Radiative Transitions

Alexander Knebe (Universidad Autonoma de Madrid)

"Sure 1t's beautiful, but I can't help thinking
about all that interstellar dust out there.”
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Radiative Transitions

the nature and origin of light produced in transitions
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= Einstein coefficients
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thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels
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thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

how many atoms N, are at level n?
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thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

* Boltzmann distribution:
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thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

* Boltzmann distribution:
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thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

* Boltzmann distribution:
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Radiative Transitions thermal excitation

= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

* Boltzmann distribution:
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= Boltzmann distribution

*cloud of atoms at temperature T’

*each atom has certain energy levels

* Boltzmann distribution:
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= Saha equation

*cloud of atoms at temperature T’
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thermal excitation

= Saha equation

*cloud of atoms at temperature T’
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thermal excitation

= Saha equation

*cloud of atoms at temperature T’

how many atoms are ionized?
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important for calculation of stellar spectra and the early Universe

(where we need to know the number of free electrons)
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= Saha equation
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*cloud of atoms at temperature 7'- how many atoms are ionized?
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= Saha equation

*cloud of atoms at temperature 7'- how many atoms are ionized?
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N; atoms in ionisation state i N, ., atoms ionisation state i+1
g; statistical weight of state i g;+1 statistical weight of state i+1

gl all possible states of electron with [p, p + dp]
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= Saha equation

*cloud of atoms at temperature 7'- how many atoms are ionized?

As AT +e” - p?
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fein 2m, | free electron!
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1 » X (ionisation energy)
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putting all Into Boltzmann

y ionisation energy E = EE,, + x total electron energy
N; atoms in ionisation state i N, ., atoms ionisation state i+1

Ji+1 Ye

g; statistical weight of state i free g;+1 statistical weight of state i+1
is relevant!

gl all possible states of electron with [p, p + dp]
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*cloud of atoms at temperature 7'
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n; atoms in ionisation state I
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n, free electrons (g, = 2)

J ionisation energy

g; statistical weight of state i = partition function of state i

g+ statistical weight of state i+1 = partition function of state i+1
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= Saha equation

*cloud of atoms at temperature 7'

3
Ni+1 gi+19e CmmekpT) /2 _kXT
Ne = 3 e KB
n; i h

example for hydrogen... n; atoms in ionisation state i
n;.; atoms ionisation state i+1
n, free electrons (g, = 2)
J ionisation energy

g; statistical weight of state i = partition function of state i

g+ statistical weight of state i+1 = partition function of state i+1
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*hydrogen atoms at temperature 7'
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ny; neutral hydrogen
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n, free electrons (g, = 2)
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= Saha equation

*hydrogen atoms at temperature 7'
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*hydrogen atoms at temperature 7'
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n, free electrons (g, = 2)

rr binding energy of hydrogen

Iun =1
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Jur =2 { ggy partition function HI :ground state of hydrogen

ggyr partition function HII :no bound electrons anymore
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*hydrogen atoms at temperature 7'
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rr binding energy of hydrogen
gur =2 { gy partition function HI :ground state of hydrogen
Grn =1

ggyr partition function HII :no bound electrons anymore
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*hydrogen atoms at temperature 7'
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*hydrogen atoms at temperature 7'
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ny; neutral hydrogen
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nyy ionized hydrogen

Ne = Nyyp
n, free electrons (g, = 2)

rr binding energy of hydrogen

n . . .
X = % fraction of ionized atoms
H
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*hydrogen atoms at temperature 7'
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rr binding energy of hydrogen
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X = % fraction of ionized atoms
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= Saha equation

*hydrogen atoms at temperature 7'
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has to be solved numerically for x(T)...

rr binding energy of hydrogen
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X = % fraction of ionized atoms
H

ny total hydrogen density
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= Saha equation

*hydrogen atoms at temperature 7'
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ny = 1020 m-3 total hydrogen density
(typical value for stellar atmosphere)




Radiative Transitions thermal excitation

= Saha equation

*hydrogen atoms at temperature 7'
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= Saha equation

*hydrogen atoms at temperature 7'
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Balmer line strength is sensitive to temperature:

Most hydrogen atoms are ionized =>

weak Balmer lines Hydrogen Balmer lines
are strongest for medium

temperature stars

Almost all hydrogen atoms in the
ground state (electrons in then = 1
orbit) => few transitions fromn = 2
=> weak Balmer lines

Temperature (K)

rr binding energy of hydrogen

n . . .
X = % fraction of ionized atoms
H

ny = 1020 m-3 total hydrogen density
(typical value for stellar atmosphere)
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" summary

*cloud of atoms at temperature T’

Boltzmann distribution: number of atoms in state n

N g _E_n Z?lo=1 n
o =Z(;)e kpT Z(T) = g3 = g =5

Saha equation: number of ionized atoms

3
Niv1_ _ Yi+1Ye (2mmekpT) /2 —k;(—T
e = . h3 €
n; gi
n; atoms in ionisation state [
n;,; atoms ionisation state i+1

n, free electrons (g, = 2)

J ionisation energy

Ep E3

o N % ——
=01 274L=1,\,—711 =g, + g;e BT + gze kBT+..

g; statistical weight of state i = partition function of state i

g, statistical weight of state i+1 = partition function of state i+1
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= bound-bound

= bound-free

= free-free
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= bound-bound
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= free-free
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atomic transitions

= bound-bound
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= bound-bound

E; L E. Q
N hvi; = |E; — Ej| M
emission absorption
hydrogen-lik g, =M 2
*hydrogen-like atoms = —
ydarog n 2H2 12
H He'
o YR c‘f' -~
o 1. . 4 ©
7'1 1 Z =2

Z: number of protons
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atomic transitions

= bound-bound
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atomic transitions

= bound-bound
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" transitions give...

i spectral lines (either absorption or emission),

* that are not sharp though (Heisenberg uncertainty principle)
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atomic transitions

galaxy spectrum

AGN spectrum
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atomic transitions

galaxy spectrum

AGN spectrum
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2=0.04597+0.00001 Class=GALAXY
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Radiative Transitions

atomic transitions

= bound-bound

* absorption vs. emission lines:

T

(@) = I, (0)e~™ + f
0

absorption

emission

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

vV
e~ S (7)) dr,




Radiative Transitions

atomic transitions

= bound-bound

* absorption vs. emission lines:

T

(@) = I, (0)e~™ + f
0

constant source term: [, (7,) =1,(0)e” ™ + S,(1 —e ™)

absorption

emission

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

vV
e~ S (7)) dr,




Radiative Transitions atomic transitions

absorption emission

( )
" bound-bound
2 —‘;:S L ~ 5 A resolution (smoothed)
3 %
@ T
E g
. .« . . s e
* absorption vs. emission lines:
4000 5000 6000 7000 8000 9000
L Wavelength (Angstroms) J

L) =6L(0)e™ +5,(1-e™™)




Radiative Transitions

atomic transitions

= bound-bound

* absorption vs. emission lines:

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

absorption iSSi
( )
NGC 7213 (nucleus)
] Ts ~ 5 A resolution (smoothed)
] 257
N b
e §
:
3 T,
2 g
5 8 &
]
1] =
4000 5000 6000 7000 8000 9000
\_ Wavelength (Angstroms) J

Iv(Tv) = Iv(o) 1- Tv) +7,5,




Radiative Transitions

atomic transitions

= bound-bound

* absorption vs. emission lines:

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

absorption emission

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

4000 5000 6000 7000 8000 9000

Wavelength (Angstroms)

Iv(Tv) = Iv(o) 1- Tv) +7,5,
-

thermal equilibrium: 7, B,




Radiative Transitions

atomic transitions

absorption emission
( )
" bound-bound ; o i
* absorption vs. emission lines:
L vadengn oo © 7 )
L) =6L(0)e™ +5,(1-e™™)
o optically thin medium 7, < 1: L(,)=L0)A-1,) +1,5,

H_J

thermal equilibrium: 7, B, «< «, B,

definition of 7,




Radiative Transitions atomic transitions

absorption emission

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

= bound-bound

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

* absorption vs. emission lines:

4000 5000 6000 7000 8000 9000

Wavelength (Angstroms)
J

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1: L,()=L0)1-1) +1,S,
H_J

thermal equilibrium: 7, B, «< «, B,

/

the emergent radiation is proportional to the absorption coefficient!




Radiative Transitions atomic transitions

absorption emission

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

= bound-bound

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

* absorption vs. emission lines:

4000 5000 6000 7000 8000 9000

Wavelength (Angstroms)
J

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1: L,()=L0)1-1) +1,S,
H_J

thermal equilibrium: 7, B, «< «, B,

/

the emergent radiation is proportional to the absorption coefficient!
the absorption coefficient is large at the frequencies of the corresponding energy levels!




Radiative Transitions

atomic transitions

= bound-bound

* absorption vs. emission lines:

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

if we get emission/absorption,
it will be at the peaks of «, !

absorption

emission

erg/s/cm?/Ang)

5o

rget: GALAXY_RED GALAXY
14, Fiber-346, WID-62731

i
4000 5000

6000 7000
avelength (Angstroms)

8000

9000

m2 Hz™')

1, (1072 erg 5" o

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

Iv(Tv) = Iv(o) 1- Tv) +17,5,

absorption coefficient

H_J

thermal equilibrium: 7, B, «< «, B,

/

the emergent radiation is proportional to the absorption coefficient!
the absorption coefficient is large at the frequencies of the corresponding energy levels!

specific intensity

specific intensity




Radiative Transitions atomic transitions

absorption emission

sssss Target: GALAXY_RED GALAXY
W-s2791

= bound-bound

NGC 7213 (nucleus)
~ 5 & resol

m2 Hz™')

erg/s/cm?/Ang)

1, (1072 erg 5" o

* absorption vs. emission lines:

5o

Ky

500
4000 5000 6000 7000 8000 9000 Wavelength (A)
\_ Wavelength (Angstroms)

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1: L,()=L0)1-1) +1,S,
H_J

thermal equilibrium: 7, B, «< «, B,

/

the emergent radiation is proportional to the absorption coefficient!
the absorption coefficient is large at the frequencies of the corresponding energy levels!

1?2
if we get emission/absorption,
it will be at the peaks of «, !

specific intensity

absorption coefficient
specific intensity




Radiative Transitions atomic transitions

absorption emission

= bound-bound

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

erg/s/cm?/Ang)
o

2

1, (1072 erg s™' cm™2 Wz ™)

* absorption vs. emission lines:

5o

4000 5000 6000 7000 8000 9000

Wavelength (Angstroms)
(.

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1: L(t,)=,0a-t,) +1,S,=1,0)+7, (S, —L(0))

absorption coefficient
specific intensity
specific intensity




Radiative Transitions atomic transitions

absorption emission

= bound-bound

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

erg/s/cm?/Ang)
o

2

1, (1072 erg s™' cm™2 Wz ™)

* absorption vs. emission lines:

5o

4000 5000 6000 7000 8000 9000
\_ Wavelength (Angstroms)

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1: L(t,)=,0a-t,) +1,S,=1,0)+7, (S, —L(0))
H_J

S, > I,(0): emission lines on top of continum 4 '

S, < I,,(0): absorption lines on top of continum

absorption coefficient
specific intensity
specific intensity




Radiative Transitions

atomic transitions

absorption

emission

= bound-bound

"7 erg/s/cm?/Ang)

5 (10

* absorption vs. emission lines:

2

1, (1072 erg s™' cm™2 Wz ™)

“©

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

4000 5000 6000 7000 8000
Wavelength (Angstroms)

9000

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

S, > I,(0): emission lines on top of continum

S, < I,,(0): absorption lines on top of continum




Radiative Transitions

atomic transitions

absorption

emission

= bound-bound

"7 erg/s/cm?/Ang)

5 (10

* absorption vs. emission lines:

2

1, (1072 erg s™' cm™2 Wz ™)

“©

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)

4000 5000 6000 7000 8000
Wavelength (Angstroms)

9000

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

S, > I,(0): emission lines on top of continum

S, < I,,(0): absorption lines on top of continum

o optically thick medium 7, » 1: L(z,) =S,=B,




Radiative Transitions

atomic transitions

" bound-bound
* absorption vs. emission lines:

L) =6L(0)e™ +5,(1-e™™)

o optically thin medium 7, < 1:

S, > I,(0): emission lines on top of continum

S, < I,,(0): absorption lines on top of continum

o optically thick medium 7, » 1: L(z,) =S,=B,

continous radiation like a black-body

absorption

emission

“©

"7 erg/s/cm?/Ang)

2

1, (1072 erg s™' cm™2 Wz ™)

5 (10

NGC 7213 (nucleus)
~ 5 A resolution (smoothed)




Radiative Transitions atomic transitions

= bound-bound

Ei 2 Ei (@)
NNV hv; = |E; - Ej| W
Q Q
emission absorption
N
/// \\ me 64 Z2
\ M J—
\ @ y 'hydr'ogen-llke atoms En - 2H2 F L Ultraviolet | Visible | Infrared
\ e n=oo
St A 4
n=4 ;
" transitions give... N o . H
S / Paschen
é series
 spectral lines (either absorption or emission), / Z
S o] IS ) Yyvyy
. . L : Balmer
* that are not sharp though (Heisenberg uncertainty principle) series
o \ \ Ground state
Lyman
series




Radiative Transitions

atomic transitions

= bound-bound

Ei 2 Ei (@)
NNV hvy; = |E; - E| (N
Q Q
emission absorption
\ mee* Z2
\ M J—
i .hydrogen-llke atoms En - 2 .2 b Ultraviolet | Visible ' Infrared
; 2h* n - ! !
A A
n=4 ;
" transitions give... N — . H
S / Paschen
é series
* spectral lines (either absorption or emission), 2
n=2—11 AR A
Balme
* that are not sharp though (Heisenberg uncertainty principle) wios
more later in “line broadening”... § S
o \ \ Ground state

Lyman
series




Radiative Transitions

atomic transitions

= bound-bound

E, 2
NN hv;; = |E; — Ej|
E*j (@]
emission
) *hydrogen-like atoms En = 2H2 n2

" transitions give...

i spectral lines (either absorption or emission),

* that are not sharp though (Heisenberg uncertainty principle)

" electron spin can be coupled to...

* e-angular momentum — fine-structure splitting

* nucleus spin — hyperfine-structure splitting

S|
o)

absorption

b Ultraviolet | Visible | Infrared

A A

n=4 3

]

~
X
1]
9
[

4 Paschen
series

| Absorption

Y
Balmer
series

Emission
lonization

y ¥ Ground state

Lyman
series




Radiative Transitions

atomic transitions

= bound-bound

E; L E; 2
NN hvy; = |E; - E| (N
(@) (@)
£ E;
emission absorption
I Sy
/// \\ me 64 Z2
\ M J—
(\ @ ) 'h)’drogen'llke atoms E’n - th F b Ultraviolet | Visible | Infrared
\ e n =00
St A 4
n=4 ;
" transitions give... W | ‘ | 1 { rl
S Yaschen
é series
i spectral lines (either absorption or emission), 2
i YYYY
. . L n=2 Balmer
* that are not sharp though (Heisenberg uncertainty principle) series
" electron spin can be coupled to... ine’ B2
famous and forbidden 2lcm i E
in-)famo
* e-angular momentum | the (in-) S prTeag L , ‘ I —
Lyn'mn
SCries

* nucleus spin — hyperfine-structure splitting

*more in 21cm Cosmology lecture




Radiative Transitions

atomic transitions

= bound-bound

E; L
(@]
£
emission
//”9\\
// \\ .
. @ | chydrogen-like atoms

" transitions give...

hvi; = |E; — E|
mee* Z2

E, = °_
2h? n?

i spectral lines (either absorption or emission),

* that are not sharp though (Heisenberg uncertainty principle)

" electron spin can be coupled to...

* e-angular momentum

* nucleus spin

S|
o)

absorption

A Uleraviolet | Visible ! Infrared

% 3

not all transitions are allowed: |

there are so-called
‘Selection Rules’

Balmer
series

ss1on

lonization

us and forbidden 2lcm

the (“’]-)famo =sp7iiCLl] lg

— hyperfine-structure splitting

\ ¥ Ground state

Lyman
series




Radiative Transitions atomic transitions

= bound-bound

= bound-free

= free-free




Radiative Transitions atomic transitions

= bound-free

E,_o o)
4 72
E, mee* Z E,
E, Q E, Q

(radiative) recombination (photo-)ionisation




Radiative Transitions

atomic transitions

= bound-free

E,_o
E,
\ (\‘\‘\?
E, 2

(radiative) recombination

1mye* Z?
" h 2R?

(@]
E,
W /
E, g

(bhoto-)ionisation
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atomic transitions

= bound-free

E,_o
E,
\ W
E, 2

(radiative) recombination

mee* 7?2
v > —
2h%2 n2
4 72
vcrit= lmee Z_
n h 2h2 n?2
- 2m?tmpetc
SN A%T‘ltz n2

h3 Z?

(@]
E,
W /
E, g

(bhoto-)ionisation
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atomic transitions

= bound-free

E,_o
E,
\ (\‘\‘\?
E, 2

(radiative) recombination

crit —
A—n —

212 mye'*c

h3 Z?

(@]
E,
n? W /
E, o

(bhoto-)ionisation
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atomic transitions

= bound-free

* (photo-)ionisation

crit —
A—n _

212 mye'*c

h3 Z?

n
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(@]
E,
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(bhoto-)ionisation
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= bound-free
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* (photo-)ionisation A = 73 Zez n’ /N /
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(bhoto-)ionisation
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Radiative Transitions atomic transitions

= bound-free

0
. 2m?mge’c E
o NiAanicati crit — e 2 v
(photo-)ionisation i pex el /N
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(photo-)ionisation
photon wavelengths start to favour Paschen series
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= bound-free
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O
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atomic transitions

= bound-free

E,_o
E,
\ (\‘\‘\?
E, 2

(radiative) recombination

crit —
A—n —

212 mye'*c

h3 Z?

(@]
E,
n? W /
E, o

(bhoto-)ionisation
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atomic transitions

= bound-free

E,_o
* (radiative) recombination \ NNV Ey
E, 2

(radiative) recombination

contributes to emission coefficient...




Radiative Transitions atomic transitions

= bound-bound

= bound-free

= free-free




Radiative Transitions

atomic transitions

= free-free




Radiative Transitions atomic transitions

" free-free : /\/\/\/\'
@

collisions/scattering process with ionized atom

leads to both continuous emission and absorption

is especially important at very high temperatures (i.e. fully ionized plasma)

depends on temperature, charge, electron density, and ion density:

€ o« n,n;Z2T1/?




Radiative Transitions

atomic transitions

" summary

bound-bound | excitation absorption line Boltzmann
de-excitation emission line

bound-free (photo-)ionisation absorption edge Saha
(radiative) recombination | emission edge

free-free collisions continuum Maxwell-Boltzmann




Radiative Transitions

atomic transitions

" summary
bound-bound | excitation absorption line Boltzmann
de-excitation emission line
bound-free (photo-)ionisation absorption edge Saha
(radiative) recombination | emission edge
free-free collisions continuum Maxwell-Boltzmann
T <10*K : forbidden transitions dominate

10*°K < T < 107K

: allowed transitions dominate

107K < T : free-free emission dominates




Radiative Transitions

=" thermal excitation
= atomic transitions
= Einstein coefficients

" ine broadening




Radiative Transitions

Einstein coefficients

= Kirchoff’s law

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”




Radiative Transitions Einstein coefficients

= Kirchoff’s law...

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”

...establishes a connection between emission and absorption!
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= Kirchoff’s law...

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”

...establishes a connection between emission and absorption!

Kirchoff’s law is a macroscopic/thermodynamical description




Radiative Transitions Einstein coefficients

= Kirchoff’s law...

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”

...establishes a connection between emission and absorption!

Kirchoff’s law is a macroscopic/thermodynamical description,
but can we find a microscopic/quantum mechanical description?




Radiative Transitions Einstein coefficients

= Kirchoff’s law...

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”

...establishes a connection between emission and absorption!

Kirchoff’s law is a macroscopic/thermodynamical description,
but can we find a microscopic/quantum mechanical description?

Level 2

AE = hvy

v h 4 Level |
Emission Absorption




Radiative Transitions Einstein coefficients

= Kirchoff’s law...

Jv = ay B, (T)

“if material absorbs well at a certain wavelength,
it will also radiate well at the same wavelength.”

...establishes a connection between emission and absorption!

Kirchoff’s law is a macroscopic/thermodynamical description,
but can we find a microscopic/quantum mechanical description?

Level 2

AE = hvy

Einstein identified three relevant processes*...

v h 4 Level |
Emission Absorption

*remember Fundamentals lecture




Radiative Transitions Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

Kirchoff’s law is a macroscopic/thermodynamical description,
but can we find a microscopic/quantum mechanical description?

Level 2

AE = hvy

Einstein identified three relevant processes...

v h 4 Level |
Emission Absorption




Radiative Transitions Einstein coefficients

= spontaneous emission

drop from Level 2 to |, even in absence of radiation field

Level 2

AE = hy ‘/VV\. hv

v h 4 Level |
Emission Absorption




Radiative Transitions Einstein coefficients

= spontaneous emission

drop from Level 2 to |, even in absence of radiation field

* Einstein A-coefficient:

A, = transition probability per unit time

dn, 2
—_— = — n
dt 2112
dn, 2
—, T A1y
dt N o Level 2
AE = hy ‘/VV\, hv
v A 4 Level |

Emission Absorption




Radiative Transitions Einstein coefficients

» stimulated emission

external photon with correct energy triggers emission

Level 2

AE = hy ‘/VV\, hv

v h 4 Level |
Emission Absorption




Radiative Transitions Einstein coefficients

» stimulated emission

external photon with correct energy triggers emission

* Einstein B,,-coefficient:

B,, = transition probability per unit time, unit energy of ext. field, and unit frequency

dn,
dr = By np u, (T)

Level 2

AE = hy ‘/VV\, hv

v h 4 Level |
Emission Absorption




Radiative Transitions Einstein coefficients

» stimulated emission

external photon with correct energy triggers emission

* Einstein B,,-coefficient:

B,, = transition probability per unit time, unit energy of ext. field, and unit frequency

dn,
dr = By np u, (T)

Level 2

AE = hy ‘/VV\, hv

v A 4 Level |
Note, some books use B(7) instead of u (7), but that just involves a constant factor 4n/c Emission Absorption




Radiative Transitions

Einstein coefficients

= absorption

external photon is absorbed

AE = hvy

\ 4

w M

Emission

Absorption

Level 2

Level |




Radiative Transitions Einstein coefficients

= absorption
external photon is absorbed

* Einstein B,,-coefficient:

B, = transition probability per unit time, unit energy of ext. field, and unit frequency

dn,
dr = —Bj; ny u, (T)

Level 2

AE = hy hv‘/VV\,

v h 4 Level |
Emission Absorption




Radiative Transitions

Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

dn,

dt

= =By, ny u, (T)




Radiative Transitions

Einstein coefficients

.. dn
" spontaneous emission d_tl = Ayyny
. - dn,
= stimulated emission ke By, ny u, (T)
. dny
= absorption — = —By, ny u, (T)

* thermodynamic equilibrium: (emission = absorption)

Aziny + Byyny u, (T) = By ng uy (T)




Radiative Transitions Einstein coefficients

.« e dn1 dnz
" spontaneous emission — = Aum — = —A,n,
. - dn,
= stimulated emission yrk By, ny u, (T)
. dn,
= absorption — = —By, ny u, (T)

* thermodynamic equilibrium: (emission = absorption)

Aziny + Byyng u, (T) =\Byy ng uy (T)

dn, _ dnj n dn$

downwards transitions rate = upwards transition rates: Fralien "

= —Ay1ny; = Byynywy (T) — Bianqu, (T)




Radiative Transitions

Einstein coefficients

.« e dn1 dnz
" spontaneous emission — = Aum — = —A,n,
. - dn,
= stimulated emission ke By, ny u, (T)
dn,

= absorption

dt = =By, ny u, (T)

* thermodynamic equilibrium: (emission = absorption)

Aziny + Byyny u, (T) = By ng uy (T)

n, g, e E/ksD 91

Boltzman statistics: e~ (h/kpT)

nz - ae—(E+hV/kBT) _ gz

o 8t hv3
thermal radiation: u,(T) = 3

eksT — 1




Radiative Transitions

Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

dn, dn,

dr Ay dr —Ay1n,
dn,

dar B3y ny uy, (T)

dn,

dt = —B1; 1y uy (T)

* thermodynamic equilibrium: (emission = absorption)

Aziny + Byyny u, (T) = By ng uy (T)

-

ng gy e D g

nz - ae—(E+hV/kBT) _ gz

8t hv3
uv(T) — C3 hv
eksT — 1

g~ (hv/kgT)




Radiative Transitions

Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

dn,

dn,

dt

dn,
dt

* thermodynamic equilibrium: (emission = absorption)

8T hv3
3 hv
eksT — 1

dn,
= A1y dt = —Ay1n;
= By np u, (T)
= —By; ny u,(T)
g1 _ 8t hv3
— Bl2 nz_e (hV/kBT) 3 ™
92 C

eksT — 1




Radiative Transitions Einstein coefficients

.« e dn1 dnz
" spontaneous emission — = Aum — = —A,n,
. - dn,
= stimulated emission ke By, ny u, (T)
. dn,
= absorption — = —By, ny u, (T)

* thermodynamic equilibrium: (emission = absorption)

o 81 81
A319> (ekBT — 1) + B,19 C—3h V3 = Blzgle‘(h"/"BT)?hv3




Radiative Transitions

Einstein coefficients

.« e dn1 dnz
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Radiative Transitions

Einstein coefficients

.« e dn1 dnz
" spontaneous emission — = Aum — =
. . dn,
= stimulated emission ke By, ny u, (T)
. dny
= absorption — = —By, ny u, (T)

* thermodynamic equilibrium: (emission = absorption)

o 81 81
A319> (ekBT — 1) + B,19 C—3h V3 = Blzgle‘(h"/"BT)?hv3

T — 00: B = B
true for any temperature 2192 1291

8m
T — 0: A21=321C_3hv3

v
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Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

* thermodynamic equilibrium:

dn,

dr Ayiny

dn,

dar By, ny u, (T)
dn,

dt = =By, ny u, (T)

B319, = B1291

8w .
A21 - BZl C_3hv
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.« e dn1 dnz
" spontaneous emission — = Aum — = —Ayn,
. - dn,
= stimulated emission ke By, ny u, (T)
. dny
= absorption — = —By, ny u, (T)
* thermodynamic equilibrium: B3192 = B12g1

8w .
Az1 =By C—ghV

* connection between atomic properties, with no reference to temperature 7'!
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.« e dn1 dnz
" spontaneous emission — = Aum — = —Ayn,
. - dn,
= stimulated emission ke By, ny u, (T)
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= absorption — = —By, ny u, (T)
* thermodynamic equilibrium: B3192 = B12g1
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* connection between atomic properties, with no reference to temperature 7!
* must even hold for non-equilibrium < D
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" spontaneous emission d_tl = Ayyny
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* connection between atomic properties, with no reference to temperature 7'!

* must even hold for non-equilibrium

* we only need to determine one of the three coefficients




Radiative Transitions

Einstein coefficients

= spontaneous emission

» stimulated emission

= absorption

* thermodynamic equilibrium:

dn,

dr Ayiny

dn,

dar By, ny u, (T)
dn,

dt = =By, ny u, (T)

B319, = B1291

8w .
A21 - BZl C_3hv

* connection between atomic properties, with no reference to temperature 7'!

* must even hold for non-equilibrium

* we only need to determine one of the three coefficients

?




Radiative Transitions Einstein coefficients

.« e dn1 dnz

" spontaneous emission — = Aum — = —Ayn,

. - dn,
= stimulated emission ke By, ny u, (T)

. dny
= absorption — = —By, ny u, (T)
* thermodynamic equilibrium: B3192 = B12g1
8n

— 3
A21 = BZl C_3hv

* connection between atomic properties, with no reference to temperature 7'!
* must even hold for non-equilibrium

* we only need to determine one of the three coefficients
!

. — 2
Ays By, and By, are related to oscillator strengths |f,,;; .y jt| ~ |[(Wny [Py




Radiative Transitions Einstein coefficients

.« e dn1 dnz

" spontaneous emission — = Aum — = —Ayn,

. - dn,
= stimulated emission ke By, ny u, (T)

. dny
= absorption — = —By, ny u, (T)
* thermodynamic equilibrium: B3192 = B12g1
8n

— 3
A21 = BZl C_3hv

* connection between atomic properties, with no reference to temperature 7'!
* must even hold for non-equilibrium

* we only need to determine one of the three coefficients

any relation to our ‘usual’ emission and absorption coefficients?
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Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

E=—n2A21

Level 2 population decrease...

E21 == hv

v \ 4

Emission

Absorption

Level 2

Level |




Radiative Transitions Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn, .
praaia Asq Level 2 population decrease...
v
dE = o nyA,1 dA ds dt dQ dv ...viewed as energy input to radiation field
Level 2
A
E21 = hv

v A 4 Level |

Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

E=—n2A21

h
dE = E: n,Ay, dA ds dt dQ dv

dE = j, dAdsdtdQdv

Level 2 population decrease...

...viewed as energy input to radiation field

energy input written via emmission coefficient

Level 2

E21 == hv

v h 4 Level |
Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,
T

hv
dE = E n2A21 dA dS dt d.Q. dV

dE = j, dAdsdtdQdv

, hv
— Jv = . ny Azq

Level 2 population decrease...

...viewed as energy input to radiation field

energy input written via emmission coefficient

Level 2

E21 == hv

v h 4 Level |
Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

E=—n2A21

h
dE = E: n,Ay, dA ds dt dQ dv

dE = j, dAdsdtdQdv

, hv
— Jv = . ny Azq

same logic for o, and By, ...

Level 2 population decrease...

...viewed as energy input to radiation field

energy input written via emmission coefficient

Level 2

E21 == hv

v h 4 Level |
Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

E=—n2A21

h
dE = E: n,Ay, dA ds dt dQ dv

dE = Jv dA ds dt dQ dv
hv

v = E ny Azq
hv

Ay E ny By,

Level 2 population decrease...

...viewed as energy input to radiation field

energy input written via emmission coefficient

E21 == hv

v \ 4

Emission Absorption

Level 2

Level |




Radiative Transitions Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

T =M Ayq Level 2 population decrease...

hv
dE = o nyA,1 dA ds dt dQ dv ...viewed as energy input to radiation field

dE = j, dAdsdtdQadv energy input written via emmission coefficient
hv A

v = . Ny Az
hv

Qy . ny By

Level 2
A
what about stimulated emission?

E21 == hv

v \ 4

Level |
Emission Absorption




Radiative Transitions Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

T =M Ayq Level 2 population decrease...

hv
dE = o nyA,1 dA ds dt dQ dv ...viewed as energy input to radiation field

dE = j, dAdsdtdQadv energy input written via emmission coefficient
hv A

v = . Ny Az
hv e hv

ay = . ny By ay” = T an n;Baq

Level 2
A
what about stimulated emission?

include as negative absorption...

E21 == hv

v \ 4

Level |
Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,
dt

ny Ayq

h
dE = E: n,Ay, dA ds dt dQ dv

dE = Jv dA ds dt dQ dv
] hv
v = 4 ny Azq
hv e hv
“v=ﬁn1312 O =T

what about stimulated emission?
include as negative absorption...

connection .

between macroscopic description
and .

tum mechanical properties

quan

Level 2 population decrease...

...viewed as energy input to radiation field

energy input written via emmission coefficient

nyByq

Level 2
A

E21 == hv

v \ 4

Level |

Emission Absorption




Radiative Transitions Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,

T =M Ayq Level 2 population decrease...

hv
dE = o nyA,1 dA ds dt dQ dv ...viewed as energy input to radiation field

dE = j, dAdsdtdQadv energy input written via emmission coefficient
) hv A
=—n
Jv 4 2421
hv B e hv B
a,=—n af=——n
v = g Pz v 4 b1
Level 2
A
what about stimulated emission?
include as negative absorption...
E21 = hv
connection o
between macroscopic description
and .
quantum mechanical properties
e o v h 4 Level |
but there is “one more thing”... Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,
ar - Az

h
dE = E: n,Ay, dA ds dt dQ dv

dE = Jv dA ds dt dQ dv
hv
v = E ny Azq
hv e hv
Ay E ny By, ay” = —E_[ nyBy,

the energy levels are not sharp due to Heisenberg’s uncertainy principle!*

*see ‘line broadening’ later...

E21 = h(V i AV)

A

Emission

Absorption

Level 2

Level |




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,
ar - Az

D)

h
dE = E: n,Ay, dA ds dt dQ dv

dE = Jv dA ds dt dQ dv
hv
v = E ny Azq
hv e hv
Ay E ny By, ay” = —E_[ nyBy,

the energy levels are not sharp due to Heisenberg’s uncertainy principle!

E21 = h(l/ i AV)

effective line profile ¢(v)

1= fqb(v)dv
|

Y

Yo

Level 2

A

Level |

Emission Absorption




Radiative Transitions

Einstein coefficients

= Einstein coefficients vs. a, and j,,

dn,
T

hv
dE = E n2A21 dA dS dt d.Q. dV

dE = j, dAdsdtdQdv

hv

Jv = EQb(V)nz Ayq

v <o hv
ay = E‘P(V)Th B, ay” = —ET(I-')(V)leBm

the energy levels are not sharp due to Heisenberg’s uncertainy principle!

E21 = h(l/ i AV)

D)

effective line profile ¢(v)

1= fqb(v)dv
|

Yo

Level 2

A Level |

Emission Absorption
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" radiative transfer equation using Einstein coefficients
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d_;‘/ = —ayl, +jy
* emission coefficient j,
. hv
v = 4 d(v) nyAy,

* aborption coefficient o,
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ay = E_[ ¢(v) 1By,

* including stimulated emission as negative absorption

v
ay’ = —E ¢ (v) nyBy,




Radiative Transitions

Einstein coefficients

" radiative transfer equation using Einstein coefficients

dl

d_;‘/ = —ayl, +jy
* emission coefficient j,
. hv
v = 4 d(v) nyAy,

* aborption coefficient o,

v
ay = E_[ ¢(v) 1By,

* including stimulated emission as negative absorption

v
ay’ = —E ¢ (v) nyBy,

dl,
ds

h
= Ez (n2A21 — (nyBy — n2B21))¢)(v)




Radiative Transitions

Einstein coefficients

" radiative transfer equation using Einstein coefficients

dl

d_;‘/ = —ayl, +jy
* emission coefficient j,
. hv
v = 4 d(v) nyAy,

* aborption coefficient o,

v
ay = E_[ ¢(v) 1By,

* including stimulated emission as negative absorption

vV
asé = I ¢ (v) nyByq
dl hv
d_;/ " An (n2Az1 — (MyB1z — n3B51) ) (V)
n,A
 source function Sy = —

nyBy; —nyByy




Radiative Transitions

=" thermal excitation
®atomic transitions
= Einstein coefficients

" line broadening




Radiative Transitions line broadening

" what effects lead to ¢(v)?

/ 1= fqb(v)dv
|

D)
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Radiative Transitions line broadening

" what effects lead to ¢(v)?

* Doppler broadening o] 1= fqb(V)dv
[\

Y

Yo

* natural broadening

* collisional broadening




Radiative Transitions line broadening

" what effects lead to ¢(v)?

* Doppler broadening

o atoms (with mass m,) in thermal motion
. . . Vo |2kpT
o absorption/emission frequency v differs by Avp == /m—B
a

o net effect spreads out line, but not its strength

Gas particles at rest

Emission line spectrum with narrow lines

Gas particles with
random motions

<o~
T

/\\

Emission line spectrum with thermal line broadening




Radiative Transitions

line broadening

" what effects lead to ¢(v)?

* Doppler broadening

o atoms (with mass m,) in thermal motion
. . . Vo |2kpT
o absorption/emission frequency v differs by Avp == /m—B
a

o net effect spreads out line, but not its strength

* natural broadening

o energy levels are not sharp which leads to the so-called

2
o Lorentz line profile ¢(v) = o v)/)z —z y =4 (z z Anm
0

o broadening usually very small

E21 = h(V i AV)

A

Emission

Absorption

Level 2

Level |




Radiative Transitions line broadening

" what effects lead to ¢(v)?

* Doppler broadening

o atoms (with mass m,) in thermal motion
. . . Vo |2kpT
o absorption/emission frequency v differs by Avp == ’m—B
a

o net effect spreads out line, but not its strength

* natural broadening

o energy levels are not sharp which leads to the so-called

2
o Lorentz line profile ¢(v) = W= v)/)z =2 Y =4 <= Z Anm>
0

o broadening usually very small

Gas under

low

* collisional broadening pressure

. intermediate
o broadening due to effects of nearby atoms

pressure
o collisions supply/remove small amounts of energy high
aZ pressure
o Lorentz line profile ¢(v) = v —a? a o« PT™05 extremely high

pressure,
hot fluid or solid




Radiative Transitions

line broadening

" what effects lead to ¢(v)?

* Doppler broadening

o atoms (with mass m,) in thermal motion
. . . Vo |2kpT
o absorption/emission frequency v differs by Avp == /m—B
a

o net effect spreads out line, but not its strength

* natural broadening

o energy levels are not sharp which leads to the so-called

2
o Lorentz line profile ¢(v) = = vy)z 2
0

o broadening usually very small

* collisional broadening
o broadening due to effects of nearby atoms

o collisions supply/remove small amounts of energy
2
a

o Lorentz line profile ¢(v) = V) —a?
0

N

dy)

1= fqb(v)dv
—4 ,‘&Av

Yo




Radiative Transitions

summary

" relation between macro- and micro-physics

I .
="k +S, s, =2
A4

A scattering e
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