© Lo S Iods, i @Vﬁ,@ /%LC)&SCEKQ
Dp's Aacd %\qw Nie 1ot Lomebode ol e o
STM«} A LS yohim G (o W%MJ{*

@7[/"?%7/‘ W deHer e LS
itapr s Al LS




LS 4
Dhe Pratlon. - Conor £ Scliinme ]| Cl 13 \

Serbbot £ fott] > L st it

S . o~ ; [
o N ) .
f L“‘“ %} L %’//Méw / 4 ‘7 L S \ (][;"7' A> (

{ «4 R pilene /ﬁw Spentne ANy A

/ 74%\ ““““ /pkj }m,»M’ f) ”/701,4@ /9%5:6 : K/L(_/ (oo e /&W 200 6547‘ —

ho M ﬂ’/w ‘e /fm«fﬁ%/ﬂv PN PN A Tsee
f\i/y\/&/&a/\/é’—s? /214)\47/(« i, Mmjp , (’;éy ﬁf’ij& 72\&

M W )11,_{;‘,. /é) ﬂf fﬂy/u,, Y uf'a,a/ jﬁ«i Mfw/m% f;/ yé;
%gmaﬂ, P f/,/yw&_ N& jw (:w“% | - /;%b

4 k]



< W_ ) 2l
Zi Lot S u@//“?’r”@w@f : Oitlire

J | |
dwﬂjjﬁﬁﬂﬁwﬁ wj’éf'éé"&’\«z{ éﬁ"‘f}f/ir@fl/fl“% m‘d‘@;@l — ;Zfﬁé’/f/{&/g .
Ccf:,)xﬁfé z)"sﬁ, &w@Z&M»% /7? Aﬁ/‘“;/ljwﬂvz%{ MM{;@ ,;,»{ z/w{-r./o

4,5 wall.  Wilpenbro

v' > A N 77 - - g
A) /QZ/L/Z{_’,@ /}/ﬂ,{ﬂ{i/% /Z\’A i jbz’:'?f;g}dfi /yﬁﬁﬁéﬂ/(i‘d P

«©

S ey d/ (j'&/w‘iimu /W///S

/e igéﬁ;fz 5 72

. (;) , o
R ) Molocidan réesd fs

{ #t

;: ?Ly@ - éwmﬁ?p‘ywb%/ wSUéfy(,&m ( e )/,j , 7@5\;

3

fe

2

A> M3{/mf/&:’ (w{”‘%fj@// ‘2?/&;51 /}’Z’“?%j 3

wi
Lt

/::3) ) 7 ’ Zé!uﬂ? Rty ?’W ¥ (" - }" /’; Q’s‘i’f g J 3"7 ) 2
/ L 4 %b/%;’/g £, .

0, ™ - ‘ o . ‘ .,
[ AL GGl A <> Lo Aﬁ&%f,ﬂ%ﬁ% L/fyu”%ﬁ A /)}t? [}/ﬂ% et e 3’%—@‘*"”

&

e /WMM% bodeoorteod i et Do iz, T Mgt
— S

boheny pf,  cord k Ira ke, CV/WW}‘%%M . %@g@%@%ﬁ%@

k4

L (fr‘%//ﬁﬁﬁf%?« M’) ) %’J"ﬂ«ﬂ«m_ o Ammgot e s‘f,?;?’j?%’m,é’é‘;h?f‘ = P 4&/4&»&/}7,@34411&» »



e
gt R

o Sl las
e b | Mardidy Do

D 4’/};1% ;ugz

Ls. 2%

—
&y
L%
&
hY

P

N
-

N [T
Mo :M?»{\;. 7}
-

- ‘W (/jd//jéww/,mw

e e
M R —
g

& ¢t ,Wy Aeing eguak| b partedin
doable gl JAar )é{i,ziléc v,

(/) \rﬂm v A(:ié” ,LJ“ wy/ a2 :Z: \

w | ;
C/ BQ/ML D% /, /5244/8’( /’Z@QJ ﬂﬁgﬁvﬂ@i”%

ﬂ& %W{ §amﬁ;

, S Ema /zﬂm_ @w,wj/ M% w%@ /
@ A2 [lat Jar// el &nq/,/:f«,&. g/v/%%




L5~ 2

ey ol A zj,w prediccca. rapedly (10716
@aw /w,&z’s  But [hoe io maove domit

A doside De Wé@/y/%% ﬁm@ﬁ Mﬁé MMJ
. %%/éfﬁ Wmﬁ% ﬁ? %V/ A %’J@%«?{&% %-&” /quf”f’m'@ﬂ}/, ‘

Jor anoitte dpe, ]2 107em

o



Redvactive Tndec

o

‘J’]J&ﬂw

Weder m= (37

Sl“$$ = e 5

>\ = Ao Aé - £

° =

Fime
asci “4‘;(15\,

Ny

! 27’4{

— E 4&}?2 #Z)rmja C

...é?L
Y p
— €&X
yo T
a,hSaAo%W,
SM
(956 (mécw

\/V"

e 2t

m > M,
e e Z._7—/—”’( C - C..o
@“2 >\ & SN

Nediece s

/



LS 2.75-1

Why stuff scatters.

It’s actually more instructive to explain why stuff doesn’t scatter.’ Consider the construct below,
showing two scattering volumes, A and B, in a sample. These regions aren’t chosen at random; rather,
they are selected such that the total distance from light source to detector through these two zones
differs by a half wavelength (or multiple):

Al+A2=B1+B2+\/2,

where A is the wavelength. As a result, the waves arrive out of phase, leading to destructive
interference...but only if the scattering strength coming out of the A subvolume matches that coming out
of the B subvolume. If the contents of the two subvolumes are not identical, the destructive
interference will be incomplete and scattering will occur.

If the subvolumes A and B are identical, scattering cannot occur.

In a sufficiently large sample, any region A has a corresponding region B positioned so that the total
scattering will null out if the contents of all pairs are identical. Now we have to consider how the
contents can be the same.

! Harkens back to “Slaughterhouse Five” by Ray Bradbury, in which a German Nazi randomly slaps an American
prisoner of war. The American asks, “Why me?”. His tormentor replies, “Why not you?”.
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Suppose the contents of A and B contain exactly the same number of identical molecules,
randomly positioned and oriented; this would lead to cancellation and no scattering. If the two volumes
contain differing numbers, the amplitude coming out of one is insufficient to cancel the scattering
derived from the other; while the regions are positioned correctly for destructive interference, the
effect is incomplete. Finally, suppose the number of molecules in each subvolume is the same, but their
orientation differs. If the orientation is not only geometric but also optical, that could lead to
depolarized scattering, in which the polarization sense of the outgoing beam differs from that of the

incident.

Inhomogeneities lead to scattering.
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Let us defer the orientation effects (or is that defects?) for now and consider scattering from systems
containing just one component, such as pure nitrogen, pure water or pure carbon (as diamond). Even if
each region A and B has identical size, differences in the number of scatterers within can exist due to
normal fluctuations. For a sample of population N, the fluctuation 8N is estimated as VN. It’s easy to
see that a 1% fluctuation should be expected if N = 10,000.

We haven’t said anything about the size of the subvolumes, but we should. It’'s important that the
incident light remain in-phase as it crosses the subvolume. A good size, then, might be A/2, but let’s
choose A for convenience. All our arguments in this section are qualitative anyway. Let’s get the
pressure of a gaseous system that has a number density, v = N/V, corresponding to 10,000/2>.



LS 2.75-4

) A Y= 10,0004 athes

l‘f 5000 A (queen-bbd |

Pl= NAT

P= LT =ybT b= /.:%5/~>(zfa?"’wg_

’ et K

7T = Soo K

=  P=_ /600 (/‘gffk"f/é %E”tfj\(g Mk)

/ 57000 ‘}z/ﬂ”gmj
N "

— M [

P = (/d,adcé,azwgz; M) ( 52 %L~m)(300)§)

/5;&0() (0 ‘YW)S M ~

= 0.0033 M

= QZ,S'W%;
7



LS 2.75-5

This pressure, which corresponds to Earth atmosphere at an altitude exceeding 100,000 ft (according to
a quick Google search), is already sufficient to cause only 1% fluctuations in the particles within a box of
volume A>. On the surface of earth, the fluctuations should be smaller still, yet it turns out even this
density not enough to extinguish all the scattering from the particles. One needs even higher number
densities. For example, the scattering by water is indeed very low; it is easy to show water has a
number density of v ~ 4 billion/A* so 8N/N ~ 0.002%. Such a low level of fluctuations is considered low
enough, and it is often said that:

The scattering of light by a perfect fluid is zero (but no perfect fluid exists).

A perfect crystal, such as diamond also qualifies, but this leads to an interesting point: one cannot get to
a density of many scatterers per A2 if A is very small. Water and diamond both scatter x-rays well, but
one sees the effect of crystallinity (diamond) or molecular correlation (water) in the scattering pattern,
which fluctuates wildly with scattering angle, 0.

Intensity

Returning to the scattering of visible wavelengths, one usually explains it not as fluctuations 8N/N but as
fluctuations in density. This makes it clear that water will scatter more strongly near its boiling point, for
example.
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We should expect an easy time measuring scattering from polymer solutions, but despite their high
mass, one has to reach very high dilutions to measure single particles at once. If you see in the
literature a study that claims to have been performed in the “single particle limit”, it means something
else—e.g., the particles are not interacting, though many are normally detected in the instrument.
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Summary so far:

e It's not surprising that objects with a high density don’t scatter much at visible wavelengths.
e We should expect polymers to scatter a bit better.

Before moving on, let’s look at our four questions and/or observations:

We haven’t explained why big particles scatter more than small ones yet.
We haven’t explained angular dependence yet.
We haven’t explained why the sky is blue or sunsets are red, nor have we explained polarization
or the reason why the sky seems distant. Nevertheless, from the above consideration it should
should seem plausible that many miles of atmosphere could scatter light. Also, at the top of the
atmosphere, the cancellation effect will be weak (but there are few scatterers to begin with,
too).

4. We haven’t explained diffraction...but we have pointed out that wild oscillations will occur when
the interparticle distance approaches the wavelength. This is true of solids and liquids but the
oscillations are less profound in the latter case.

It might seem like little progress has been made, but you are beginning to think like a scatterbrain.
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