduces the same error each time we measure the
same type of sample. Therefore, it has no affect on repeatability, reproducibility, and resolution. Analyzing non-
spherical particles leads to a similar problem in essentially all particle-sizing techniques. So, in the same way we
solve for ’equivalent spherical diameter’ when working with Stokes law and the SediGraph, we solve for
‘equivalent spherical diameter’ when using Mie theory in laser light scattering.

Micromeritics Instrument Corp. Workshop Series: Introduction to the Latest ANIS/ISO Standard for Laser Particle Size Analysis
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SUMMARY OF LESSON 2

Light is scattered in al directions by paticles,
but more light is scattered a some angles that

a others.

Mie theory precisdly describes scettering and
therefore is conddered an ’'exact’ solution. Mie
theory encompasses Rayleigh and Fraunhofer
theory.

Mie theory provides an exact solution only if
certain conditions or redtraints are upheld:
plane waves, isotropic particles, and spherica
particles.

Rayleigh scatering  describes  scettering by
paticles much smdler then the waveength of
incident light.

Fraunhofer diffraction does not account for
light transmitted or refracted by the particle.

A leser diffraction particle Sizing insirument
must be composed of, & minimum, a source of
monochromeatic  coherent  light, a particde
dispersing device, an opticd sysem tha
produces an image of the scatteing pettern, a
detector to messure characteristics of the
scettering pattern, a means of reducing raw
measurement data to particle sze, and means
to report these reduced data.

The sample handling device must be capable
of asring tha paticles ae sepaaed
aufficiently to form a scateing pattern
reducible by Mie theory (no multiple
scattering).

A liquid or dry sample handling device must

be capable of asauring size homogeneity of the
sample presented to the measuring zone.

A laser diffrection particde sSze andyzer
cannot distinguish scattering by bubbles, or by
a cluger of paticles, from scatering by a
sngle paticle.

Sampling datidics for the large end of the
digribution range is negatively affected by the
width of the spread in size digtribution, and
can be improved by lengthening the

Liquid sample hendlers provide consderable
control over the date of the sample when
presented to the measuring zone. The primary
dedgn chdlenges are to prevent or diminate
bubbles and to prevent segregation of particles
by size.

Dry powder feeders may be gravitetiondly fed
(freefdll feeders) or may transport the sample
by gas flow. Primary design problems are to
achieve and maintain disperson, to prevent
loss of sample by adhesion to interna parts,
and to prevent ceking and cogging.
Concentration problems may dso aise with
free-fal (cascade) feeders.

Aerosol samplers typicaly pertain to liquid
aerools and the samplers usudly do not
produce the aerosol disperson, but only
accommodate a non-integral aerosol-
producing device. The design problems are to
contan and remove the aerosol and, if
necessary, to synchronize measurement with
certain phases of aerosol production.

measurement time and/or increasing flow rate.

A Primer on Particle Szing by Satic Laser Light Scattering
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Lesson 3: Measurement of the Scattering Pattern

Formation of a Measurable Scattering
Pattern

The firg sections of Lesson 2 described the
scattering  pattern. That lesson was
primarily concerned  with upholding
conditions pertaining to the presentation of
the sample maerid and the role of the
sample handler in  aswring that the
conditions were upheld. Lesson 2, then,
addressed the methods required to assure a
scatering  pattern  representative  of  the
sample introduced and resolvable by Mie
theory. Atteition now is returned to the
scdtering  pattern, but  in regard  to
interpreting from it particle size.

Light scettered by a particle is projected a
dl angle that is in dl directions It
therefore produces a spherica front of
scattered rays, the particle at the center.
However, the intensity of light varies with
the angle of scater rdaive to the
illuminating (incident) beam, the underlying
means described by Mie theory.

Both Mie atering and  Fraunhofer
diffraction from a dngle paticle produce a
light scattering pattern that is circularly
symmetricd in the xy plane  Multiple
particles of the same size produce multiple
scatering patterns that are shifted in space
proportiond to the separation of the
individud particles  Measurement of the
definitive characterigics of these multiple
patterns is facilitated by the use of a lens
that causes dl rays from the scattering
pattern thet are directed a the same angle
(and, therefore, are padld) to converge a
specific locations on the focd plane (see
Figure 3-1). This is the physicd equivaent
of the mathematicad operation of performing
a Fourier trandformation on the scattering
(or diffraction) function g(x,y) and when a
lens is used in this way it is caled a Fourier
lens. When the lens is placed between the
sample and the detector the arangement is
referred to smply as Fourier optics, if the
sample is placed between the lens and the
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Figure 31. Incident light impinges upon an
assemblage of particlesin asample cell. The top
illustration shows a few example scattered light
rays form various particles, athough light rays
are scattered at all angles. The bottom illustration
shows the same scattered light rays being
captured by alens. Notethat al parallel rays are
directed to the same point in the image plane.

Each ray adds intensity and the summation of all

rays defines the scattering pattern.

detector, the configuration is cdled reverse
Fourier optics.

From Fgure 3-1, another characteristic of
the opticd sysem can be ascetaned.
Assume a sngle patide moving through the
illuminated zone of the cdl. It scaters light
dways in the same pattern, therefore, from
position to position, the rays of the
scdtering  patern  ae  padld to  the
asociated rays in the previous postion of
the particle Therefore, the scattering
pattern projected on the image plane is
stationary.

The focd length of the lens and its location
rdative to the source of scatering
determines the sze of the scatering pattern
(image) and theefore the range of the
scattering  patern  tha  fdls upon the
detector. This is the opticd geometry of the
ingrument and the subject is sufficiently
important to warrant further discusson to be
catan tha the desgn reguirements ae
appreciated.
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Optics in everyday life similar to those of
a light scattering system: Relating the
optical arrangement of the instrument
system to something common in everyday
life makes it more easily understood. A
good example for comparison is a slide
projector. It contains a source of incident
light, something that scatters light (the slide
film), and a lens that captures the scattered
light and projects and focuses it onto an
image plane (the screen). As the projector is
positioned further away from the screen, the
size of the picture becomes larger. This is
because the location of the lens relative to
the image plane has changed. But, the
image is now out of focus, so the position of
the lens relative to the slide (the source of
scatter) is adjusted. The focal length of the
lens and the position of the slide relative to
the source has not changed.

However, when using a slide projector (or
camera) with a zoom lens, changing the size
of the projected image is accomplished by
manipulating the focal length of the lens.
This is accomplished without the need to
move the relative positions of the image
plane, the lens, or the source of scattered
light.

Now, assume that a slide photograph of an
object is being viewed and the exact size of
the object needs to be communicated. One
common method is to place a scale beside
the object when photographed, thus
providing a size reference. The projected
image can be made actual size by adjusting
the projector so that the image of the scale
stick is exactly the size of the real scale.
Only in a very specific configuration of
projector lens and projection screen is the
image of the scale in focus and equal in
length to the real scale. Then, the actual
subject of the photograph is life size and
can be measured directly.

of degrees of viewing angle that is
represented by theimage.

Understanding angular dimensions: A
photograph generally depicts a view of
about 35 dearees, 17.5 dearees to the left
and right of straight ahead . If a scale of O
to 17.5 is placed at the center of the
photograph, then one can determine at what
viewina anale any object in the photograph
was relative to the camera.

Desgning a <dentific  instrument  that
depends  on accurady messuring  a
scatering pattern presents the chdlenge of
interpreting actud dimensons  from
dimensons in an image, except rather than
measuring a linear size, the ingrument must
messure an angular sze.  In other words,
rather than cdibraing to the number of
centimeters  represented by the image, the
insrument must be cdlibrated to the number
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Within a laser light scattering particle Szing
ingrument, the scattering pattern must be
projected very exactly upon the image plane
s0 that the relationship between the positions
within the image plane and the associaed
scattering  angles  ae known. Thee
digances ae usudly fixed in a detector
desgn, but, in some ingruments, may be
adiugable for cdibration. Also, some
ingruments dlow the lens to be changed for
one of another focd length to dlow the
system to measure in more than one angular
range, but there is an inverse reaionship
between angular  range and  angular
resolution. This is rdaed to the
configuretion of the light detectors and is
explained subsequently.

The physicd size of the lens (diameter) and
its pogtion reative to the sample cdl ae
important in regard to the range of scattering
angles tha the lens captures and, therefore,
that are included in the projected pattern.
As can be imagined by looking at the lower
illustration in Figure 3-1, if the lens were to
be moved further away from the sample cell,
then rays A and | would not be captured by
the lens and these rays would not contribute
to theimage of the pattern.

M easuring the Scattering Pattern

The objective of the optica system is to
produce a shap image of the scattering
pattern on an array of photodetectors. The
detector array messures the light intensity a
positions of the detector dement and
associaes each measurement to a range of
scattering angles that is cdculated based on
the geometry of the opticd system and the
physicd dimensions of the active area of the
photodetector. The set of intensity versus
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angle data is passed to the data reduction
software  and  represents  the  scattering
pattern. The accuracy of the angle
messurement  is criticdl to paticle szing
accuracy.  The number of angles a which
data is teken and the range of angles
encompassed by each measurement aso
affects accuracy, but is more important to
resolution. For these  reasons
manufacturers  of  datic  light  scattering
paticle dze anayzers exert great effort in
the design of detectors.

Why Light Scattering Patterns are
Difficult to Characterize Uniquely

Figure 3-2 shows plots from Mie theory of
light scattering petterns  produced by
particles of 1, 10, 100, and 1000 pm. The
pesks in a plot (the maxima) represent the
center of a bright ring in the scatering
pattern  and the troughs (minima) represent
the dark rings Scattering patterns from
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paticles of about 1 mm and smdler reved a
'disk’ of ight thet is admost uniformly
illuminated over the fird severd degress,
then the brightness diminishes repidly. In
actud expeimenta systems, however, there
dso is a veay high intensty pesk a the
center of the pattern (zero degrees) produced
by the unscattered portion of the laser beam.

Of course, this pesk is not considered in
theory which condders dl light to have been
scattered.

To differentidte  between, for example
scattering patterns produced by a 1 um and
by a 11 um patice requires accurate
measurements of the angles and intengties
in the area of the knee where light intensity
beginsits decrease.

As paticle dze incresses, the experimenta
scatering pattern develops a sat of bright

and dak rings around the central bright spot
and the rings become more numerous, more

Wiz Scatlecing Pattem for 10 jom Sphere

Lo T

[¥3] o 1 ] (L]
Scamoring Anala. Seoren

Figure 3-2. Calculated Mie scattering patterns for (form upper left to lower right) 1.0, 10, 100, and

1000 mm spherical particles.
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cdosdy spaced, and begin a smdler and
sndler angles

The above applies to narrow, monomoda
digributions. When severd  monosized
scatering paterns ae summed, as is the
caxe for broad digributions or multimoda
digributions, the plot of the scattering
pattern tends to smooth out and have fewer
or no sharp pesks.

There can exig subtle differences between
scatering  patterns  produced by closdy
szed, monomodd samples. Being ale to
differentiate one from the other can be quite
difficult and resolution depends on this
capability. Many intensity measurements at
vaious points over the angular range of the
scettering  pattern must be messured  to
provide cetainty that a pattern has been
uniquely  charecterized and can  be
differentisted from dl others.  Ultimatedly,
this determines  whether or not the
indrument can differentiste  between two
similar size didributions, or religbly detect a
sndl diffeorence  between two sample
maerials.

Light Detectors

Detectors that react to light ae caled
photodetectors. When a light ray (a stream
of photons) drikes the surface of one of
these devices (Figure 3-3), the energy of
each photon liberates an eectron. This is
known as the photodectric effect and is the
bass of dectricd photodetection. Since
flowing eectrons produce an  eectricd
current, the more photons (the more intense
the light), the more current. Therefore, the

Radiaticn I_
hv : n-type
g a

*—p-n junction

1]
VAV p-type

Figure 3-3. A semiconductor photodiode.
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dectricd dgnd is proportiond to the light
intensity; when the photons cease, the signd
ceasss.

Photodiodess One of the mogt efficient
photodetectors is made of a semiconductor
junction and is so configured that it is
referred to as a photodiode. When a photon
drikes this semiconductor device, it liberates
an dectron from the vaence band to the
conduction band producing an eectron-hole
par and thereby inititing a sgnd
proportiond to thelight intensity.

A photodiode aray is a linear or area aray
of discrete photodiodes on an  integrated
careuit chip. A linear aray refers to only one
row (or one column) of detector dements
an aea aray refes to, @& minimum, 2
columns by 2 rows of detector elements, but
goplies dso to awy arangement of
photodetectors of any shape that are
digtributed over an area,

The array is placed a the focd plane of the
indrument and collects multiple sgnds
proportiond to the light intendty a the
location of the individuad detector eements.
Each detector ement operates by the same
principle as a single photadetector device
described @bove. One shortcoming is that as
the photodiode aray becomes more dense
(number of detectors per unit areq), area of
eech ative dement necessarily  becomes
gndler. The gmdler the aea, the les
current is produced by a given light
intensity. At some point, the size of the
dement is insufficient to produce a suiteble
sgnd-to-noiseratio.

CCDs A chagecoupled device (CCD) is
a photosensitive element associated with an
dectron accumulator that <ores eectrons
(charge) as light energy liberates them from
the light sendtive materid. A CCD aray is
an integraed-circuit chip that contains
multiple  CCD  dements  Unlike  the
photodiode that produces a current flow
proportiona  to the instantaneous light
intensity, the CCD accumulates dectrons.
This can be compared to photographic film
that captures photons, with film, each
photon causes a chemicd reaction and the
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results of the reaction accumulate in aress of
the film where the photons strike.

With the CCD, when desired, the quantity of
charge is read essentidly by counting the
number of eectrons that were accumulated
over the exposure time. This is why the
CCD is conddered to 'digitizé the light
energy messurement, thet is convert it to a
number. The CCD, dso, is an integrating
device since it integrates or adds up the light
eneargy ove the time inteva between
readings. Photographic  film, too, is an
integrating device accumulaing more and
more product of chemicd reection over the
time of exposure. But, unlike the CCD,
photographic film is an andog medium and
the densty of the reaction products is
proportional to the quantity of photons that
reacted with a particular pot.

CCDs ae used in applications smilar to
other array detectors such as photodiode
arays, dthough the CCD typicaly is more
suiteble for messurement of low light
intengities, particularly if the size of the
photosendtive area is smdl. Being able to
accumulate sgnd over time, the CCD can
provide a suitable sgna-to-noise retio even
when individud dements in the aray ae
extremdy smdl.

Both the photodiode and CCD are subject to
threshold and saturation limitations. Neither
device will produce a meesurable dgnd or
accumulate a dgnificant quantity of charge
if the photosensitive area ntercepts too few
photons. The photodiode can achieve only a
catan dgnd levd dter which a higher
intensty of light produces no additiona
sgnd and the CCD auffers a smiler
saturation effect.

Adapting Detector Technology to the
M easur ement of Scattering Patterns

Each manufacturer of LPSA products seems
to have a different gpproach to capturing the
sctering paten and accommodating  the
range of light intensties A few common
designs of photodetectors used in LPSA
goplications are discussed below.
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Ring detectors Light scettered in  the
forward direction, having passed through the
lens is focused onto a st of annular rings
tha comprise this type detector. The
concentric  photodetector  rings increese in
width from the center outward. Insulating
gaps separaes each ring; a hole may be
placed a the center behind which is a single
photodiode that measures the centra bright
spot in the peattern, the most intense area of
illumination.

Assuming that the scatering pettern is
exectly digned with the st of rings each
ring, being of finite width, intercepts a
soecific and unique range of scatering
angles. The dgnd produced by a ring is
rdated to the average intendty over the
angular range of the ring. The st of rings is
scanned  dectronically to acquire the light
measurement signals from each eement.

The totd number of rings found on ring
detectors used in particle szing equipment
range from 18 (Horiba LA-700), to 31
(Sympatec HELOS), to 75 (Horiba LA -920).

Figure 3-4 shows the seven innermogt rings
of a ring detector. Below the illustration of
the detector is a plot of a scattering pattern
digned with the cross-section of the ring
detector to better illustrate how a scattering
patern may be projected onto a ring
detector. The plot is centered on zero
degrees (verticd ling), that is, the opticd
axis and the opticd axis is centered on the
detector. The relationship between the bright
rings and the rings of the ring detector can
be seen. The importance of dignment dso
isevident.

As illustrated in Figure 3-2, the scattering
pattern for a narrow digtribution of particle
sizes is composed of many peeks or bright
rings. However the width and radius of eech
bright ring will vary if particle sze is varied.
It is therefore unlikely that there will be a
bright ring associaed with each detector
ring. It is possible that a bright ring could be
centered on the insulation between two
rings, or tha two bright pesks occupy a
snglering.
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Deadband

Figure 3-4. The upper illustration shows the
seven innermost rings of aring detector. Below
is aplot is of ascattering pattern projected onto
the ring detector, with the active elements of the
ring detector shown in cross-section relative to

the scattering pattern.

Since the intensty of the rings of the
scatering pattern diminishes from the center
outward, the light collection area of the
centrd rings can be smdl compared to the
outer rings. This is fortuitous because the
dendty of detector rings can be incressed
near the center where rings of the scattering
pattern also begin to concentrate as the
particle Sizeincreases.

Each ring of the detector measures the totd
light intensty impinging upon the ring a
ay moment. Each ring spans a range of
angles therefore each ring averages the light
over the range of sateing angles
associated with thering.

Ring ssgments A photodiode array may be
aranged in ring segments raher  then
continuous rings.  This makes better use of
the limited space, but captures less light per
segment and therefore less signd  amplitude.
By shifting the segments (Figure 3-5), there
is no 'dead ared of scatering angles such as
exigs with ring detectors that necessarily
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have insulating separations between  the
rings.

In the case of ring detectors, one ring may
capture scattering angles A through C, but
there must be some aea of inaulaion
between this and the next ring. Scattering
angles C through D will fdl on the deadband
of insulation. The next ring will capture
angles D through E, followed by a band of
insulation, and so on.

When using shifted ring segments, the outer
ring segment cgptures  angles A through C,
another segment captures angles B through
E, another captures angles D through G, and
0 on lewing no band of ages
unrepresented.  The fact that angle ranges
overlap can be used to interpolate intensity
within the overlap.

Photodiode arrays:  Arrays may be linear or
may occupy an area contaned on a sngle
integrated  chip. Additional  individua
photodiodes may be placed extend to the
integrated circuit and a critica postions not
covered by the aray. Ring and ring segment
detectors may be thought of as arrays and,
drictly, they are. But, ’aray’ in the sense
ued here refers to an assamblige of amdl,
usudly rectangular or creular
photodetectors  strategicaly placed in  the
image plane in order to sample & many
scattering angle bands as the designer thinks
necessty to chaacterize the  scattering

pattern. With only a hundred or <o
detectors, however, the optimum location of
A
C B
D E
G F

H

Figure 3-5. How asegmented ring detector can
be arranged to avoid data loss in deadbands
between active detector elements. For
simplicity, only four rings in the upper half are
shown. The letters indicate the angle ranges
covered by the segments.
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these detectors for any conceivable light
scettering pattern is a trade-off. Because of
the dmogt infinite number of light scattering
patterns, the optimum postion for one
pattern is unlikdy to be the optimum
configuration for another pattern.

Few, if any, menufacturers use a detector
aray composed of a dngle geometry
(rectangles, cirdles  rings, righ segments,
ec). A more common desgn of a
photodetector contains a combination of
varioudy shaped active e ements.

CCD arays CCD arays ae discussed
separately  from  photodiode arrays because
they ae members of a specid dass of
detectors particularly in the manner in which
they are employed. There are many types of
CCD arays avalable on the market ranging
from consumer applications to scientific
goplications. The most familiar, perhaps, is
the consumer type of CCD used in video
cangas and digitd dill cameras and the
goplications of thee devices ae
widespread that they even can be found in
children’ stoys.

Less familiar to the average person are those
CCD arays dedgned for sdentific use
Thee 'stientific grade devices provide the
high resolution and sengtivity needed for
scientific measurements. They are designed
to limit, control, or diminate certain
characteritics that ae pemissble in
consumer gpplications.

A primary problem that was addressed for
scientific use was anti-bloom. Bloom refers
to spillover of charge from one detector
dement in the CCD aray to its neighboring
dements.  Although this tends to soften
photographs and provide acceptable esthetic
charecteridtics, it is intolerable in  a
messuring device

Figure 36. Over one million CCD-type
photodetector elements are integrated into a
single semiconductor chip measuring only a few
centimeters square.

Pixel dengity in a scientific CCD typicdly is
much greater than those used for consumer
products, a matrix having greeter than 1000
rows by 1000 columns of detectors being
commonly found. Figure 3-6 shows a high-
densty CCD aray. The dements in this
aray ae 2cm/1000 by 1.5cm/1000 in
dimension, or 0.02 mm by 0.015 mm.

The extreme dendty of CCD arrays means
that measurements of light intensty are
teken across vey narow ranges of
settering angles Referring back to the
lower plot in Fgure 3-2 (and counting the
pesks and troughs, if so inclined), one can
see thet it is conceivable to have a detector
dement a severa locations on each pesk.

High pixd densty provides other
advantages when the CCD is applied in
catan ways  These advantages will be
discussed in Lesson 4.
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Principal Guideline of Instrumentation Design

Whether gas sorption, mercury porosimetry, or particle sizing, one fundamental principle applies to all
instrumentation design: the quality of the raw data set is of supreme importance. With SLLS
instrumentation, the raw data set is the set of light intensity measurements at specific angles. All
information about the particle size distribution is contained in that set of measurements. The
measurements must by sensitive, accurate, precise, repeatable, reproducible, and accommodate a
wide dynamic range of intensities. If a scattering pattern is incorrectly measured, then the reduced
data will contain error.

The scattering pattern that is being measured must be sharply focused, be of known geometry and
position, and must have been produced under the constraints of the physical theory by which it will be
reduced. If the scattering pattern contains erroneous information, then it cannot be improved by a
perfect detector system.

A Primer on Particle Szing by Satic Laser Light Scattering 3-8




SUMMARY OF LESSON 3

The focd length of the lens and its location
rdative to the source of scattering
determines the sze of the scattering pattern
projected onto the focd plane.

The light detector is placed a the focd
plane.

The scattering pattern thet is being measured
must be sharply focused, be of known
geometry and posdtion, and must have been
produced under the congdraints of the
physica theory by which it will be reduced.
If the scatering pattern contains erroneous
information, then it cannot be improved by a
perfect detector system.

All information _about _paticle  size

didribution is contained in the scaitering
pattern.

Many intensty measurements a various
points over the angular range of the
scatering  pattern must be measured to
provide certainty that a pattern has been
uniquely characterized.

A photodiode produces current flow when
light strikes the photosensitive surface.  The
dectricd sgnd is proportional to the light
intengty; when the photons cease, the signd
ceesss. Smadl photodiodes produce small
sgnas.

A cdhagecoupled device (CCD) is a
photosensitive eement associated with an
eectron accumulator (capecitor) that Stores
dectrons (charge) as light energy liberates
€electrons.

A CCD aray contans multiple CCD
dements.

Manufecturer of LPSA products have
different gpproaches to measuring the
scattering  pattern as is  evident by the
various designs of photodetectors.

Scientific grade CCD arays provide the
high resolution and sendtivity needed for
scientific measurements. They are designed
to limit, control, or diminate certain
chaacterigtics tha ae permissble in
consumer gpplications.

The extreme dendty of CCD arays means
that measurements of light intensty are
teken across very narow ranges of
scettering angles.
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Lesson 4: Detector Optics and Resolution of Raw Data

Information presented in this lesson expands many subjects covered by 1SO 13320-1:1999,

Particle size analysis

Laser diffraction methods Part 1. General Principles. The reason

for this is that new technology was introduced after the introduction of the standard,
specifically, the use of a Charge Coupled Device (CCD) as a detector for measuring the light
scattering pattern. Therefore, this technology and its ramifications are not covered in that
document. Appendix Bis a summary of information pertaining to the use of a CCD and the
sections of the 1SO standard that are affected by thisinnovation.

Specific Information Pertaining tothe Use of a
Charge Coupled Device asa Light Detector

Lessons 1, 2, and 3 presented general
information about light scattering as
described by Mie theory, and how the light
scattering pattern can be measured pursuant
to extracting particle size information from
those measurement data. Those lessons
introduced some of the challenges associated
with obtaining a scattering pattern that
conforms to Gustav Mi€'s theory and the
technical challenges associated  with
measuring the scattering pattern.

Thislesson will focus on new technology that
is improves the capability of measuring the
characteristics of scattered light. Specifically,
the design features employed in
Micromeritics Saturn DigiSizer 5200 light
scattering particle size analyzer is used as the
example. Inthis deviceisthe unique use of a
Charge Coupled Device (CCD) as the light
detector. However, since the objective of this
lesson only is to allow an understanding of
the design concepts and ramifications, quoted
dimensions generally are stated as
approximations.

Optical Elements Associated with  the
Formation of the Light Scattering Pattern

A schematic of the DigiSizer's optical layout is
shown in Figure 41. The DigiSizer uses a 30
mW, 687-nm wavelength solid-state laser as
the coherent light source. The source is
housed in a compartment separate from the
image forming optics. Light energy is piped
from the source to the image forming optics
by a single mode optica fiber.  This
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arrangement accomplishes several things. For
one, it isolates the heat-producing
components from the other optics. For
another, it helps reduce the length of the
optical bed, or prevents the use of a mirror or
other light-redirecting element. The flexible
optical fiber means that the light source can
be placed almost anywhere in the enclosure.
Otherwise, there would be a linear sequence
of optical elements that would require alonger
or deeper enclosure.

Prior to light from the laser diode entering the
optical fiber, abeam splitter directs about 50%
of the energy to a reference photodiode.
Directly beyond the beam splitter isamovable
filter that, when needed, attenuates the light
energy by aratio of 25000 to 1. The reduction
in light intensity is required so that the
unscattered beam and inner bright rings will

Referenc e photodetector

Laser \ Filter (Intensity Attenuator)
/
i

diode

Optical fiber

\

\
Beam splitter

Fourier lens

\Z ﬂ /i \D

Movable collimator : "/H \
e
Sanfple cell

Figure 4-1. Schematic of the optical
design of Micromeritics DigiSizer 5200.
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not saturate the light detector.

The end of the optical fiber opposite the laser
diode becomes the source and is coupled to a
beam expander and collimating lens. The
collimator produces a light beam of several
millimeters diameter that passes through the
sample cell.

The collimator is mounted on a rotation
mechanism (rotating arm) whose axis of
rotation passes through the cell, allowing the
collimated light to be presented to the cell at
various angles.

On the side of the sample cell opposite the
collimator is a plano-convex Fourier lens of
200 mm focal length. All parallel light rays
emanating from the cell and intercepting the
lens converge (focus) at a single point on the
image plane and on the detector, which liesin
that plane.

At any particular position of the rotating arm,
the Fourier lens intercepts only alimited band
of scattering angles and only a portion of this
band is actually intercepted by the detector.

To cover an analytical range of scattering

angles, the rotating arm is required to move to
several positions.

Light Detection

Several types of light detectors for light
scattering instruments were discussed in
Lesson 3; the DigiSizer uses a charge coupled
device (CCD). The CCD matrix used in
Micromeritics design is a 1024 x 1280 matrix
containing a total of over 1.3 million detector
elements. The relative size of the CCD matrix
and the scattering pattern is such that the
CCD intercepts only about 5 degrees of
scattering angle at any time, the exact range
depending on the refractive index of the
suspension liquid. In order to measure the
scattering pattern over the full angular range
of the instrument, the position of the
scattering pattern must move relative to the
CCD. In fact, about 10 such moves are
necessary and each step provides some
overlap, that is, some of the previous
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scattering pattern remains on the CCD. This
provides assurance that the series of
segments captured by the CCD can be
stitched together to form a continuum over
the angular range of the measurement.

A smple example. The DigiSizer's method of
capturing a scattering pattern wider than the
angular view of the CCD is comparable to
creating a wide-angle, panoramic photograph
with a still camera that does not have a wide-
angle lens. Most people have done this to
capture a wide-angle view of alandscape, for
example. The first picture is taken by aiming
the camera to one extreme of the scene. Then,
the camerais shifted slightly to the side, being
careful to leave alittle bit of the former section
of the scene in the view finder. Another
picture istaken, and the camerais shifted over
a little more to capture the next image. After
the sequence of photographs is developed
and printed, the prints are laid side by side
and lined up by using the overlap between
adjacent photographs as areference.

The same effect can be accomplished if the
camera is fixed in position, always pointing
the same direction, but the object to be
photographed is moved. Although obviously
not applicable to a landscape, it serves well
for, say, a passing train. In this case, as
illustrated in Figure 4-2, the subject moves to
different locations in front of the camera,
pictures are taken at each position, and the
pictures pieced together. The DigiSizer does

Figure 42. How to capture a photograph of a
subject wider than the field of view of the camera.
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exactly this; a portion of the scattering pattern
moves into the 'view of the CCD, the pattern
is captured, then the pattern is shifted and
another measurement taken. This continues
for up to 10 different locations of the
scattering pattern, each having alittle overlap
with the former.

Accommodating Extreme Differences in Light
Intensity

In the case of the DigiSizer where the
scattering pattern varies so sharply in light
intensity over afraction of adegree, itislikely
that some detector elements will be exposed to
light either too intense or too weak for
measuring, resulting in  overexposure
(saturation) of the element, or underexposure,
respectively.

This is where the versatility of having a
digitized representation of the scattering
pattern is very useful. Since each exposurein
the DigiSizer istaken with a CCD composed of
over 1 million detector elements, the captured
image, likewise, is a mosaic of over 1 million
elements. The solution to extreme light
intensity variations within a single exposureis
to capture several exposures of the same area
of the scattering pattern but at different light
levels or over different exposure times. Then,
use only the properly exposed elements from
each image and piece them together into a
new picture having no over- or under-exposed
elements. However, this presents another
challenge if the composite image is to be used
quantitatively-- how to represent relative light
intensities of a picture element in the
composite.

Ancther Simple Example To help understand
how multiple exposures of the same image can
be pieced together so that the range of light
intensity represented in the composite
exceeds the intensity range of the measuring
element, a simplified illustration is used. The
illustration employs a 10-element CCD, the
elements being labeled A through J. Assume
each element captures a 0.5 degree band of
scattering angles. The three keys to being
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able to accurately measure the 5 degrees of
scattering pattern falling upon the CCD are
that 1)each element in each CCD image is
digitized (represented by a number), 2) the
CCD is an integrating device (accumulates
over time), and 3) that the quantity of incident
light is known (reference measurement).

Assume that the dynamic light sensitivity
range of each photodetector element in the
example CCD is 0.5 to 5.5 units. This means
that light of lessintensity than 0.5 istoo weak
to read reliably (the element is underexposed)
and an intensity greater than 5 causes
saturation (overexposure).  However, the
scattering pattern that needs to be measured
has an intensity range from 0.25 to 10 units.

How this is accomplished with multiple
exposures is explained below with the aid of a
series of illustrations in Figures 4-3 through 4-
6. Suppose that exposure #1 (Figure 43) is
measured under the conditions of incident
(reference) light intensity equaling R1 and
data is accumulated by the CCD over atime
period equaling T1. The results are that
elements A, B, |, and J did not accumulate
sufficient light energy to produce reliable
data. Elements E and F received too much
light and saturated. Only elements C, G, D,
and H accumulated reliable data. These
measurements  of  light intensity are
designated C1, G1, D1, and H1 and stored in
memory with exposure data R1 and T1. At this
point, a complete 10-element digital
representation of the scattering pattern has
not been accomplished, so additional
exposures are required in order to gather data
about the scattering pattern at angles
represented by elements A, B, I, J, E, and F.

To bring elements E, F on scale, light must be
reduced. So, for exposure #2 (Figure 4-4), light
energy is reduced by a factor of 2. Elements
A, B, I, and J get even less light than before
so they still produce no usable signal. The
reduction in light also causes elements C, D,
G, and H to be reduced. Now, elements E and
F are on scale and measurable; the values of
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the reference measurement is R2 (= 0.5 R1) and
exposuretimeis T2 (=T1).

To obtain valid measurements for the angular
ranges of the light scattering pattern that fall

Under-
exposed

Saturated

exposed

Valid measurements
Exposure 1

5
4
3
2
1
0
AN Y \ /
N\ 1/ \W/
under-  valid measuréments  Under-
exposed Exposure 2 exposed

N7
Valid
measurements

LW/
Valid
measurements EXpOSUre?)

Saturate

upon CCD elements A, B, |, and J, more light
energy is required. So, the light intensity is
increased back to that of exposure #1, but the
time of the exposure isincreased by afactor of
4, thereby increasing the accumulated signal

.|

Figure 4-6. A bar graph of the normalized set
of light measurements obtained from a set of
three exposures of the same image. Those
exposures are depicted in Figures 4-3, -4, and
5. Although the range of the detector is
only 0.5 to 5.0 units of intensity, the
normalized measurements span a range of

]
J
s

Figures 43, -4, & -5 (left column above) Independent detector element measurements of three
exposures of the same image at different light intensities. Table 4-1 shows the raw data sets.
Knowing the relative intensities of each exposure allows a normalized data set to be calcul ated.

Thisisshown in table 4-2.

Table4-1. Measured Light I ntensity

Detector Element
Light
Exposure | Dose A B C D E F G H | J
1 8 1.00 3.00 4.00 2.50
2 4 1.50 4.00 5.00 2.00 1.25
3 32 0.75 1.25 4.00 2.00 1.50
Table4-2. Light Intensty Converted to a Common Scale
Detector Element
Scale
Exposure | Factor | A B C D E F G H | J
1 10 1.00 3.00 4.00 2.50
2 2.0 3.00 8.00 10.00 | 4.00 2.50
3 0.25 | 0.1875 | 0.0469 1.00 0.500 | 0.375
Composite 0.1875 | 0.3125 1.00 3.00 8.00 10.00 | 4.00 2.50 0.500 | 0.375
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in each detector element by a factor of 4
compared to exposure #1. Thisresults (Figure
4-5)indementsC, D, E, F, G, and H saturating,
but elements A, B, |, and J now are onscale.
The values read from these elements are
designated A3, B3, I3, and J3, and the
reference light intensity R3 = R1 and the
exposuretime T3=4T1.

The next step is to convert all readingsto the
same scale; this is similar to finding the
common denominator when comparing
fractions. In this example, we arbitrarily select
the first exposure as the "standard scale" of
light dose. The total dose of light in

exposure #1 is 4 units of intensity over 2 units
of exposure time for a total dose of 8 units.

Light measurements in exposures #2 and #3
must be scaled by a factor of the light dose
relative to the "standard dose" of exposure
#1. The light intensity in exposure #2 was 2
units over 2 units of time for atotal light dose
of 4 units. The scaling factor is 8 units
divided by 4 units or 2. Exposure #3 was
performed at 4 units of intensity and 8 units of
time for a total dose of 32 units. The scaling
factor for exposure

#3 is 8 units divided by 32 units, or 0.25. With
these scaling factors, the measurements of
exposures 2 and 3 can be scaled to alow
direct comparison to exposure 1. The
measured data set and converted data set are
shown in Tables 4-1 and 4-2 and the bar graph
of converted datain Figure 4-6.

The Example Compar ed to Actuality

The example aboveis very simple compared to
what happens within the DigiSizer. For
example, the dynamic range of light intensity
is approximately 10 orders of magnitude (in
the example, light intensity varied by less than
one order of magnitude). Only 10 CCD
elements are used in the example, while the
DigiSizer CCD has over 1.3 million detector
elements. In the example, only 3 exposures
were taken; the DigiSizer may require 10
exposures. Finally, only one 5degree range
of scattering angles was measured in the
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example;, the DigiSizer measures up to 10
different 5-degree, overlapping bands.

Reducing the Volume of Raw Data

As you can imagine, the DigiSizer's CCD
produces a massive number of measurements,
as many as ten sets of exposures of 1.3 million
element per 5-degree band. However, for each
5-degree band, these data are reduced to a
single, normalized 1.3 million element
exposure. The (up to) 10 normalized
exposures that cover the angular range of the
instrument are stitched together to represent a
continuous representation of the scattering
pattern from O to 36 degrees. This still
represents several millions of data points that
are further processed as described below. The
scattering pattern is a circularly symetrical
pattern projected onto a rectangular matrix of
detector elements. Furthermore, the scattering
pattern covers a much larger area than does
the CCD array. The physical situation is
approximated in Figure 47. As this figure
illustrates, several detector elements are at the
same angle. This provides one way of
reducing the number of data points-- al
elements at the same angle could be summed
and averaged. But, since the angle range
covered by asingle CCD element isonly afew
thousandths of a degree (5° divided by 1024
elements), even with averaging, the number of
0.005-degree angular increments over 36
degrees is still greater than 7 thousand. (By
the way, 0.005 degrees is the approximate
maximum angular resolution of the optical
configuration.) This is an impractical
quantity of data for computational purposes
due to time and the fact that the particle size
information at some level of resolution does
not improve directly as a function of angular
resolution; other factors may come into play.
Therefore, a range of angles is used that
typically iswider than asingle CCD element.

Ultimately, the Saturn DigiSizer 5200 divides
the total angular range into about 465 smaller
ranges logarithmically  distributed and
averages the intensity of al CCD elements
located in each angle class. The result is 465

45
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1.3 million element CCD
spanning 5° of the scattering

pattern

I
[ TTTTT |
/ 1element: 0.008 \

Magnified view of 160ement sections of
the CCD, each element spanning about
0.05 of the scattering pattern.

Figure 4-7. Very small sections of the CCD
array magnified to show what a 0.005 degree
wide band of scattering pattern might look
like when projected upon it. Whether the

center of the scattering pattern falls upon the
CCD array as in the left illustration, or

whether wider angle arcs of the pattern are
intercepted, several detector elements are

exposed to the same scattering angle.

ordered pair of angle class versus average
intensity values. This number of points is
sufficient that, when plotted, the points
produce a smooth curve representing the Mie
scattering function. This number of data
points, incidentally, is about 4 times the
number of data point collected by the highest
resolution LPSA system currently on the
market.

Selecting The Appropriate Density of
Detectorsto Accurately Represent the
Scattering Pattern

The following series of examples illustrate
how increasing the number of detectors per
angle of scatter permits measurements capable
of resolving definitive details of scattering
patterns. In another sense, it shows why a
limited number of detectors cannot provide
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the necessary data to discriminate definitive
characteristics of a scattering pattern.

10 Detectors per Decade of Scattering Angle
(40 total): The effect of the number of data
points (level of resolution) isillustrated firstin
Figure 4-8 for a relatively low resolution
measuring instrument. The figure shows two
plots of the Mie scattering curve for a 100 pm
spherical particle. The curve, showninred, is
calculated, so it is essentially continuous.
The first plot illustrates how well an
instrument with 40 detectors might reproduce
the curve. In al fairness it must be pointed
out that the plot points in the example are
connected by straight lines making it jagged
in appearance. A cubic spline fitting routine
would round out the peaks and troughs
providing a smoother appearance and almost
any instrument manufacturer that displayed
such data woud probably connect the points
using a smoothed curve. Regardless of how
the points are connected, there is no straight
line connection or smoothing routine that can
determine if peaks exist where there is no data
such asis the case in the angle range greater
than about 1 degreein theillustration.

50 Detectors per Decade of Scattering Angle
(200 total): The next plot, Figure 49, shows
the capability to reproduce the scattering
pattern if the system has 200 detectors (this
number of detectorsislarger than any known
commercial LPSA system other than the
DigiSizer). The system in this case fails to
recognize details of the scattering pattern at
angles greater than about 7 degrees.

100 Detectors per Decade of Scattering Angle
(400 total): The third plot, Figure 4-10, shows
how well a system with 400 detectors or 400
data points can be expected to reproduce the
scattering pattern. Here it is seen that the
calculated Mie scattering pattern is accurately
reproduced over the extent of the measure-
ment range. (DigiSizer plots contain 465
points, therefore are of higher resolution
than shown in the illustrations.
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10 Plot Points per Decade

'nté?‘};:ty (40 points, total Figure 48. Example of a plot of 10 points
s se-e per decade angular resolution Note that in

the angle range greater than 1.0° the
“ &R number of plot points is insufficient to

accurately reproduce the scattering
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Light 50 Plot Points per Decade
Int it : . .
ntenstty (200 points, total) Figure 4-9. Example of aplot of 50 points per
1000071 decade of angular resolution. In this
example, the number of data points is still
e insufficient to reproduce the calculated plot
o when the scattering angle exceeds about 7°.
Mie Scattering Qurve
10 -
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Intensity (400 points, total) per decade angular resolution. In this example,
e the resolution is sufficiently high to allow
q accurate reproduce the Mie plot even in the

R e g areas where there are closely spaced peaks.
e : 1l - With such high resolution, slight variations in

scattering patterns due to small size
differences are detectable.
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Figures 4-8, -9, and -10. This series of illustrations shows continuous line plots of 0 to 36° of the
intensity versus angle scattering pattern calculated by Mie theory for a 100 mm sphere.
Superimposed onto the Mie plot are measured data points depicting various resolutions of

angular detection.
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Review of L esson 4

DigiSizer’s optical design features a30 mW,
687-nm solid state laser as the source.

The source beam is split into two
components, one is directed to the reference
photodetector and the other is directed
toward the sample cell.

Prior to illuminating the sample cell, the light
beam passes through a zone in which an
attenuation filter can be placed when
needed. The attenuation of the intensity of
the light beam is approximately 25000: 1.

A fiber optic cable carriesthe light energy to
a collimating lens. The expanded and
collimated beam is passed through the
sample cell.

Some portion (a certain range of angles) of
the forward scattered light from particles in
the sample cell impinges upon a lens that
redirects all scattered beams having the
same angular scattering characteristics to
the same point on the image plane. The
lens, used in this manner, is called a Fourier
lens.

A light detector islocated in the focal plane.
The angle subtended by the detector is 5°.

The light detector is a 1024 x 1280 element
Charged Coupled Device (CCD) having a
total of 1,310,720 detector elements (also
called pixels).

The CCD is an integrating device. It
continues to accumulate charge as long as
light contacts the active surface (that is, it
accumul ates over the time of exposure).

To determine the quantity of light energy
detected by a CCD element, the number of
accumulated electrons are counted-- thus,
the light measurement is digitized
(represented by a number).
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The total angular operating range of the
instrument is 36° when water is used as the
liquid medium.

The scattering pattern is moved relative to
the CCD so that a wide angular range of the
scattering pattern can be measured by the
narrow-angle CCD.

Changing the angle of the incident beam
relative to the sample cell moves the
scattering pattern.

Because the light scattering pattern can
vary in intensity by as much as 10 orders of
magnitude, and because the CCD does not
operate over the same range, multiple
exposures of the same S-angle band are
measured.

Each exposure delivers a different dose of
light energy.

Light energy doses are varied either by
changing the time of exposure, or by
changing the intensity of the incident light
beam, or by wusing both methods
simultaneously.

The measurements of the multiple exposures
are normalized and a light intensity value is
determined for each element in the CCD
array.

As many as 10 overlapping angular
positions in scattering pattern are measured,
then stitched together to form a continuous
36° band of the scattering pattern.

The 36° band of the scattering pattern is
divided into 465 log-spaced angle classes.

The resulting 465 intensity versus scattering
angle data points are sufficient to reproduce
a smooth curve representing the Mie
scattering function, including details of the
closely spaced peaks (maxima) and troughs
(minima) in the plot. This defines the raw
data set.




Lesson 5: Data Reduction by the Method of Model Fitting

Extracting Particle Size Information from Scattering Patterns

Convolution of Scattering Patterns

convoluted \ 'kn-v -lIt-ed \ adj 1: rolled or
wound together with one part upon another

Scattering patterns, formally known by
scientists as flux patterns, obey the rule of
linear superposition which works as follows.
Assume that there has been collected a set
of (intensity, angle) experimental data pairs
from the scattering pattern from a
monomodal distribution of particles of size
A. Assume, too, that a second experimental
data set was collected at the same scattering
angles for a different monomodal
distribution of particle size B. If the two
samples are mixed to form a bimoda
distribution and then anayzed, the
experimentally collected scattering data at
each angle would be the sum of the
intensities measured for the individual
samples A and B at that angle. The data
and plot of the mixture represents the
convolution of data (or plots) of A and B.

This is the key to deconvoluting
experimental data from  multi-modal
distributions. Before delving further into
details about deconvolution and data
reduction, it is necessary first to fully
understand the combined or convoluted
data set. The simple example in Table 51
and Figure 51 should be sufficient to
illustrate what the convoluted data set
represents. Remember the statement above
about superposition while looking at the
illustration and table of data that follow.
(Only 18 data points are used in the
illustration to represent the scattering
pattern. In actual practice, a considerably
larger number of data points would be
needed to achieve even moderate
resolution. For example, in the angular
data range of 0.01 to 1.0 degrees,
Micromeritics Saturn DigiSizer 5200
would have about 150 angle vs. intensity
data points)

EXPERIMENTAL DAT A

¢ attering | tensity, | tensity, ntensity,
Angle Sample A Sample B Mixture
bl el W S
A&B
(01 1000 2000 3000
(017 1000 2000 3000
( 028 1000 2000 3000
( 040 600 400 1000
( 043 55 45 100
( 053 130 26 156
( 065 10 600 610
(10 130 7 137
(11 7 40 47
(13 43 2.3 45.3
( 205 1.2 10.3 11.5
( 30 60 1.8 61.8
( 40 1.2 10.3 11.5
( 52 1.7 1.1 2.8
( 62 315 2.3 5.8
72 1.15 1.1
2.25
( 80 0.6 1.8 2.4
10 0.5 0.8 1.3
Table 51. A table of light intensity at

several scattering angles up to 1 degree for
three simulated light scattering patterns.
The first is for sample A, the second for
sample B, and the third is the result of
mixing equal portions of sample A and

Sample B.
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Figure 51. Plot of intensity versus scattering angle
for Sample A (diamonds), Sample B (circles), and
Sample A+B (squares). The plot of sample A+B
represents the convoluted scattering data

Deconvolution of Scattering Patterns

The scattering angle and intensity columns
in Table 51 or, in fact, for any narrow,
monosized  distribution  of  spherical
particles, represent a Mie scattering pattern
model for that size distribution of the
material in the same suspension medium.
The table contains two models, one for
particles of size A and the other for particles
of size B. Assume that it also ontained
models for sizes C through Z. If an analysis
of an unknown sample produced a data set
similar to that in the right column, the
problem of deconvolution (determining what
mixture of sizes would produce the
convoluted data set) could be solved by
working backward from the mixture to the
components of the mixture. By tria and
error, and preferably with a computer, all
possible combinations of samples A
through Z could be summed until the
unknown data set was reproduced. The
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solution would be the set of size models
that, when summed, reproduce the
experimental data set.

However, deconvolution as just described
has some shortcomings. First, the example
model in Table 51 is of low resolution, only
about 8 points per decade of angle, and this
is too small to discern small changes in the
scattering pattern. Second, the data set
does not cover a very wide range of
scattering angles, only 0.01 to 1.0. As we
know from previous lessons, for some
distributions, no unique details of the
scattering pattern are found at these low
angles. Next, models A and B were derived
experimentally with physical samples; thisis
impractical for several reasons, the principal
two being: 1) narrow size distribution
reference materials for a continuous set of
models over a wide range of sizes don't
exist, and 2) even if they did exist, model
sets would have to be created for all material
types to be analyzed. Last, the illustrated
models do not take into consideration the
concentration of each component in the
mixture. So, additional design work must be
done in order to have a universal model set
that can be wused to deconvolute
experimental data with high resolution over
a wide range of sizes, concentrations, and
materials.

Designing a Method for Deconvoluting
Scattering Patterns into Size Information
Based on the Micromeritics DigiSizer

The size range of Micromeritics Saturn
DigiSizer 5200 is from 0.1 to 1000 um or four
orders of size magnitude. Each order of

magnitude is divided into 40 size classes, so
the total number of size classesis 161. This
number of classes will be used in the
example. A broad size range typically is

represented on a logarithmic scale, so the
size classes also are logarithmic. Figure 5-2
shows the arrangement of the scale.
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40 size classes spread over 1 decade of alog scale
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Figure5-2. From bottom to top: The lower scale shows 4 decades or particle size from 0.1 to
1000 um with 161 sizeclasses shown directly above. The middle and upper scales are expanded
views of 1 decade showing in more detail how size classes relate to the log scale.

Rather than measuring actual particles to
determine the Mie scattering pattern, the
patterns are calculated directly from Mie
theory. Since the deconvolution method
must determine a distribution based on the
161 size classes, amodel must be calculated
for each class. But, since the Mie scattering
pattern varies considerably with materials of
differing index of refraction, a model set of
161 light scattering patterns must be
calculated for every different index of
refraction of materials to be analyzed. This
collection of multiple, 161-model sets is
called amodel library.

As stated above and in preceding lessons,
the amplitude of the scattered light is
proportional to the quantity of scatterers.
Expressed another way, the shape of the
scattering pattern for a specific, narrow
distribution of particles remains the same as
particle concentration varies, only the
amplitude of the light intensities (the overall
brightness) in the pattern changes. So, for
sample A in Table 51 and Figure 51, if the
number of particles in the sample had been
different, then the amplitude measurements
would have been different, but the positions
of the peaks and troughs and their relative
amplitudes in the pattern would remain the
same.

In consideration of what was stated above
about relative concentration, not only will
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the deconvolution routine be required to
combine various models in order to
determine the correct size mix, it will have to
combine different 'concentrations' of each
sizemodedl.

A smple example of convolution and
deconvolution of scattering patterns.

A simplified example will be used to
illustrate more complex functions within the
instrument. The simplified model, which
begins with Figure 53, will illustrate how
deconvolution by model fitting s
accomplished. The four plots, A through D,
are intensity (y-axis) versus scattering angle
(x-axis) plots for light scattering patterns
from equal concentrations of four different
monomodal distributions of the same sample
material. Each plot (and scattering pattern)
isunigue because each isfor a different size.
Scattering  pattern  models used in
deconvolution routines are calculated from
Mietheory. Inthe DigiSizer 5200, a seperate
model is calculated for 465 angles classes
and these angle classes coincide with the
angle classes for which the much higher
resolution, angular measurements were
actually collected (see Lesson 4).

In Figure 53, the plot associated with
particle size C shows how the plot (and the
scattering pattern) is affected by changing
the particle concentration by a factor of 2
and of 3. For example, the standard
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Figure 5-3. Plots of light intensity (y-axis)
versus scattering angle (x-axis) for 4 simple
scattering pattern models.

concentration at angle 2 produced light
intensity of 2 units. When the
concentration was tripled, the light intensity
at every point tripled, so the intensity at
angle 2 became 6 units.

The four models can be expressed in
shorthand notation. For example, the three
concentrations of size C could be expressed
as

Cl=1x[11211] =[11211],
C2=2x[11211] =[2,2422], ad
C3=3x[11211] =[336,63].

The letter, of course, stands for the model
identification and the number directly to the
right is the concentration multiplier. On the
right side of the equal sign is a shorthand
method of showing more detail. The number
is the multiplier (or concentration scaling
factor, or weighing factor or weight) and x,
of course, is the multiplication operator.
Note that 1 equals 100% of the standard
concentration, 2 represents 200%, and so
on, not excluding values less than 100%
such as 0.5 (50%) or 0.025 (2.5%). Within
the brackets are the light intensity values.
By convention, the order of intensity
numbers corresponds to the order of angles
in the data table, in this example, [1°2°,3°4
°5°.

The next illustration, Figure 54, represents
experimental data from an analysis of an
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Intencity
Model

Angl | A | B | C D
e
1° 511 1 2
2° 4 | 2 1 5
3° 3[1]2 1
4° 4 15 1 5
5° 115 1 1

Table 52: Tabulation of intensity versus
angle data for scattering models A through
D.

unknown distribution of particles. Ascan be
read from the plot, the experimenta
scattering pattern was measured to be

X1=[9,136,19,12]

where X1 stands for experimental data and
the numbers in the brackets stand for the
light intensity measured at angles 1 through
5. No concentration multiplier is shown
because notation of multiplication by 1 is
not needed. How do we know the
concentration is 1? Because the sample
represents 100% of the quantity of the
sample.

The deconvolution routine must scale and
sum models until a solution is found that
best fits the experimental data. It may be
interesting to note that a scaling factor of
zero may be used, but no negative scaling
factors are alowed because negative
concentration is a non-physical condition --
you cannot have less than zero quantity of
material. That is why the method of finding
the best fit to the experimental datais called
a non-negative, least squares method.

In the case of the example in Figure 54, the
solutionis found to be

X1=A1+B2+C0+D1l

This can be confirmed by adding the
corresponding elements of the solution as
shown below:

Al = 1x[5,4,3,4,1] = [5, 4,3, 4,
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Figure 54. Plot of scattering pattern for
measurement of an unknown distribution
of particles. Thisis the raw data plot from
which  particle size and relative
concentration must be extracted.

1]

B2 = 2x[1,2,1,5,5] = [2
4,2, 10, 10]

C0 = 0x[1,1,2,1,1]
0]

DL = 1x[2,5, 1,5, 1]
1

X

[19, 13, 6, 19, 12]

[0, 0,0, O,

1l
N
o
I
o1

The non-zero models indicate which particle
Sizes are present, their weights indicate the
relative concentrations. So, the sizes and
relative concentrations are determined by
simply  deconvoluting the scattering
pattern. A report of the reduced data is
presented in Figure 5-5.

In the example, five light intensity
measurements are taken in the range 1 to 5
degrees. These raw data are used to
determine the relative quantity distribution
of particles over four size classes. In
comparison, Micromeritics DigiSizer 5200
determines light intensity at up to 465
angles from near zero to 36 degrees. This
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Figure5-5. The particle size
distribution of sample X1.

raw data set is used to determine relative
quantity distribution over 161 size classes
from 0.1 to 1000 um

- END OF LESSON 5-
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REVIEW OF LESSON 5

Each size spherical particle (of the same
material and in the same medium and
illuminated by the same wavelength light)
produces a different scattering pattern.

If two or more scattering patterns
superimpose @re projected onto the same
image plane), the resulting light at each
point is the sum of the contribution of each
pattern.

The above rule holds for many patterns from
many particles of the same size (the pattern
is the same; it simply gets brighter), or for
many patterns from many different size
particles (the patterns overlap or
superimpose and create new composite
patterns). These patterns are said to be
convoluted.

Since each particle size produces its own
unique pattern, convoluted scattering
patterns must be composed of building
blocks.

Even if the sizes are identical, a different set
of building blocks is required if either the
index of refraction of the scattering particle,
the index of refraction of the suspension
medium, or the wavelength of incident light
changes.

Once the building blocks are known the
pattern can be reproduced by selecting the
correct set and number of patterns. Finding
that set is called deconvolution.




Closing Remarks

Real SamplesProduce Real Data

This document ends where it began with
Samuel C. Flormans quote given in the
introduction: " Although we are committed to
scientific truth, there comes a point where
this truth is not enough, where the
application of truth to human objectives
comes into play We are no longer
considering theoretical forces and ideal
substances. We are now obliged to work
with materials that are real, impure, and
sometimes unpredictable. Our aim is no
longer to discern absolute truth, but rather
to create a product that will perform a
function.”

The deconvolution example in Lesson 5
relies on an imaginary sample and fabricated
data, so it works out perfectly -- the models
are perfect and the simulated experimental
data set is perfect, so the solution is perfect-
- everything fits. Real samples are not this
cooperative.

The non-negative least squares method of
model fitting to experimental data relies on
scattering pattern models calculated from
Mietheory for spherical particles suspended
in a medium, and with values of indices of
refraction entered to three decimal places.

The deconvolution method, then, compares
something theoretical to something real.
When the instrument presents its reduced
results (the best fit of theoretical models to
real scattering patterns), it is reporting the
particle size distribution of spherical
particles that, from Mie theory, produces a
scattering pattern that most closely matches
the measured scattering pattern.

This, in essence, is the same a done by the
X-ray SediGraph technique-- reporting the
size distribution of spherical particles that
have the same settling velocities as those
measured for the sample material. Likewise,
the electrozone sensing technique (Elzone)
reports particle diameters based on spheres

having equivalent volume as that displaced
from the orifice tube by the particle being
measured. Whether comparing light
scattering patterns, settling velocities, or
displacement volumes, what is reported is an
equivalent spherical size based on
comparing a real particle to a theoretical
particle mode.

What this leads to is the realization that
particle sizing by the light scattering
technique can be no more or less accurate
than the SediGraph (X-ray sedimentation) or
Elzone (electrozone sensing) techniques.
What is important is that the person
interpreting the analysis results knows how
the data relate to particle size by way of the
theoretical model and the data reduction
method employed.

Additionally, the analyst must be aware that
with light scattering particle sizing
instruments, although the same analytical
technigue may be used and the same
theoretical model employed, data reduction
methods may differ from one instrument
make and model to another.  When
comparing measurements of particle size
obtained by different analytical techniques,
light scattering to Xray sedimentation for
example, understanding the basis of the
measurement is even more important .

In regard to various makes and models of
static light scattering instruments not
producing the same results is supported by
information presented by the lessonsin this
document.  The differences result for
various reasons, including, but not limited to

a) the quality of the scattering pattern
produced by the optics and
projected on the image plane (focus,
alignment on detectors, absence of
optical aberrations),

b) the quality of the scattering pattern
measurement (angular range,
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resolution and accuracy, intensity
range, resolution and accuracy),

c) the assumptions used in the data
reduction routine (refractive
indicies, particle shape, wavelength
of light),

d) assumptions about the sample
material (shape compares to model,
isotropic, homogeneous), and

€) assumptions about the sample
distribution (homogeneous, single
scattering).

When Sample Materials Do Not Behave
Like Perfect Scatterers

First, what is a perfect scatterer in regard to
Mie theory? It is a particle or system of
particles that meet the conditions and
conform to the restraints outlined in Lesson
1. Some of these conditions pertain to
avoidance of multiple scattering; so, to
simplify things, assume a single particle.
What characteristics does a single particle
need to be a perfect Mie scatterer? It needs
to be spherical and of uniform index of
refraction (homogeneous or sotropic). Do
al real particles have these qualities? No.
The index can depend on the orientation of
the light beam to the crystal lattice (as with
talc, for example). The refractive index also
is affected by impurities that may be integral
to the sample material or it may be a surface
coating, so textbook values may not be
accurate. The refractive index may not be
known at all.

What about applicationsin which the sample
materials are not spherical? When asked
this question pertaining to the sedimentation,
the intuitive reply is that since the particle
settles, regardless of whether itisasphere or
not, it has a settling velocity. For any real
value of settling velocity, there is a real
value of particle size that can be calculated
from Stokes law, and for every real value of
particle size, there is areal value of Stokes
settling velocity (whether or not such
particles or velocities can exist in redity). In
other words, there is a continuum of
solutions (particle sizes) for a continuum of
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input variables (settling velocities) when
using Stokes law.

Similarly, in regard to light scattering, non-
spherical particles scatter light, but doesthis
mean that a Mie size can be determined?
No, because substituting every possible
particle size into the Mie equation will not
produce every possible pattern of intensity
versus angle. In other words, there are
intensity versus angle scattering patternsfor
which there is no Mie solution. Stated yet
another way, for many scattering patterns,
there is no size of spherical particle nor any
distribution of spherical particles that will
produce certain scattering patterns. These
aberrant patterns are produced for any of
several reasons already given, but, in
general, because the particle system does not
conform to the assumptions of Mie theory.

In these cases, solving for equivalent Mie
particle size cannot be accomplished by an
exact fit of theoretical data to experimental

data. The residual, the difference between
the experimental data and theoretical data, is
manifested as artifacts in the distribution.

High-resolution measurements of the
scattering pattern and high-resolution
scattering models provide small building
blocks with which to build matching
patterns. Therefore, residuals are less likely
to be significant, but are also unlikely to be
non-existent. The only way to get a perfect
fit is to measure the scattering pattern of a
perfect Mie scatterer.

At the extreme, there are sample materials
that produce quite disorderly light scattering
patterns. This may be due to shape factors
that vary from particle to particle, high
aspect ratios, or mixtures of refractive
indices within the sample. This often leads
to poor repeatability, significant residual
quantities, and quantity distributions with
many sharp peaksacross the size range. For
this class of sample materials, light
scattering may not be a suitable technique
for sizing purposes.

In some cases, poor repeatability is caused
by slight differencesin the scattering pattern
from analysisto analysis (recall from Lesson

2
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2 that Mie theory in the range of about 1 ym
and larger is quite sensitive to variations in
particle size and index of refraction). The
high-resolution model-fitting routine detects
these differences in the scattering pattern
and assembles a different set of models each
time in order to maximize the goodness of
fit between the sum of the models and the
experimental data. To remove the noise in
the data, the model fitting routine can be
instructed to relax the requirement to
determine fine detail. This tends to smooth
the calculated particle size distribution by
not requiring the software to fill every slight
deviation with asmall quantity of thisor that
size particle. Thisreduction in sensitivity to
details, of course, leads to reduced
resolution as does all smoothing, but it also
leads to more repeatable data. So, the
operator has a choice between data with
many inflections that don’t repeat (high
uncertainty), or data that suppresses fine
detail, but is repeatable. Neither of these
data sets is of higher quality or contains
more information than the other.

The general rule in particle sizing is the
same as for all analytical measurements: use
the technique that produces the best datafor
the application. (Of course, the analyst must
be able to evaluate data quality-- that is the
principal message of this epilogue.) Thereis
no single particle sizing technique that
produces the best data for all sample types,
but there probably is a single technique that
consistently produces the best data for the
range of sample materials analyzed for a
particular application in a particular
laboratory. The light scattering techniqueis
not the end-all techniquein particle sizing,
it isjust another technique and another way
to view the size related properties of the
material. Understanding what a technique
actually measures, how it measures it, and
how measurements relate to particle size are
the first steps in determining if one
technique should be used in place of another
techniqgue for a specific sample and
application.

-END -
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APPENDIX A: Terminology Associated with Light Scattering

A

Absorbance
The product of absor ption coefficient and optical path length.
Absor ption

The conversion of incident light into heat within the absorber (particle or medium), thereby
reducing the intensity of thelight beam.
Absor ption coefficient
An exponential coefficient which representsthe degree of light attenuation, due to absor ption,
per unit path length, expressed in units of inverse length.
Absor ption cross section
The product of absorption efficiency and particle geometric cross section normal to the axis of
incident light.
Absor ption efficiency
The amount of light absorbed by a particle, divided by the total amount of light geometrically
inter cepted by that particle.
Absor ption index
Ther atio of theimaginary to thereal part of thecomplex refractive index.
Absor ptivity
The fraction of the flux incident which is absorbed by a particle(see Absor ption efficiency).
Acceptance angle
Angular field of view of detector in thescattering plane.
Airy disk
Diffuse central disk of light, dueto diffraction, formed by an optical system imaging a point
sour ce of light.
Albedo
For single scattering by a particle, it isthe fraction of energy lost from theincident light beam
dueto scattering only. Also, theratio of scattering efficiency to extinction efficiency.
Angular intensity functions
(see Angular irradiance functions).
Angular irradiance functions
Thefunctional dependence between the scattered irradiance per unit incident irradiance and
scattering angle.
Anisometric particle
A particle having a preferred dimension (i.e., elongated or flattened).
Anisotropic scattering
Light scattering by particles exhibiting anisotr opy.
Anisotropy
The optical property of a particle whereby its scattering behavi or variesasit isrotated around
itsaxis of symmetry.
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Anomalousdiffraction
Light scattering by a sphere whose diameter is much larger than theincident wavelength and
whose refractive index approaches unity.

Anomalous extinction
Extinction by particlesexhibiting anomalous diffraction.

Asymmetry factor
Equal to the mean of the cosine of thescattering angle weighted by theanqular irradiance
function. It isa measure of the asymmetry between forward and backward light scattering by a
particle.

Avalanche Photodiode (APD)
A photodiode that exhibitsinternal amplification of photo current through avalanche
multiplication of carriersin thejunction region.

Axial ray
Theray of alight beam perpendicularly incident on a spherical particle, and which passes
through its center (for dielectric particles), or isback reflected (reflecting particle).

Azimuthal angle
For linearly polarized light illumination, the angle between thescattering plane and the plane
of polarization of the incident beam.
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B

Backscatter
Thelight scattered back towardstheincident direction, i.e., scattering of light at a scattering
angle of 180 °. Sometimes meant as scattering at an angle larger than 90°.
Backscatter efficiency
Ratio of backscattered irradiance to that which would be obtained if a sphere scattered all
incident light isotropically.
Beer-Lambert-Bouguer law
Theirradiance of a beam of radiation in an attenuating medium (e.g.,a solid-liquid suspensioin)
decr eases exponentially with path length (also called Bouguer-Lambert-Beer law).
Bidisymmetry
Property of non-spherical particleswhereby their angular scattering pattern isasymmetricin
two orthogonal planes (e.g., scattering by arod illuminated at normal incidence).
Birefringence
Optical property of a particlewhereby therefractive index depends on the polarization state of
theincident light beam.
Bouguer -Lambert-Beer law
(see Beer -L ambert-Bouguer law).
Boundary conditions (electr omagnetic)
Theelectric and magnetic fields at the inter face between one body or medium and another.
Brewster angle

The angle of incidence (on a transparent plate) at which a polarized light beam, whose electric
field component is parallel to the plane of incidence, istransmitted with no reflection loss.
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C

Cabannesfactor
Thefactor by which theRayleigh ratioof an anisotropic particleis enhanced over that for an
isotropic sphere (of equal volume).
Cauchy dispersion formula
A semiempirical formulathat relatesrefractive index and wavelength of light.
Christiansen effect
The absence of light scattering by dielectric (non-absorbing) particles whoser efr active index
equalsthat of the medium which surroundsthem.
Circular polarization
Polarization of an electromagnetic wave whose electric vector isof constant amplitude and, at a
fixed point in space, rotatesin a plane perpendicular to thedirection of propagation with
constant angular velocity (seeElliptical polarization).
Coaxial scatter sensing
Light scattering configuration wherein the axis of detection coincideswith theillumination
axis. (See Off-axis scatter sensing).
Coefficient of Variation
Relative measure (%) for precision: standard deviation divided by mean value of population and
multiplied by 100 (for normal distributions of data the median isequal to the mean)
Coherence
Condition of correlation between the phases of two or more waves, so that interference effects
may be produced between them.
Coherencelength
The average length of the lines passing through all pointsin a particlein all directions and
terminating on itsboundaries (a measure of irregularly shaped particles).
Coherent scattering
Scattering in which there definite phase relationship between incident and scattered light.
Coincidence
The concurrent passage of two or mor e particlesthrough the.sensing volume of a particle
counter.
Coincidenceerror
The counting error resulting particle from coincidence.
Collimated radiation
A beam of radiation whose rays are nearly parallel so that the beam does not converge or
diverge appreciably.
Complex refractiveindex
Therefractiveindex of light absorbing materials, expressed asa complex number. Thereal part
representsthe refractive component, and the imaginary part, theabsor ption.
Defined by its chemical composition;
real part, n, isresponsible for scattering.
imaginary part, k, isresponsible for absorption. If k isegual to O at a given wavelength, a
particle does not absorb radiation at thiswavelength.
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Refractiveindex of a particle, consisting of areal and imaginary
absorption) part: Np=np i.kp
Creeping wave

Surface light wave that travels around a particle produced by grazing incident rays.
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D

Dark Current
A small value current that flowsin a photodiode while rever sed biased, dueto thermal
generation of carriersand surface leakage with noincident light (also called leakage current).
Range: afew pA to
10mA

Deconvolution
A mathematical procedure whereby size distribution of a particle ensembleisinferred from
measur ements of their scattering pattern

Debye-potentials
Two scalar potentialsin terms of which one can expressthe electric and magnetic fields
resulting from radiation or scattering of light by a distribution of localized sourcesin a
homogeneous isotropic medium.

Dependent scattering
Light scattering under the condition that the distance between two or more neighboring
particles becomes sufficiently small to affect the scattering behavior of each individual particle.

Depolarization
In scattering of light, the decreasein the degr ee of polarization of incident polarized light. A
characteristic behavior of a particle suspension composed of nonidentical particles.

Depolarization factor
For Rayleigh scattering, theratio of parallel to perpendicular polarized components of
scattered light at a scattering angle of 90°. It isequal to O for isotropic spheres, and 0.042 for
air.

Depolarization ratios
Ratios between the horizontally polarized scattered irradiancefor horizontally polarized
incident light and the vertically polarized scattered irradiance for vertically polarized incident
light, on one hand, and between scattering irradiances with oppositely polarized incident light.
A measur e of particleanisotropy.

Detection volume

(see Sensing volume).

Diffraction
The bending of light waves around the edge of an obstacle (e.g., a particle), or an orifice.
Spreading of light around the contour of a particle beyond the limits of its geometrical shadow
with small deviation from rectilinear propagation

Diffraction analysis
Particle size distribution determination by the measur ement of thediffraction pattern of
scattered light.

Dipolar scattering
(see Dipole scattering).

Dipole scattering
Rayleigh scattering modeled asthe electromagnetic radiation by an electric dipole.

Dissymmetry
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Theratio of the scattered irradiance at two scattering angles symmetrical about 90°. It can be
used for particle sizing.

Dynamic light scattering
Scattering of light by particles undergoing Brownian motion. Also called Quasi-elastic light
scattering. It ischaracterized by a Doppler broadening of the incident light wavelength.
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E

Elastic scattering
Light scattering wherein thewavelength of theincident radiation is preserved.

Electro-optical sensing
Detection and characterization of particles by light scattering in the presence of an electric
field (usually time-varying).

Elliptical polarization
State of_polarization of light in which the electric field vector at any point in space describes an
ellipsein a plane perpendicular to the direction of propagation.

Emission (electr omagnetic)
Any radiation of energy by means of electromagnetic waves.

Extinction
The attenuation of light in its passage through a particle suspension dueto (light) scattering
and absor ption.

Extinction coefficient
An exponential coefficient which representsthe degree of light attenuation due to the combined
effects of (light) scattering and absor ption. , per unit path length, expressed in the units of
inverse length.

Extinction cross section
The product of extinction efficiency and the particle geometric cross section normal to the axis
of light incidence.

Extinction efficiency
The sum of absor ption efficiency and scattering efficiency.

Extinction paradox
The property of particles, whose size is comparable or larger than thewavelength of light, of
exhibiting an extinction efficiency greater than unity. Thisisdueto diffraction whose effects
extend beyond the particle geometrical boundaries.
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F

Fabry-Perot interferometry
Optical technique used for quasi- elastic light scattering measurements. It provides a direct
measur ement of the spectral distribution of the scattered light.
Far field
A distance from a scattering particle much larger than theratio of particle areato the
wavelength of illumination.
Fiber
Dielectric material theguides light; waveguide.
Fiberoptic Cable
A cable containing one or more optical fibers.
Forward scattering
Light scattered at small scattering angles, i.e., near thedirection of the luminating beam.
Forward scattering nephelometer
A nephelometer that senses forward scattering. Used principally for field measur ements of
visual range.
Fraunhofer diffraction
Diffraction of light by particles observed in thefar field.
Fresnel diffraction
Diffraction of light observed in the near field.
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G

Gain
Ther atio of irradiance scattered at a given angle to that which would be scattered into that
direction if the angular scattering function were constant.

Gaussian beam
A beam of light (usually from alaser) whose cross-sectional irradiance distribution followsa
Gaussian function (TEM (0,0) mode).

Geometric scattering
Light scattering by particleswhose sizeis much larger than thewavelength of theilluminating
light beam.

Geometrical optics
Optical behavior of particleswhose sizeis much larger than thewavelength of light.

A Primer on Particle Szing by Satic Laser Light Scattering Appendix A-10



Micromeritics Technical Workshop Series (Fall 2000)

H

Higher-order Tyndall spectra
The colorsthat appear when a monodisper se suspension isilluminated with white light, when
observing the scattered light at varying angles. (see Owl).

Holography
Optical imaging technique whereby an interference pattern is generated by mixing the
coherent components from light scattered by particlesand from areference source. Applied to
the study of particleslarger than 5 m.

Huygen’'sprinciple
Theprinciplethat each point on alight wavefront may be considered as a sour ce of secondary
waves, the envelop of these secondary waves deter mining the position of the wavefront at a later
time.
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Incident irradiance
Theirradiance of the beam of light illuminating an obj ect.
I ncident power
Thetotal power of electromagnetic radiation inter cepted by a particle.
I ndependent scattering
Light scattering under the condition that the distance between neighboring particlesis
sufficiently large such that the scattering behavior of individual particlesremains unaffected
(see Dependent scattering).
Index of refraction
(see Refractive index).
I nelastic scattering
Light scattering by particleswherein theincident wavelength isnot preserved (e.g. Raman
scattering) (see Elastic scattering).
Intensity
Radiant flux per unit solid angle (in the units of W sr-1). Often confused with irradiance.
I ntensity fluctuation spectr oscopy
(see Quasi-elastic scattering).
Interference
Thevariation with distance or time of the amplitude of a wave which results from the
super position of two or mor e waves having the same frequency.
Irradiance
Radiant flux per unit area (in the units of W m-2). Often confused with intensity.
| sometric particle
A particle having no preferred dimension (i.e., isnot elongated or flattened).
| sotropic scattering
Scattering of light whoseirradianceisequal in all directions.
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K
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L

Lambert-Beer law
(see Bouguer-L ambert-Beer law).

Laser light
Light generated by alaser. Usually in the form of a monochromatic light beam, highly
collimated in thecase of gaslasers.
L aser light scattering
Scattering of laser light by particles.
L aser particle counter (L PC)
An optical particle counter which uses|aser light asthe source of illumination.

LDV (laser Doppler velocimeter)

Light extinction
(see Extinction).

Light scattering
The deflection of light impinging on a particle, dueto the combined effects of refraction,
reflection and diffraction. Term applied to electromagnetic radiation ranging from the
ultraviolet to theinfrared.

Light scattering photometer

(see Nephelometer).

Linear polarization
Polarization of an electromagnetic wave in which the electric vector at a fixed point in space
remains pointing in a fixed direction, although varying in magnitude. Also called plane
polarization.

Lightwaves
Electromagnetic wavesin theregion of optical frequencies. Theterm " light" wasoriginally
restricted to radiation visible to the human eye, with wavelengths between 400 and 700 nm.
However, it has become customary to refer toradiation in the spectral regions adjacent to
visiblelight (in the near infrared from 700 to about 2000 nm) as" light" to emphasizethe
physical and technical characteristicsthey havein common with visiblelight.

LorenzL orentz formula
An equation that relates therefractive index of a gaswith the number of molecules per unit
volume.

Lorenz-Mie scattering
General theory of light scattering by spherical particles. Term commonly applied to particles
whose size is compar able to thewavelength of the incident electromagnetic radiation (see
Transition regime). Also called Mie scattering.

L PC (laser particle counter)
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M

Maxwell sequations
The set of four differential equations which relate the electric and magnetic fieldsto electric
charges and currents, and form the basis of thetheory of electromagnetic waves.

M ean free path, optical
Theinverse of theextinction coefficient.

Mie (particle size) parameter
A dimensionless size parameter defined astheratio of the circumference of a spherical
particle and thewavelength of illumination (see Size parameter).

Mieresonances

Characteristic peaksin theextinction of light asa function of theMie parameter. The
amplitude of these peaksincreases with particlerefractiveindex.

Mie scattering
(see Lorenz-Mie scattering).
Mietheory
The general theory of the scattering of light by spherical particles.
Monochromatic light
Light wave composed of a single wavelength (e.g., as generated by a laser).
M Iler matrix
A general 4 x 4 matrix of parametersthat fully defines all polarization properties of the light
scattered by a particle. It isoften used for the optical characterization of particle shape.
Multiple scattering
Scattering by dense particle suspension wherein the incident light is scattered more than once
before being detected.
Subsequent scattering of light at morethan one particle, causing a scattering pattern that isno
longer the sum of the patternsfrom all individual particles (in contrast to single scattering)
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N

Nephelometer
A photometer designed to measurethe light scattering irradiance within itssensing volume.
Also known asTyndallometer.

Nephelometry
Light scattering photometry of suspended particles. It isa multiple particle sensing technique

(as contrasted with single particle counting) which provides a measur e of the local scattering
coefficient.

Nonspherical particles
Particles whose shape differsfrom that of a sphere.
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O

Oblate spheroid
Particle shape generated by rotating an ellipse about one of its axes so that the diameter of its
equatorial circle exceedsthelength of the axisrevolution. Also known as oblate ellipsoid.

Obscuration
(see Extinction).
Per centage or fraction of light that is attenuated dueto extinction (scattering and/or
absor ption) by the particles, also known as optical concentration

Off-axis scatter sensing
Light scattering configuration wherein the detection axis differsfrom theillumination axis.
(See Coaxial scatter sensing).

Opacity
A measure (usually in percent) of light extinction, defined as one minus thetransmittance of a
particle cloud. Used to assess theobscur ation by suspended particles.

OPC (optical particle counter)
(see Optical particle counter).

Optical equivalent diameter
Thediameter of an arbitrary particle as measured by an optical particle sizer calibrated with a
reference material of known particle diameter (e.g., polystyrenelatex spheres).

Optical anisotropy
(see Anisotropy).

Optical concentration
(see Obscur ation).

Optical constants
Thereal and theimaginary parts of the complex refractive index. Somewhat misleading term
since these parametersvary with wavelenagth.

Optical density
Thelogarithm (base 10) of thereciprocal of thetransmittance.

Optical model
Theoretical model used for computing the model matrix for optically homogeneous spheres,
with if necessary- a specified complex refractive index, eg Fraunhofer diffraction, anomalous
diffraction, Mie
scattering.

Optical particle counter (OPC)
A single particle detection and sizing instrument based on sensing the transient passage of
each particle by means of light scattering. The detected pulses (one for each particle) are
counted (to obtain number concentration), and classified by magnitude (related to particle size).
Used mainly for clean room monitoring.

Optical particle detection
Detection of supended particles by optical techniques (mainly light scattering).

Optical particlesizing
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Particle size distribution measur ement by optical techniques (mainly by means of optical
particle counters).

Optical path
For aray of light traveling between two points (e.g., sour ce and detector), it isthe integral, over
elements of length along the path, of therefractive index. Also known as optical distance or
optical length.

Oowl
A light scattering device used to measur e particle size of monodisper se particles using white-
light illumination and visual observation of the angular position of higher-order Tyndall
spectra.
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P

Particle counter
A direct-reading instrument for measuring the number concentration and size distribution of
suspended particles. Term often used for optical particle counter.
Path length
In transmissometry, the distance between the light sour ce and the detector.
Phase function
The angular dependence of the light scattered by a particle or a suspension of particles.
Phase shift parameter
The difference between the phase shift which the central ray undergoes passing through the
particle diameter and that obtained in the absence of the particle. It isan optically normalized
measur e of particle size.
Photo-acoustic sensing
A technique for the detection of light-absor bing particles based on thephotothermal heating
effect.
Photodetector
An optoelectronic tansducer, such as a pin photodiode or avalanche photodiode.
Photoelectron emission
Emission of an electron (or electrons) from the surface of a particle due to electromagnetic
irradiation whose energy is sufficiently high to overcome the surface barrier potential of the
particle.
Photoemission
(see Photoelectron emission).
Photometer
An instrument for the measurement of light irradiance. Sometimes (but incorrectly) used
synonymously with nephelometer (seelightscattering photometer).
Photometry
The measurement of light_irradiance.
Photomultiplier tube (PMT)
A phototube with one or more dynodes between its photocathode and anode. The electron stream
from the photocathode elicits secondary emissions at each successive reflection at a dynode
resulting in large amplification of the signal.
Photon correlation spectr oscopy
(see Quasi-elastic light scattering).
Photor efractivity
Optical property exhibited by photorefractive materials (e.g.,barium titanate) whereby their
refractiveindexisaltered dueto an incident light beam.
Photothermal emission
The enhanced ther mal emission of electromagnetic radiation (generally at infrared
wavelengths) by absor bing particlesilluminated by high irradiance light.
Photothermal heating
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Heating that light-absorbing particles undergo when illuminated by high irradiance light.
Pin Photodiode

A photodiode having a largeintrinsic layer sandwiched between p-type and n-type layers.
PMT (Photomultiplier tube)
(see Photomultiplier tube).
Polar nephelometer
A nephelometer capable of measuring scatteringirradiance as a function scattering angle.
Polarizability
The electric dipole moment induced in the molecules of a particle by theelectric field
component of incident light, a phenomenon underlying_refraction and (light) scattering.
Polarization (optical)
Light whose transver se oscillations follow a defined pattern, or occur in a defined plane.
Polarization ratio
Theratio of theirradiance of the horizontal to that of the vertical component of thelight
scattered by a particle or a suspension of particles.
Polarization, degree of linear
Theratio of the difference and the sum of the vertical and the horizontal component of the light
scattered by a particle or a suspension of particles.
Polychromatic light
Light whose spectrum is spread over arange of wavelengths.
Prolate spheroid
The ellipsoid obtained by revolving an ellipse about one of its axes so that the equatorial circle
has a diameter lessthan the length of the axis of revolution. Also known as a prolate ellipsoid.
Propagation constant
A characteristic number of an electromagnetic wave equal to 2mdivided by the wavelength (also
called wave number).
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Q

Quasi-elastic scattering
Light scattering of suspended particles undergoing Brownian motion, and characterized by
spectral broadening of theincident radiation.
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R

Radiation pressure
Pressureexerted by light impinging on a particle.
Raman scattering
An inelastic scattering phenomenon whereby theincident light under goes a changein
wavelength and arandom alteration in phase asit passes through atransparent particle, dueto
achangein rotational or vibrational energy of the scattering molecules.
Rayleigh gain
The gain for a particle exhibitingRayleigh scattering.
Rayleigh ratio
Thescattered irradiance from a unit volume of suspended particles at a given scattering angle,
per steradian, when the suspension isilluminated with unit irradiance of unpolarized light.
Rayleigh scattering
Scattering of electromagnetic radiation by independent particles whose sizeis much smaller
than thewavelength of theincident radiation (e.g., scattering of visible light by air molecules).
Rayleigh-Debye scattering
An approximate theory for the scattering of particlesof arbitrary size and shape having a
relative refractive index closeto unity.
Rayleigh-Gans approximation
(see Rayleigh-Debye scattering).

Reflection (light)
Redirection of a light beam by interaction with the particle surface. This scattering component
applies mainly to light absorbing (i.e., electrically conductive) particles.
Return of radiation by a surface, without a change in wavelength
Refraction
Redirection of alight beam caused by differencesin therefractive index along the light path,
either within a given medium (e.g., air), or when passing from one medium into another (e.g.,
particleto air). A scattering component which applies to both conductive and dielectric
particles.
Change of direction of light determined by the changein the velocity of propagation in passing
from one medium to another; in accor dance with Snell sLaw
Refractive index
A complex number whosereal part isdefined astheratio of the speed of light in vacuum to the
phase velocity of light within a medium (e.g., a particle), and whose imaginary part isdirectly
proportional to the product of theabsor ption coefficient of the medium and thewavelength.
Relativerefractiveindex
Theratio of the velocity of light in one medium to that in another medium. Also, theratio of the
refractive index of one medium (e.g., a particle) to that of another medium (e.g., air).
Complex refractive index of a particle, relative to that of the medium: m = Np/nm
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S

Scattering

General term describing the change in propagation of light at the interface of two media

Scattering angle
The angle between the direction of theincident light beam and the direction or axis of
observation, with the scattering particle at the vertex of the angle. By convention, zero
scattering angle describes the case wher e the observer (or detector) looksinto thelight sour ce.

Scattering coefficient
An exponential coefficient which representsthe degree of light attenuation dueto scattering,
per unit path length, expressed in the units of inverse length (see Extinction coefficient and
Absor ption coefficient).

Scattering cross section
The product of scattering efficiency and the geometric cross section of a particle normal to the
incident light beam.

Scattering efficiency
Thetotal energy of thelight scattered by a particle divided by the energy of thelight
geometrically intercepted by that particle.

Scattering form factor
In Rayleigh-Debye scattering theory, a factor which representsthe modification of the
scattered irradiance dueto thefinite size of the particle and to its deviation from sphericity.

Scattering Pattern
Angular or spatial pattern of light intensities (1(q ) and I(r) respectively) originating from
scattering, or therelated energy valuestaking into account the sensitivity and the geometry of
the detector elements

Single Scattering
Scattering wher eby the contribution of a single member of a particle population to the
scattering pattern of the entire population isindependent of the other members of the
population.

Scattering plane
Plane defined by the axis of theincident light beam and the axis of observation (or detection).
This plane contains thescattering angle.
Scattering ratio
At agiven scattering angle, theratio of scattered irradiances when a polarizer, placed within
theincident beam, transmitsthe parallel and perpendicular components, respectively.
Sensing volume
Term usually applied to optical sensing instruments. For light scattering devices, it isthe
inter section between the sour ce beam and the field of view of the detector. For light attenuation
devices, the volume of the sour ce beam within the sensing path.

Single scattering
Scattering under the assumption that the particleisexposed only to the light of a direct beam,
i.e., thelight scattered by other particles contributes a negligible amount to theillumination.
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Hence, theirradiance of thelight scattered by a particlecloud islinearly related to particle
number concentration (for constant size distribution) (seeMultiple scattering).

Size parameter
In particlesizing by light scattering, the dimensionlessratio of the particle (sphere)
circumference to thewavelength of theincident light.

Snell slaw
In optics, for aray incident on the interface of two media, the sine of the angle of incidence
times therefractive index of the first medium is equal to the sine of the angle of refraction
times therefractive index of the second medium.

Sphericity
The degree to which the shape of a particle approachesthat of a sphere.

Spheroidal particles
Particles whose shape is geometrically generated by rotation of an ellipse about one of its axes.
Thereareprolate and oblate spheroids (also called ellipsoids) depending on the axis of rotation.

Stabilized Light Source

An LED or laser diodethat emitslight with a controlled and constant spectral width, central
wavelength, and peak power with respect to time and temperature.

Stokes parameters
A set of parametersthat completely describesthe state of polarization of electromagnetic
radiation.

Stray light

Unwanted light within an optical instrument, usually due to sour ce beam r eflections from
internal surfaces.
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T

Transition regime
Range of particle sizes between the limiting cases of Rayleigh scattering and geometrical
optics. Characterized by pronounced fluctuationsin scattering cross section as a function of
size parameter. Also called Mie scattering.

Transmittance
Theratio of the detected irradiance to the sourcejrradiance for a beam passing through an
attenuating medium.

Transverse electric wave
An electromagnetic wave in which the electric field vector is everywhere perpendicular to the
direction of propagation.

Transverse magnetic wave
An electromagnetic wave in which the magnetic field vector is everywhere perpendicular to the
direction of propagation.

Turbidity
The product of theextinction coefficient and the path length through an attenuating medium.

Tyndall cone
The visible cone of light due to scattering of a diverging beam passing through a suspension of
particles.

Tyndall effect
Theincreasein Rayleigh scattering irradiance as particle size increases.

Tyndall higher order spectra
The spectrum of colorsexhibited by light scattered by a monodisper se particle suspension
illuminated with white light, as afunction of particle size and scattering angle. A property
previously used for particle sizing (see Owl).

Tyndall-spectr ometer

An instrument designed to observe theTyndall higher order spectra.
Tyndallometer
(see Nephelometer).
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U
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V

Visibility (laser Doppler velocimeter signal)
The amplitude of the modulation of the detected Doppler signal in alaser Doppler velocimeter.
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W

Wave number
(see Propagation constant).

Wavelength

The distance between two points having the same phase in two consecutive cycles of a wave,
along the direction of propagation. Equal to the velocity of propagation divided by the frequency.

Wedge ring detector

A diffraction pattern sampling unit composed of a 32-element monolithic silicon photodiode
array and areadout unit. Theintensity on each detector element can be separately read out by
means of a control switch.

Whitelight
Any radiation producing the same color sensation as aver age noon sunlight. Polychromatic
light as generated, for example, by a halogen incandescent lamp.

Width of normal size distributions
Standard deviation (absolute value) or coefficient of variation (relative percentage) of the size
distribution. For normal distributions about 95% of the population fallswithin —2 standard
deviationsfrom the mean value and about 99.7% within — 3 standard deviations from the mean
value.

A wedge ring detector
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Information presented in this Appendix expands subjects covered by 1SO 13320-1:1999, Partide
size analysis Laser diffraction methods Part 1: General Principles. New technology

introduced after the publication of the standard and its ramifications are not covered in that

document.

Additional I nformation Pertinent to
Section 5 of 1 SO 13320-1:1999

When describing hardware and software, the
document repeatably reminds the reader that
the descriptions are those of a typical ,
usual , or general system. However,
sometimes those general descriptions do not
encompass a system based on CCD
technology. The information that follows
adds consideration of CCD technology to
those descriptions.

Figure 2- Example of the set-up of a laser
diffraction instrument:  Although this
illustration is intended to be no more than a
typical set -up, it warrants differentiation
from a design incorporating a CCD. For
example, key item #1, the obscuration
detector, typically is a fixed detector at the
center of the multi-element detector array.
The CCD can assign the role of obscuration
detector to any element that happens to be
located at the point the unscattered beam
impinges upon the detector array.

Key item #7, the light source laser, is
coupled by a flexible optical fiber to the
system depicted by items #8, the beam
processing unit, allowing items#8 to rotate
in an arc centered on the sample cell while
proj ecting the expanded and collimated laser
beam.

The multi-element detector, key item #10, is
a dense array of CCD elements, spaced
linearly, as apposed to the apparently
logarithmically-spaced elements depicted by
the illustration. However, the software
groups the detectors in a logarithmically-
spaced  arrangement, therefore the

illustration shows how the signal from the
CCD array istreated rather than the physical
arrangement of the array elements.

Verbal description of instrument system
following Figure 2: The description of the
instrument system that begins on page 4 of
the 1SO document, being expressed in
general terms, incorporates the function of
the Micromeritics design until the third-to-
last paragraph on page 5.

That paragraph begins, The detector
generally consists of a number of
photodiodes It should be pointed out that
a photodiode is a different device from that
of a CCD and produces a signal different
from the set of photocurrents as
described in the document. The CCD
detector chip performs al of the described
steps attributed to subsequent electronics.

The next sentence in the same paragraph,
describes the role of the central element .
In a typical instrument, the central element
is discrete, defined by hardware, and always
performs the same function. With a CCD,
the central element is defined by software
and can be any element on which the central
beam happensto fall.

The paragraph continues by describing the
role of the central detector(s) in alignment of
the system. An optical system incorporating
a CCD does not require precise mechanical
alignment because the center of the
scattering beam can be detected by software
and the detector array remapped accordingly
so that the angle associated with each
detector element is known.

Section 6.6.6 Instrument location: The last
sentence in the first paragraph advises how
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to prevent the need for frequent alignment of
the optical system. A CCD-based systemis
far less dependent on mechanical alignment
than the typical optical system. Thisfollows
from the fact that the alignment of the
central beam on the detector array is
software defined and not mechanically
defined. Therefore, any movement of the
central bright spot relative to the detector
array is detected and immediately corrected
by software by redefining the angular
domain of each element.

Section 6.3.1, subsection b): Measurement
of the scattering pattern of dispersed
sample(s): The first sentence provides what
is expressed as a general description of the
method of scanning the detectors and the
associated duration. Although the quoted
number of sweeps and time interval may be
typica for a photodiode-based detector
system, it does not describe data gathering
by a CCD-based system. Since the CCD is
an integrating device and the photodiodeisa
constant current device, the scanning
requirements differ considerably. The CCD
accumulates information, then self-scans on
demand. A photodiode provides a real-time
signal  when read, but provides no
information about what occurred between
readings.

The fourth sentence in the first paragraph
states, The magnitude of the signal from
each detector element depends upon the
detection area, the light intensity and the
quantum efficiency. This adequately
describes the signal produced by a
photodiode, but does not for a CCD. To
incorporate the magnitude of the signal from
each CCD element, the description would
have to be appended with, ..integrated over
time.

The last two sentences if the first paragraph
of subsection b) describe how a typical
detector system matches scattering angles to
the appropriate measured intensity signals.

As stated, generally, these are factory set
and stored in the system computer. A CCD
detector system is more flexible in that each
element of the detector array does not havea
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factory-defined range of scattering angles
associated with it. The CCD device can
make that assignment on the fly by way of
software. The software uses the location of
the element containing the central beam as
the reference position and maps all other
elements by angle accordingly. The element
containing the centra beam is easily
determined by the extraordinary magnitude
of the signal.

Section 6.6.6 Errors of specific parts of the
procedure : This section describes
observation of signals from the detector
elements. Because of the number of
detector elementsin a CCD array (thousands
to millions), this procedure is performed
routinely by software and any element that
isfound to be producing an erroneous signal
is removed from the data set after reading
the array. Background data are stored.

Section 6.7 Resolution; sensitivity: This
section lists restrictions to resolution and
claims that these factors prevent the laser
diffraction technique injts usual designfrom
being a high resolution technique The
restrictions are largely based on limitations
of the detection system. It should be pointed
out that a CCD-based detection system does
not fall under the category of usual design .

Thelist of restrictionsinclude:

Q number, position and geometry of the
detector elements. The number of
elements in the CCD array of the
DigiSizer is about 10000 (10%) times
that of the highest density photodiode
detector array being used in a
commercial instrument at the time of
this writing. The positioning and
geometry of these elementsis so closely
spaced that angular increments in the
order of 10° degrees can be
discriminated and no angle bands are
excluded.

Q Their signal to noise ratio: The CCD,
being an integrating device, can
accommodate extremely low light
signals by integrating the signal until the
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total signal is well above the noise level
of the detector element.

o Fine structure in the measured
scattering pattern: The extremely high
resolution of the CCD array allows fine
structure to be measured (as exemplified
in the lesson above).

o Differences in scattering pattern
between size classes: Again, the high
resolution of the CCD combined with
the capability to accommodate a very
wide range of light intensity allows the
detection system to discriminate snll
differencesin scattering patterns.

(How the DigiSizer deds with the last two
restrictionsis discussed in the next lesson.)

Annex A Theoretical background of laser
diffraction: This section beginson page 16
and ends on page 19. The second-to-last
paragraph (page 19) contains the
information that requires expansion. The
first two sentences express the design
criteria for a high-resolution system using
alarge number of small detectors. The next
two sentences state why using small
detectors is not practical (assumingly in
typical instrument designs, and definitely

in photodiode-based instruments) The
balance of the paragraph expands on
complications associated with attempting to
accomplish thistask.

The root of the complication is stated as,

the signal of each detector element is the
product of the intensity of scattered light, the
geometric area of the element and its
sensitivity. The consequence is stated as,

any decrease of the geometric area leadsto
smaller signals and, thus, a lower signal to
noise ratio, and as a result, more
detectors lead to more measurement
errors  and further suggest that, this
|leads to some optimum situation for the
number of detector elements, their size and
the angular range that they cover.

Again, what was not considered by the
document was the use of a CCD detector
array that overcomes the expressed
complications of having a large number of
small detectors. First, as previously noted,
the signal strength is a function of all the
cited variables, but integrated over time.
Therefore, if the internal noise level of the
detector is X, then the signal accumulation
time can be increased until the signal is
100X or 1000X, and overcome the signal-to-
noise limitation. Therefore, a CCD detector
can be composed of elements of very minute
active area and still provide acceptable
signal-to-noise levels. It follows, then, that
more CCD detectors do not lead to more
measurement errors as is the case with a
photodiode. Although an  optimum
situation for the number of detector
elements, their size, and the angular range
the cover may exist for CCD detector
arrays, it is defined by a different set of
criterion than for photodiodes and the
optimum situation far exceeds that
pertaining to photodiode detector arrays.

Summary

The ISO document was written around the
currently available laser diffraction particle
sizing equipment on the market and applies
well to those instruments. Subsequently
introduced technology is not considered in
the general descriptions of instrument
systems. As a result, some practica
limitations as stated in the document have
been overcome and superseded.

It isinteresting to note that on page 20, third
paragraph, forth line is the caveat,
Remember that most early designs of
instruments... and con tinues to describe a
limitation of early designs. Since the
introduction of CCD technology to the
measurement of scattering patterns, this
admonition applies to many statements in
the document.
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