Physics 224
The Interstellar Medium

Lecture #3
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e Partl: Finish Collisional Processes

Part II: Statistical Mechanics

Part Ill: Quantum & Energy Levels

« Part IV (maybe): Radiative Transfer
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Energy Levels of Atoms

n = principle quantum number

| = orbital angular momentum in units of h (0 < 1 < n)

degenerate (same energy) w/o applied B-field



Energy Levels of Atoms

How do we arrange e- in a multi-electron atom?

Pauli exclusion principle says:

electrons can’t share the same wavetunction (n, I, mz, spin)

For ground state configuration: fill up
“subshells” from lowest energy up

/

subshell = combination of nl designated
by number n and letter for I (O=s, 1=p, 2=d, 3=1, ...)
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Can put 2 e- in each box: T!

.. degeneracy of subshell = 2(21+1)



Lets build the ground state of Na: 11 electrons
— 152 2s% 2p° 3s
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Multiple possibilities for arranging open shells!

n="1

Lets build the ground state of C: 6 electrons
— 152 2s% 2p?
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Multiple possibilities for distributing e- in unfilled subshell,

lead to different overall spin & angular momentum

L. = vector sum of angular momentum

S = vector sum of spin angular momentum

Different combinations of L and S have different energies.

« zcomponent of the total angular
momentum can have values between Fach L and S

-L and L, i.e. (2L+1) degenerate levels has (2L+1)(2S+1)

» zcomponent of the total spin can have possible m; & spin
values between -S and S, i.e. (2S+1) combinations.
degenerate levels
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Spectroscopic Notation

The “Spectroscopic Term”
Spin S —~—

ZS+1£ p‘\”parity" = 21,
/ blank if even, “0" if odd

J
, for 1s2 252 2p?
Orbital Angular Momentum Darity = 0+0+0+0+1+1

S, P, D, F(for L=0,1,2,3) =2

Total angular momentum
J=L+8S
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Possible Terms for 2 electrons in p

L=1

D 2S+1
s do
°D \(2L+1)(ZS+1)

= 36 total

(15)

Not all of these work - lets see why...



“Non-Equivalent” electrons (i.e. 2p3p, different n)
36 combinations allowed:

(mz, ms)  (+1, +1/2) (0, +1/2) (-1,+1/2) (+1,-1/2) (0,-1/2) (-1,-1/2)

(+1, +1/2)

(0, +1/2)

(-1, +1/2)

(+1, -1/2)

(0, -1/2)

(-1, -1/2)
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“Equivalent” electrons (i.e. 2p?, same n)
only 15 combinations allowed (b.c. Pauli & some are identical)

(mz, ms) (+1,+1/2) (0, +1/2) (-1, +1/2) (+1,-1/2) (0,-1/2) (-1, -1/2)

(+1, +1/2)

(0, +1/2)

(-1, +1/2)

(+1, -1/2)

(0, -1/2)

(-1, -1/2)
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Possible Terms for 2 electrons in p

L=1

D 2S+1
s do
°D \(2L+1)(ZS+1)

= 36 total

(15)

Only 15 states allowed, so some terms don’t work when
electrons are equivalent - which ones?
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Possible Terms for 2 electrons in p

L=1

L

S3DhasL=2(m;=2,1,0,-1,-2)and S=1 (m. =1, 0, -1)

m: = *2, m, = =1 not in the table so 3D cannot be a valid term.
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“Equivalent” electrons (i.e. 2p?, same n)
only 15 combinations allowed (b.c. Pauli & some are identical)

(mz, ms) (+1,+1/2) (0, +1/2) (-1, +1/2) (+1,-1/2) (0,-1/2) (-1, -1/2)

(+1, +1/2)

(0, +1/2)

(-1, +1/2)

(+1, -1/2)

(0, -1/2)

(-1, -1/2)
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'Sinc
3S inc
P Inc

P Inc

Possible Terms for 2 electrons in p

UG
UG

UG

UG

1S P D 2S+1
1) (3  (5) af

(3) (9) = 271 remaining

es:mz=0and ms=0 still too many
es: m;=0andms= +1, 0, -1

essm;=+1,0,-1Tandm,=0
essm;=+1,0,-1and m,=+1, 0, -1

1Dmc:ludes mz—+2 +1,0,-1,-2and ms=0

© Karin Sandstrom, UC San Diego - Do not distribute without permission



“Equivalent” electrons (i.e. 2p?, same n)
only 15 combinations allowed (b.c. Pauli & symmetry)

(mz, ms) (+1,+1/2) (0, +1/2) (-1, +1/2) (+1,-1/2) (0,-1/2) (-1, -1/2)
(+1, +1/2)

(VRS2 +1, +1

(-1, +1/2) 0, +1

(0, -1/2)

(-1, -1/2)
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'Sinc
3S inc

P inc

3P inc

Possible Terms for 2 electrons in p

UG
UG

UG

UG

L=1

L

= 21 remaining

es:mz;=0andms=0

es: m;=0and m.= +1, 0, -1
essm;=+1,0,-1Tandm,=0 must have
essmz;=+1,0,-1Tand m; = +1, 0, -1 'D

'Dincludes: mz; = +2, +1,0, -1, -2 and ms = 0

© Karin S



“Equivalent” electrons (i.e. 2p?, same n)
only 15 combinations allowed (b.c. Pauli & symmetry)

(mz, ms) (+1,+1/2) (0, +1/2) (-1, +1/2) (+1,-1/2) (0,-1/2) (-1, -1/2)

(+1, +1/2)

(VRS2 +1, +1

(-1, +1/2) 0, +1

(+1, -1/2) LN

(0, -1/2) +1,0

(-1, -1/2)
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'Sinc
3S inc
P inc

3P inc

Possible Terms for 2 electrons in p

L=1

udes: m;=0and m.; =0
udes: m;=0and m,=+1, 0, -1

udes: mz;=+1,0,-1andm; =0

L

= 5 accounted for
need 10 more,
16 remaining

udes: mz;=+1,0, -1 and m; = +1, 0, -1
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Possible Terms for 2 electrons in p

P

L=1

L

= 5 accounted for

need 10 more,
'S includes: mz = 0 and ms = 0 16 remaining

3S includes: m; =0and m; = +1, 0, -1 onl
'Pincludes: mz = +1,0, -1 and ms = 0 nly one way

to get 9 states

*Pincludes: m; = +1,0, -1 and ms = +1, 0, -1
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“Equivalent” electrons (i.e. 2p?, same n)
only 15 combinations allowed (b.c. Pauli & symmetry)

(mz, ms)  (+1, +1/2) (0, +1/2) (-1,+1/2) (+1,-1/2) (0,-1/2) (-1,-1/2)

(+1, +1/2)

(-1, +1/2)
(+1, -1/2)

(0, -1/2) +1,0

(-1, -1/2) m _1’ O _2’ O O’ _1
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't gets complicated & tedious to do this for more
electrons or for excited states. Just look it up!

Table 7.2 Terms arising from some configurations of non-equivalent and equivalent electrons

Non-equivalent electrons Equivalent electrons
Configuration Terms Configuration Terms®

sis! 13§ p’ 'S3P,'D

Slpl l.3P p3 4S.ZP.2D

s'd' 3D d? 'S3PIDJF'G

sif! L3p d? ’PAP.2D(2).%F.

plpl I‘3S.I‘3P.]'3D 4F,ZG.2H

p'd' L3p 13p 13F d* 15(2).°P(2),'D(2),

pl/‘l l‘3D.l'3F.l'3G 3D SDIFSF(Z)

dldl l‘3S.l'3P.l‘3D.l'3F l.3G IG(Z) 3G,3H lI

dl/'l l.3P 1'3D.|'3F.l‘3G.l'3H (15 ZS.()S.“ZP..‘P 20(3)

flfl I‘3S,I'3P,I‘3D.l'3F.l‘3G, 4D,2F(2),4F.ZG(2).
1’3H.l'3] 4G ZH.ZI

* The numbers in brackets indicate that a particular term occurs more than once.

from Modern Spectroscopy by Hollas
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Energy Levels «— Terms

L]

J
Carbon:
A
> >
5 2P
(-
LL]
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“Hund’s Rules”

1) Terms w/larger spin

2)

generally have lower energy.
For terms with given
configuration and spin,
larger L has lower energy.
Higher J = higher energy if
shell is less than half full
(opposite otherwise).



Energy Levels «— Terms

L]

J
Carbon: IS, 1S,
- 'Dy, 'Dy
TP
2
o ‘P
3Ip
LI 2
3P2”|,0 ““““““ 331
........... 3:)O




Other examples of np? ground state configurations
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Selection Rules for Transitions

We can now figure out the energy levels, what about the
transitions between them?

1
2

) Parity must change
)
3) AS=0
)

)

AJ =0, £1, but J=0—0 is forbidden

4) AL =0, £1, but L=0—0 is forbidden

5) if one e-then Al =0

All rules satistied: "allowed"” electric dipole transition
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NIl 1084.0 A 3Pg - 3D4°
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Selection Rules for Transitions

We can now figure out the energy levels, what about the
transitions between them?

1
2

) Parity must change
)
3) AS=0
)

)

AJ =0, £1, but J=0—0 is forbidden

4) AL =0, £1, but L=0—0 is forbidden
5) if one e-then Al =0

All rules except AS = 0: "semi-forbidden” or
"intercombination” or "intersystem” electric dipole transition

© Karin Sandstrom, UC San Diego - Do not distribute without permission



N 1] 2143.4 A 5S,°- 3P,
config. term E/h (om-) <NH\ single bracket for

1522s22p3s %D3 92252 5=3 8 . .
19°22p3s Dy 92350  £.-5 7 "semi-forbidden”
1s22s%2p3s 3D3 92237 ge=" 6
V1) Parity must change
I s e e et
828328 2) AJ=0, £1, but J=0—-0
=3 is forbidden
S %
1s22s2p® 588 46785  g=H > 5 x3) AS =0
et V.
88 4) AL =0, =1, but L=0—0
1s22s%2p? 15, 32689 g,=1 L?D C?O T 4 . .
e is forbidden
TFoo
A I )
S2 V'5) ifone e-then Al =0
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1522s522p? 9P, 487 g eBqLRKMy gy 1 A | = 1.27 % 102 S 1
1522522p? 3P 0 g,=1 y 205um 0 Y

1/Ay=7.9 ms
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Selection Rules for Transitions

We can now figure out the energy levels, what about the
transitions between them?

1
2

) Parity must change
)
3) AS=0
)

)

AJ =0, £1, but J=0—0 is forbidden

4) AL =0, £1, but L=0—0 is forbidden
5) if one e-then Al =0

More rules broken: "forbidden” transition, either magnetic
dipole or electric quadrupole usually
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IN 11] 6549.9 A 'D, - 3P;
\double bracket for

config. term E/hc (cm™!) N II
1s22s%2p3s 3D° 92252 gg=3 8 11 . 7]
1s?2s%2p3s 3D3 92250  g,=5 7 fOrbIdden
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gﬁ: Lo
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. _y122um ] _ y
R n— y o Au=T2x 100

1/A, ~ 20 min
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Forbidden transitions are very important in astronomy!
Collisions populate the levels of the ground state

There is a low probability for transitions
so the line is generally optically thin

When there is a radiative transition, that energy
escapes! Very important for cooling!
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