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HORIBA
When a Light beam Strikes a Particle

B Some of the light is:
® Diffracted Reflected
® Reflected _’

® Refracted Absorbed

and
® Absorbed and Reradiated
Reradiated
Diffracted

—

B Small particles require knowledge of optical properties:
® Real Refractive Index (bending of light)
® Imaginary Refractive Index (absorption of light within particle)
® Refractive index values less significant for large particles

B Light must be collected over large range of angles
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Diffraction Pattern
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Diffraction Patterns
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Using Models to Interpret Scattering

B Scattering data typically cannot be
Inverted to find particle shape.

B \We use optical models to interpret data
and understand our experiments.
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The Calculations

B There i1s no need to know all of the
detalls.

B The LA-950 software handles all of the
calculations with minimal intervention.

B This talk Is to Improve your
understanding of the results.
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Laser Diffraction Models

M |arge particles -> Fraunhofer
® More straightforward math
® L arge, opaque particles
® Use this to develop intuition

® All particle sizes -> Mie
® Messy calculations
® All particle sizes
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Light

Expressed in just in y-direction

E = E, sin(ky — at) Oscillating electric field

H = H, sin(ky — at) Oscillating magnetic field
(orthogonal to electric field)

iz

gLectmmagnetic wave dil

Cheat by using vector notation (for 3 '
dimensions) and real part of complex
numbers (because it makes the trig
easier).

E=E,exp(ik ex—lawt)
H=H_,exp(ik ex—iwt)

Complements of Lookang @ weelookang.blogspot.com
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Light: Interference HOTER

Look at just the electric field.
E = E, sin(kx — at) Oscillating electric field

E = E, sin(kx — at + ¢) Second electric field with phase shift

e VWV

AAVAVAVAVAVAVAY

We will use interference to develop an intuitive understanding
later.
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Microscopic View of Scattering

Anti-Stokes scattering: v +v,

Vibrational mode
frequency : v,

Rayleigh Scattering: v,

NV

/\\’\/\Stokes scattering: v -v,

Today we discuss the scattered photons that do not change
wavelength. Also, we treat everything as a continuum.

Incident light:
Vo

About 1 scattered photon in a million has a wavelength shift that
depends on the molecule. These extra photons are the basis for
Raman spectroscopy. Horiba makes Raman instruments too!
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Fraunhofer Diffraction

A good approximation to develop intuition
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Fraunhofer Diffraction HORIBA

Path length difference is s sin(0)

N
N

k = 2nt/A

NN AN NN,

Detector (far
away)

Electric field at target from each position s:
exp(ik(r, + ssin(@)) — wt)
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Fraunhofer Diffraction HORIBA

We want to treat a hole because it is easy. We need
a trick.

hole o |
R disc

Babinet’s principle: Scattering from an aperture
IS the same as scattering from its complement
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Fraunhofer Diffraction HORIBA

| R
~

hole

WAAAA

R
E(O) = jAexp(ikssin d)ds
-R
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Fraunhofer Diffraction HORIBA

Need to figure area of each strip of aperture to integrate.
For a slit it is easy (and we usually ignore length):

A = wds

- >T
S

For a circle, it is a bit messy:

W
A=2+/R%—s%ds @ @
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Fraunhofer Diffraction

Path length difference is s sin(0)

\
\_/

0

\/\ﬁ\/\J\/

Detector (far
away)

Now integrate over s from —-R to R

‘13t Order Bessel Function‘

AAAAAAAAA

" 0.6
j 2+/R? — 5% exp(ikssin §)ds
e £ g0

dimensionless size parameter a = 72D / A

-0.4 -

-0.6 —

@vvvvvvvvv\

2E, n? J,(asin6)
r asSin@

E—

X
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Fraunhofer Approximation

e V2 o2 4 J»](E!','Sin@)z
(51)° =(52)* = e { puad }

. 2
Ip 4| J4lasino)
10)= o
©) 2 a2 { o sin @

dimensionless size parameter a = nD//;

J, is the Bessel function of the first kind of order unity.

Assumptions:

a) all particles are much larger than the light wavelength (only scattering at the contour of

the particle is considered; this also means that the same scattering pattern is obtained as for
thin two-dimensional circular disks)

b) only scattering in the near-forward direction is considered (Q is small).

Limitation: (diameter at least about 40 times the wavelength of the light, or o >>1)*
If A=650nm (.65 um), then 40 x .65 =26 um

If the particle size is larger than about 26 um, then the Fraunhofer approximation gives
good results. Rephrased, results are insensitive to refractive index choice.
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Fraunhofer: Effect of Particle S'i?g'BA

3.0x10° —
—— 50 micron diameter
2.5 — —— 100 micron diameter
2.0 —
S 1.5 —
10
1.0 — 10
0.5 — 108 .
0.0 = E— ~ -
0 1 2 S 10
scattering angle —
10* = _ _
_| = 50 micron diameter
—— 100 micron diameter
2
10 _ll | | | I 1T 11 I| ] | | |
2 3 4 567 2 3 4 5
0.1 1

scattering angle, 6
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Diffraction Pattern: Large vs. Small Particles

B LARGE PARTICLE:

® Peaks at low angles
® Strong signal

T~

Wide Pattern - Low intensity

B SMALL PARTICLE:

® Peaks at larger angles
® \Weak Signal

Narrow Pattern - High intensity
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Poll

® How many of you work with particles
with sizes over 1 mm?

® How many of you work with particles
with sizes over 25 microns and less
than 1 mm?

® How many of you work with particles
with sizes over 1 micron and less than
25 microns?

® How many of you work with particles
with sizes less than 1 micron?
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Mie Scattering

An exact treatment for a spherical particle. | p
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Maxwell’s Equations

B Solve these and the universe’s secrets are yours.

B Notation from Bohren and Huffman Absorption and Scattering of Light
by Small Particles

VeE = O Net charge is zero

VeH =0 No magnetic monopoles

VxE=lou-H Time varying
magnetic field gives
electric field and vice

VxH==1owe-E versa. No current
flows through system.
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Boundary Conditions HOTER

B Properties of particle different from surrounding medium
B Tangential components of E and H are continuous at boundary

ﬂ n = 2-0.05i Good

/

n =1 (for air)
Bad

N
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Overview of Solution

B Sum of incoming plane wave and scattered waves.
B We also get information on extinction and so on.

\
\
\
\
\
\
\
\

v

v

v

v

v

v
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Mie Scattering
|
2 qsz‘z +‘Sl‘2)

|.(m, X,8) =—2
S 2k °r
Use an existing computer program for the calculations!

2n+1 Py (c0s0)
S,(m,x,0) = Zn n+1){an7zn+bnrn} T, = v
2n+1
S 0 b
(M X,0) = Z1:n(n+ ){a R T =i(Pn1(cosé’))
do
L My (MX)y, () — v, (v, (MX) ¢, v: Ricatti-Bessel
my, (Mx)&,"(x) - &, (X, (mx) functions
P l:1st order Legendre
_ W (Mx)y,"(X) —my, (X, (Mx) Functions

Y (mx)é:n ' (X) o mé:n (X)Wn I (mX)
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HORIBA

Mie

The equations are messy, but require just three inputs which are
shown below. The nature of the inputs Is important.

///’

Increasing size. So, if you want to measure
small particles, decrease wavelength so they
“appear” bigger. That is, get a blue light
source for small particles.

¥ = ﬂ[)/1 N Decreasing wavelength is the same as

- n We need to know relative
m = / | refractive index. As thisgoesto 1
\ n
m /

there is no scattering.

\ 0 Scattering Angle
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Effect of Size

10 100 micron
10 10 micron 1 micron
10° -
10°
> 7
£ 10 | ““
5 N
£ 10 - - “ 1‘
(@]
£ 10" - "
9
0 5 - .
10° =~ |—— 1 micron diameter s
) —— 10 micron diameter ,
10" | |—— 100 micron diameter iy
: particle Rl: 2.5-0i ‘
10 =1 |medium RI: 1.33
O_.
10 | I I IIIIIII I I IIIIII| I I IIIIII|
0.1 1 10 100

Scattering Angle (degrees)

As diameter increases, intensity (per particle) increases
and location of first peak shifts to smaller angle.
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Effect of RI: Imaginary term HORIEA

1000 =
100 =
> : o
.5 = ’
3 10 = ' \\ \
ooy 3
2 . ' e /\
= 1 = \V’ ’ \\\“///'
3 E f
2 1 [— RI=25-0.00i
{1 |— RI=25-0.01i
01 o4 |— RI=25-0.10i
3 [— RI=25-1.00i
1 [Particle Diameter 1 micron
1 |medium RI: 1.33

I I I I I I I I
0 20 40 60 80 100 120 140

Scattering Angle (degrees)

As imaginary term (absorption) increases location of first
peak shifts to smaller angle.
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Effect of RI: Real Term

1000 —
100 —= N

> : p

‘® i /

o ] N

= 10 = . N

o 3 V4

£ § \ \ /D

L i

©

A 1g4|— RI=25 -0i \
4 |——RI=251-0i
J|—RI=26 -0i
1|— RI=27 -0i

0.1 < |particle Diameter 1 micron
3 |medium RI: 1.33 '
b | | | | | | |
0 20 40 60 80 100 120 140
Scattering Angle (degrees)
It depends....

Explore the future Automotive Test Systems | Process & Environmental | Medical | Semiconductor | Scientific

© 2012 HORIBA, Ltd. All rights reserved.



HORIBA

Mixing Particles? Just Add

100 — 1 micron diameter
1 —
2 100 \/\/\/-
w
o
VA
£
2 1~ \
E -
T 27 2 micron diameter
» 1004
6 Y
4
- |
103 Weighted Sum /\ /\
63
| | [ | | I
120

0 30 60 90 150 180

Scattering Angle (degrees)
The result is the weighted sum of the scattering from each patrticle.
Note how the first peak from the 2 micron particle is suppressed since it
matches the valley in the 1 micron particle.
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Effect of Distribution Width

1000 —
> 100 —
2 - N —
g NNZ7Z\
2 10 =
2 1 |— all same size
3 1 |— standard deviation 1 %
« 1 |—— standard deviation 5 %
1 - |— standard deviation 10 %
3 particle diameter 1 micron
- particle Rl: 2.5-0i
| medium RI: 1.33
0.1 _l T T T T T T T
2 3 4 5 6 9
10 100

Scattering Angle (degrees)

As distribution becomes wider, the peaks become less distinct.
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lterations

INITIAL RAW FLUX

— COMPUTE

DISTRIBUTION ™

-+

]
BACK-CALCULATE FLUX

— —

= | t— COMPUTE FLUX DIFFER.ENCE
CALCULATE MODIFIED FLUX

—— RE-COMPUTE
DISTRIBUTION - )
< |
BACK-CALCULATE FLUX
=== COMPUTE FLUX DIFFERENCE
ral rilnatrF MONOTFTEN FI 1Y
B RE-COMPUTE
DISTRIBUTION 5

/\ _
BACK-CALCULATE FLUX

S

ETC., ETC., ETC........
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Pop Quiz

M As particle size increases:
® Peaks shift to smaller angles
® Peaks shift to larger angles
® Nobody said there would be a quiz!
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HORIBA

Pop Quiz

M As particle size increases:
® Peaks shift to smaller angles
® Peaks shift to larger angles
®Nobody said there would be a quiz!

Y, credit
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Comparison of Models

Light energy scattering pa!'larm for an arbitrary detector configuration against particle size Light energy scattering patterns for an arbitrary detector configuration against particle size
(um) and scattering angle (°) for equal volumes of particles (Fraunhofer theory) (um) and scattering angle (°) for equal volumes of particles (Mie theory, latex particles Rl 1,60 - 0,0i, in water
RI1.33)

B Fraunhofer (left) vs. Mie (right)
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Comparison, Large Particles

1010_
Diameter 100 micron
9 Rl =2.5-0i
10 — ---- Fraunhofer
— Mie
10° —
10" —
10° ¢ MiAg
10° : AR
' EEAEEEEREE T
by isiidss
] EERE
104 _l | | | | | | I 1 | .I - - I. : ‘I‘..I
2 3 4 5 6 7 89 2 4 5
0.1 1

scattering angle, 0

For large particles, match is good out to through several peaks.
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Comparison, Small Particles

10° 2
> 5
= 10 3
c -]
o .
= i
2 10' =
e .
® 1= ,
(<,->) R 1 |Diameter 10 micron
10" o |[RI=2.5-0i
1 |---- Fraunhofer
71 |—— Mie
102_| T T |::| T |"|| I 1
2 3 4 5 6 7 89 2 3
1 10

scattering angle, 6

For small particles, match is poor.
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Practical Application: Glass Beads

Data Name Graph Type Refractive Index (R)
Standard Glass Beads Mie | STD-GLASSBEADS[STD-GLASSBEADS( 1.510 - 0.000i),'
Standard Glass Beads Fraunhofer C_] —— Fraunhofer Kernel[Fraunhofer Kernel{ 0.000 - 0.000i
21 —100
f-so
15 -
3 -
~60 §.
> : el
§ 10 2 3
—40 &
: )
5 §
=20
01 L] 1] Illllll . IIIIIIII ] Illlllll L] Illlll 1] lllllll' 1] :—
0.010 0.100 1.000 10.00 100.0 1000 3000
Diameter(ym)
Graph Type D(v,0.1) D(v,0.5) D(v,0.9)
— 8.98783(pm) 13.47741{pm) 18.8536
[— 2.58072(pm) 3.62044(pm) 22.3174
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Practical Application: CMP Slurry

Data Name Graph Type Refractive Index (R)
CMP Slurry Mie cC1— 2.20-0.0i[2.20-0.0i{ 2.200 - 0.000i),Water( 1.333)]
CMP Slurry Fraunhofer C_]1 — Fraunhofer Kernel[Fraunhofer Kernel( 0.000 - 0.000i)
29 100
25
“ ~80
20 : .
=60 §
R 15 : N
% : ‘g
—¢q0 B
10 : ==
5 \ ;—20
0-1 L] L] IIIJI L] ] llll!l Jl P rraan L] L] IDUOIII L) LI ) Illlll L) :_o
0.010 0.100 1.000 10.00 100.0 1000 3000

Diameter(y=)
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What about background (blank'i

Even pure liquids scatter. Also, there is often some
constant background signal due to stray light. And, the
detectors will always show a background signal. These
effects are small, but they should be corrected.

The background is subtracted before applying any of
analysis mentioned before.

As the background becomes smaller, the analysis
becomes easier.
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LA-950 Optics

Front wide-angle scattered
Light sensor
Projection lens

— N

Projection lens

Moveable mirror

\

R —

light sensor

—-"\ Flow cell

Front wide-angle scattered /l' N

Back scattered light sensor
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HORIBA
Short Wavelengths for Smallest Particles

1.00 —
>
2 0.95 (1-0.89)/100 = 11%
()]
= \
2 090-
I3
b
5
D 0.85
8 (1-0.75)/100 = 25%
©
€ 080-— —— red 650 nm
S —— blue 405 nm
0.75 | | | | | =
0 30 60 90 120 150 180

Scattering Angle (degrees)

By using blue light source, we double the scattering effect of the particle.
This leads to more sensitivity. This plot also tells you that you need to have
the background stable to within 1% of the scattered signal to measure small

particles accurately.
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Why 2 Wavelengths?

HORIBA

Fi :

'.:l':-;

‘I 30, 40, 50, 70 nm
| latex standards

a

CHasmatss { uim|

Data from very small particles.
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Viewing Raw Data

LA-950 for Windows - [Result Data View]

- File Yiew Graph Display Conditions Mavigator File List Ukiliby E@ort Option | Advanced Function Sampler  Help

ﬁ . = Phi scale table
Sieve scale table

Multi-Modal Report
LA Mavigator

Distribution Graph l Data Table] Intensity Graph

Cv LR Equipment Check Detectar Check
201201041329250 ‘ Median Size D% Scattered Light Simulation Blank Check

1201041424253 Chi Square © 3.42ub60 i
Transmittance(R
[ 201 201041 454255 R Parameter - 1 44N5F-1 TramminanmEng

. x4
Advanced Function
. #e';?\le‘t?;:ﬁi::::;ion _— irtenzity Grapk (Abzolute inter=zity)
->|ntensity Graph +-0e 001
:g? 1 0E+000-
&
&
=
FoOE-OOZ= 0
? 10 20 30 40 S0 60 fo 80 87
5
B
2 0
]
&
N N N R R N R N R N R N R R A R AR R AR R RN
? 10 20 a0 J0 50 60 o 80 87
Chamrels
Chi Square : 0.168259 R Parameter :  1.1326E-001
* Absolute Inkenzity (= Relative Intensity
F'rintl
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During Data Collection

Choose “Both Graphs”

i | A-950 for Windows - [Measurement screen]

- File Graph Display Conditions Mavigator  File List Ukility  Export  Option Sampler Help |5 X
E_ A7
NEEQ o FRES

LA Mavigator | Overlay memory Transmittance Agitation

0.44(%) Circulation Ultrazonic:

112.34(%) 5 = 8
| Mavi-Dperation-00-E j 00:00

‘wizard Mavi Load Condition
—
+ Both Graph Scattering Graph ¢ Distibution Graph User Defined

H

whzard Mawvi Meaz Condiinn

Are there peaks in the background before

adding sample?
You may already have particles and
need to clean.
Is the peak position different?
The average size changed.
Is the peak wider?
The distribution has become wider
IS the baCkground higher than yeSterday? O_O I 2|O I 4'IO I SIO I BIO :;fo I IC‘!“:OOI I”;“ICIFOOI I”;;‘IOOI I”‘!I:!IIO 0I v .‘;0‘00
Then you need to clean. L Chranaet Digmeter
| [ oo | 1500071 [um) 0.00[%) 100.00(%)
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Conclusions

B [t helps to know some of the theory to best use a
laser diffraction particle size analyzer
® Small particles — wide angles
® |arge particles — low angles
B Look at Intensity curves

B Big peaks in your background (blank) mean particles
or bubbles

B Use Mie theory at all times (default whenever
choosing an RI kernel other than Fraunhofer)
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HORIBA

Q&A

Ask a question at

Keep reading the monthly
e-mail newsletter!

Visit the to find the video and slides
from this webinar.

Jeff Bodycomb, Ph.D.
P: 866-562-4698
E: jeff.bodycomb@horiba.com
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