FUNDAMENTALS AND PROPERTIES

FOR RADIATION IN ABSORBING,
EMITTING, AND SCATTERING MEDIA

e Attenuation by absorption and scattering
= Absorption and scattering coefficients
e Augmentation of intensity by emission

< Augmentation of intensity by incoming
scattering



Attenuation by Absorption and Scattering

di, oci,ds
di, =—«,i,ds
, Hdi (experimental
_ d| di, oo observation)
ds or %= —K, |
S s+ ds ds A

K, . extinction coefficient, units of
reciprocal length [cm™]

kK, =x,(1,T,P,C.)



K,=a,+0,

a, : absorption coefficient
o, . scattering coefficient

di,‘{ _ : i,1(3)di/1 _ s o
E__Kﬂl'“ -“iz(O)T__J‘o ., (S )ds
() s e
In=—==— s")ds
S0~ o)

iﬂ(s)=iﬂ(O)exp[—J':Kﬂ(g*)dS*} E)vauer’s



Radiation mean penetration distance

energy absorbed and scattered at s

i (s)—i,(s+ds)=1i,(s)—|] Z(S)+d|ﬂds _ 90 e
ds ds

fraction of energy absorbed and
scattered at s

1 di 1(

—Kliﬂ)ds

i,(0) ds i, (0)

f’; ds = exp[— [x, (s*)ds*]ds




Mean penetration depth

S -/cﬂ(s)exp[—josxﬂ(s*)ds*}ds

| =jows-xﬂ(s)exp[—jo /cﬂ(s*)ds*}ds
when k, = constant

I =Kﬂj‘wsexp(—xﬂs)ds =i
m 0 Kﬂ

|, : average penetration distance
before absorption or scattering



Optical thickness (Opacity)
r,(s)=| OSKZ(S*)dS*
i (s) = iﬂ(O)exp[— [ KA(S*)dS*]

1,(s)=1,(0)exp [_Tz (S)]

for a uniform gas

S

m

the number of mean penetration distances



7, >1: optically thick (photon continuum)

e A volume element within the material

Is only influenced by surrounding
neighbors.

e diffusion approximation (Rosseland
approximation)

7, <1 : optically thin
e interact directly with medium boundary

e Radiation emitted within the material is
not reabsorbed by the material.

e negligible self-absorption



Limiting cases
7, =0 : transparent medium

v-4/=0

7, > :completely opaque

/=0



The absorption and Scattering Coefficients

Absorption coefficient
If no scattering, (o, =0),x, =4a,

(5)=1,0)exp| o a,(s")ds |
IN the case of a uniform medium

1,(s)=1,(0)exp(-a,s)
In the electromagnetic theory of radiant
energy propagation in conducting media

i (s)=1, (O)exp(— 47[/(‘8) a0 — Ark

) A 2



True absorption coefficient
ordinary or spontaneous emission

stimulated or induced emission

(negative absorption): resulting from
the presence of the radiation field. At

the same frequency and in the same
direction as the incident photon

The observed emerging intensity Is
the result of the actual absorption
modified by the addition of
iInduced emission along the path



actual absorbed energy
true absorption coefficient a;(4,T,P)

larger than a, calculated by using
observed attenuation media

for a gas with reflective index n=1

hc
a, =|1-exp| ——2 | |af
+ p( kﬂT) g

a,~a, exceptata large value of AT

1% deviation AT < 3120 um
within 5% deviation AT <4800 um



Mie Solution
1) Definitions

C.: scattering cross-section

the ratio of the rate of scattered energy
by a spherical particle to the incident
energy rate per unit area

C. : absorption cross-section

C,: extinction cross-section

C.=C,+C.



Q : efficiency factor

the ratio of the cross-section to the
geometric cross-section

C

Q, =—= :absorption efficiency factor

Tr

C . -
Q,=—7; :scattering efficiency factor

Tr

r . radius of the sphere

Q. =Q, +Q,



2) Mie’s solution

2 o0
Q. =?;(2n +1)( a | +|b. 2),
Q. =% > (2n+1)Refa, +b,}
n=1
Re : I t
e : real par D

X . size parameter, =

a_, b_: Mie coefficient

n* =n°

(Riccati-Bessel function)
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Z=X Ory, y=mx, m=n-ix



Basic parameters

1) index of refraction m =n - ix relative to

the surrounding medium
(x=0: pure scatter)

2) size parameter: %

3) scattering angle &: phase function

For a medium containing N particles per
unit volume of the same composition and
uniform size

a,=C_N=zr’Q,N
o,=C.N=xr’Q,N



For a cloud of particles of different sizes

a, =j0°°cad|\| (r) =j0°°7zr2QaN (r)dr

, =j0°°csd|\| (r) =_[O°O7zr2QSN (r)dr



Increase of Intensity by Emission

nonparticipating
medium

spherical
black

v?lume . enclosure
element ot T

dA,. a projected area normal to 1,(0)



Nonparticipating
medium

spherical
black
enclosure
atT

Volume
ele_r_nent dVv

- spectral intensity incident at a location
of dA, on dV, from element dA on the
surface of the black enclosure: 1,(0) =1, (4,T)

- the change of this intensity in dV as a
result of absorption

di, =—a,1,(0)ds=-a,i, (4,T)ds



Nonparticipating
medium

spherical
black

Vlolume v enclosure
element atT

- the energy absorbed by the differential
subvolume dsdA, : a,i, (4, T)dsdAdwd A

- the energy emitted by dA and absorbed
by all of dV, dV =[ dAds

N a,l, (4, T)dAdwdAds
=a,i,,(1,T)dAdo|dAds =a,i, (1,T)dVdide




Nonparticipating
medium

spherical
black

Vlolume v enclosure
element atT

- for all energy incident upon dV from
the entire spherical enclosure

" a,i,(A.T)dVdAdw = 2,1, (A.T)dVdA[ " do
—4zai, (4,T)dVdA



Nonparticipating
medium

spherical
black

Vlolume v enclosure
element atT

- In equilibrium the energy spontaneously
emitted by an isothermal volume element

dra,l, (A4, T)dVdA =4a,e, (4,T)dVdA



- the radiation intensity emitted by a
volume element into any direction

[ di, dAdAde =4a,e,,dVdA

dA : the projected area of dV normal to
the direction of emission

dVv

ds = A ' the mean thickness of dV parallel
" to the direction of emission

di,, -47dA dA =4ae,dVdi —>di,, =a,l,ds
di,,
ds

o aﬂ'ﬂb




Increase of Intensity by Incoming

Scattering

Incoming scattering

do’ /da) | )

ds

i, (r, ')
scattered intensity in the 2 direction
d’i, (r,Q' Q)



i/l (L,[}') + dIA(L’[}') — i,l (L’[}') _ di/l,s (L,[}’)
where

di, (r.2)=[  d%, (r.2,Q)do=0,i,(r,&2')ds

phase function: directional distribution of
scattered radiation

d2i, (r,2',Q2)=di, S(sz')% P,(2',Q2)
’ ’ /A



Iw=4”d2iﬂ,s(£1é';é)da)
1 .
=Edlﬂ,s(L’Q )J‘a)=47[ P/l(‘Q ’Q)da)

1 A, A
E an PZ(Q ,Q)da)—l
. . _ 1
ISOtropic scattering — Pﬂj‘ dw=P, =1
472' w=4rx
1 A, A
physical interpretation —| P, (2", 2)dw

. probabillity that the incident radiation at Q'
will be scattered into the element of solid
angle dw about the direction @



Augmentation by incoming scattering

scattering of the incident radiation per unit
time, per unit wavelength, per unit volume,
Into an element of solid angle dw about

1

— P, (2',0Q)
Ar

d%i, (1.2, 2) =] o,i,(r.2')ds]



do’ /da) )

ds

i (r, )

d%i, (r,2' Q)= _o'ﬂlﬂ([,ﬂ')ds:lg P (2',0)

All scattered intensity in the direction 2
dS - ~ ~ A
ﬂs(r Q)_ 0-/1_“ Iﬂ(Li‘Q')PA(‘Q'HQ)dw'
Arr

dlﬂ’s =&
dS 47[ w'=4rx

or iﬂ([,é’)Pﬂ([Az’,f?)da)’



Radiative Transfer Equation (RTE)

di

A,a+s . dige
, =—-K,l y : a,l
ds A4 ds AT Ab

di/l,is _ 0-,1
ds 4z

di, (r, ) _ —x,i, (r,2)+a,i, ()
ds
0,

+—2 i (r,2")P, (2, 2)de'

472' w'=4rx

[ (2P, (2 .Q)do




