
Lecture 3:
Atomic states; 

Some spectral lines
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Combining angular and spin 
momenta of individual electrons

In Lecture 2 we gave examples of possible electron 
configurations for atoms or ions having >1 
electron. 

E.g. He (helium) has a άƎǊƻǳƴŘ ŎƻƴŦƛƎǳǊŀǘƛƻƴέ 1s2,

C (carbon) has a ground configuration 1s2 2s2 2p2. 

Now we need to say how the orbital angular 
momentum vector l and spin angular 
momentum vector sof individual electrons add 
to form atomic states, since there are various 
possible ways. 
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LS or Russell-Saunders coupling
The most common way the vectors add is by LS

or Russell-Saunderscoupling.

The individual lΩǎare so strongly coupled that 
they add to give a resultant total angular 
momentumL. 

Also the individual sΩǎ ŀǊŜ ǎƻ ǎǘǊƻƴƎƭȅ ŎƻǳǇƭŜŘ 
that they add to give a resultant spin angular 
momentum S. 

The resultant vectors Land Sadd to give a 
resultant total momentum J. 
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Henry Norris Russell (1877-1957)
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Co-discoverer of Russell-Saunders coupling and the HR diagram.

UnsŖld:  He had an ñunvergleichliches spektroskopisches 

Fingerspitzengefuhlò (an amazing spectroscopic flair). 



Example of He
Consider He atom or He-like ion: there are 2 electrons, 
ŀƴŘ ƛƴ ƎǊƻǳƴŘ ǎǘŀǘŜ ōƻǘƘ ƻŎŎǳǇȅ ǘƘŜ мǎ άǎƘŜƭƭέ ς
configuration is 1s2. 

By the Pauli principle, the electrons must have opposite 
spins, so SҐ Ҍ ѹ -ѹ Ґ лΦ

Also, the total angular momentum = 0 + 0 (since the 
orbits are 1s). Therefore L= 0.

So L + S = 0 = J. 

²Ŝ ǎǇŜŎƛŦȅ ǘƘŜ IŜ ŀǘƻƳΩǎ state in the form 2S+1 LJ.

Also we write S for L=0, P for L=1, D for L=2, F for L=3. 

So the ground state of He or He-like ions is 1S0. We read 
ǘƘƛǎ ŀǎ άǎƛƴƎƭŜǘ { ȊŜǊƻέΦ

Or in full, the ground state of He is 1s2 1S0. 
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Example of Be or Be-like ions

Here the ground configuration is 1s2 2s2.

The two 1s electrons are like He, so they give a 
1S0 state.

The two 2s electrons similarly give a 1S0 state.

So the final state is 1S0, or with the configuration 
it is 1s2 2s2 1S0. 
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Example of Ne or Ne-like ions
Here the ground configuration is 1s2 2s2 2p6 (total 

of 10 electrons).

Both 1s2 and 2s2 give 1S0 states. 

For 2p6, we have l = 1 and s Ґ ѹ  ŦƻǊ ŜŀŎƘ 
ŜƭŜŎǘǊƻƴΦ .ȅ tŀǳƭƛΩǎ ǇǊƛƴŎƛǇƭŜ ǿŜ Ƴǳǎǘ ƘŀǾŜ ml

and ms different.

So we could have ml=+1,msҐ Ҍ ѹ Σ Ƴl=+1, ms= -ѹΣ

ml= 0, msҐ Ҍ ѹ Σ  Ƴl= 0, ms= -ѹ Σ 

ml= -1, msҐ Ҍ ѹΣ  Ƴl= -1, ms= -ѹ Φ 

--Ƨǳǎǘ  с ǇƻǎǎƛōƛƭƛǘƛŜǎΦ  {ƻ ǘƘŀǘΩǎ ǿƘȅ 2p6 is a filled 
shell. 7



Example of Ne or Ne-like ions (contd.)

We add vectorially the lΩǎ  --

L = +1 + 1 + 0 + 0 -1 -1 = 0.

We add vectorially the sΩǎ ς

SҐ Ҍ ѹ -ѹ Ҍ ѹ -ѹ Ҍ ѹ -ѹ Ґ лΦ

So again the ground state is 1S0,

or more exactly 1s2 2s2 2p6 1S0.

In fact all closed shells (1s2, 2s2, 2p6, 3s2...) give 
rise to 1S0 states. 
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Another example: C or C-like ions

C (carbon) has ground configuration 1s2 2s2 2p2

(total of 6 electrons). 

The 1s2 and 2s2 shells give rise to 1S0 states, as 
before.

For the 2p2 electrons, l=1, sҐ ѹ Φ .ȅ tŀǳƭƛΩǎ 
principle, the ml and ms must all be different.

So we could have ml = +1, msҐ Ҍ ѹΣ Ƴl= +1, ms= -ѹΣ

ml=0, msҐ Ҍ ѹΣ Ƴl= 0, ms= -ѹΣ

ml = -1, msҐ Ҍ ѹΣ Ƴl= -1, ms= -ѹΦ
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C or C-like ions (contd.)

So several possibilities: 

e.g. L= 1+1=2, SҐ ѹ -ѹ Ґ л Ÿ 1D2όάǎƛƴƎƭŜǘ 5 нέύ

or L= 0 + 0 = 0, SҐ ѹ -ѹ Ґ л Ÿ 1S0όάǎƛƴƎƭŜǘ { лέύ

We could have 3 combinations of:

L= 1 + 0 = 1, SҐ ѹ Ҍ ѹ Ґ м Ÿ 3P

with L + S = J= 1 + 1 = 2

or L + S = J= 1 + 0 = 1

or L + S = J= 1 ς1 = 0

so we have 3 states: 3P0
3P1

3P2 όάǘǊƛǇƭŜǘ t лΣ мΣ нέύ
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How to interpret level (or state) 
notation

Ground state (level) of C-like ion (e.g. Fe+20): 

1s2 2s2 2p2 3P0

1s2 2p2 2p2 = nl for each of the 6 electrons

3 = 2S+ 1 = multiplicity of level

P= L, i.e. orbital angular momentum L= 1

0 = J, i.e. total angular momentum J= 0

Statistical weight of state (level) = 2J+1 = 1.
o = parity of level (odd), omitted if even.  
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Electron transitions

When a free electron or photon collides with an 
atom or ion, it may impart some of its energy 
ǘƻ άŜȄŎƛǘŜέ ǘƘŜ ŀǘƻƳ ƻǊ ƛƻƴΦ 

Thus, with H atoms or H-like ions, the 1s 
electron may be excited to n=2 or n=3 ... 
orbits. 

It then de-excites, generally to the ground state 
1s, emitting a photon with energy h =˄ the 
difference in energy between the excited and 
ground states. 
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Selection rules for transitions
If the atom or ion has perfect LScoupling, there 

are several selection rules involving the initial 
and final values of LSJ. 

ɲS= 0 (singlets must go to singlets etc.)

ɲL= ҕ1 or 0 (S can go to P, P to S, D to P etc.)

ɲJ= ҕ1 or 0 and J=0 to J=0 is forbidden. 

Parity (sum of l values) must go from odd to 
even or even to odd (e.g. 2p can go to 1s but 
2s cannot go to 1s). 

.ǳǘ ǘƘŜǎŜ ǊǳƭŜǎ όŦƻǊ άŘƛǇƻƭŜέ ǊŀŘƛŀǘƛƻƴύ ŀǊŜ ƻŦǘŜƴ 
broken for coronal spectra. Thus ɲScan be ҕ1. 
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Some common ions and 
transitions in the solar corona

Li-like ions, e.g. C+3, emit lines with transitions 
1s2 2s ς1s2 2p (we write the lower state first, 
even though the line is emitted when from the 
upper state).

Including the atomic state, transitions are

1s2 2s 2Sѹ - 1s2 2p 2P ѹ   Ÿ / L± ƭƛƴŜ ŀǘ мррм )

1s2 2s 2Sѹ - 1s2 2p 2P3/2 Ÿ/ L± ƭƛƴŜ ŀǘ мрпу )

These are 2 very intense emission lines emitted 
ŀǘ ¢ Ғ мл5Y όάǘǊŀƴǎƛǘƛƻƴ ǊŜƎƛƻƴέ ǘŜƳǇŜǊŀǘǳǊŜǎύ 
in solar (and non-solar spectra). 14



Skylab spectra of flare in 1973
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C IV

1548, 
1551 )



Na I (neutral natrium) D lines

Na (Z=11) has ground state 1s2 2s2 2p6 3s  2Sѹ. When 
ŜȄŎƛǘŜŘΣ ǘƘŜ ƻǳǘŜǊ оǎ όƻǊ άǾŀƭŜƴŎŜέύ ŜƭŜŎǘǊƻƴ Ƴŀȅ ƧǳƳǇ 
to 3p, then on de-exciting these lines are emitted:

1s2 2s2 2p6 3s 2S ѹ - 1s2 2s2 2p6 3p 2PѹŸ ƭƛƴŜ ŀǘ руфс )

1s2 2s2 2p6 3s 2S ѹ - 1s2 2s2 2p6 3p 2P3/2ŸƭƛƴŜ ŀǘ руфл )

These are the well-known Na D lines, in the yellow part 
of the spectrum. 

¢ƘŜȅ ƎƛǾŜ άǎƻŘƛǳƳέ ǎǘǊŜŜǘ ƭŀƳǇǎ ǘƘŜƛǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ 
yellow colour (amateur astronomers hate them!).

They are prominent Fraunhofer lines in the solar visible-
light spectrum.   
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The Helium D3 line
Very near the Natrium D1 and D2 lines is 

another line due to helium: it was called the  
D3 line by Lockyer in 1868 when he 
discovered it off the solar limb, looking at a 
solar prominence. (Janssen previously saw this 
line during a total eclipse.)

¢ƘŜ ǿŀǾŜƭŜƴƎǘƘ  ƻŦ ǘƘŜ 5о ƭƛƴŜ ƛǎ рутс )Φ

This was found in 1895 to be due to helium 
when cleveite rock (a uranium-bearing 
mineral) was heated.

So helium was found in the Sun before it was 
ŘƛǎŎƻǾŜǊŜŘ ƻƴ 9ŀǊǘƘ όƛǘΩǎ ƴŀƳŜŘ ŀŦǘŜǊ IŜƭƛƻǎύΦ 17



Mg II lines in the solar UV

Mg II lines (emitted by Mg+ύ ŀǘ Ϥнулл ) ƘŀǾŜ 
exactly the same transition  as the Na I lines 
(Mg II is isoelectronic with Na I): 

1s2 2s2 2p6 3s 2S ѹ - 1s2 2s2 2p6 3p 2PѹŸ line at 
нуло ) όh line)

1s2 2s2 2p6 3s 2S ѹ - 1s2 2s2 2p6 3p 2P3/2Ÿline at 
нтфс ) όk line).

Incidentally, we can write the transitions as 

3s 2S ѹ - 3p 2Pѹ   (the 1s, 2s, 2p shells are all filled 
and so give 1S0 states). 

18



K atom and K-like ion transitions
Potassium (K, Z=19) has a ground state:

1s2 2s2 2p6 3s2 3p6 4s 2S ѹ
It also has a strong doublet (pair of lines) with 

transitions 4s 2S ѹ - 4p 2Pѹ and 4s 2S ѹ - 4p 2P3/2.

These are not very famous, but the isoelectronic   
Ca II lines are extremely famous:

Ca II 4s 2S ѹ - 4p 2Pѹ  ŸƭƛƴŜ ŀǘ офсу ) όH line)

Ca II 4s 2S ѹ - 4p 2P3/2  ŸƭƛƴŜ ŀǘ офоп ) όK line).

¢ƘŜȅ ŀǊŜ ƛƴ ǘƘŜ ǾƛƻƭŜǘ ǇŀǊǘ ƻŦ ǘƘŜ {ǳƴΩǎ ǾƛǎƛōƭŜ-light 
spectrum and are emitted by large numbers of 
ŀǎǘǊƻƴƻƳƛŎŀƭ ƻōƧŜŎǘǎ όǘƘŜȅ ŀǊŜ άǳōƛǉǳƛǘƻǳǎέΗύΦ  19



/ŀ LL Y ƭƛƴŜ όофоп )ύ ǎǇŜŎǘǊƻƘŜƭƛƻƎǊŀƳ
2005 October 11 (HAO Mauna Loa)
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Ca II H and K lines as galaxy 
redshift indicators
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Some terminology
Specify nl of all electrons in an atom or ion Ÿ 

configuration(e.g. 1s2 2s2 2p2 for C-like ion)

Specify nl L S of atom or ion Ÿ term (e.g. 2p2 2P 
for C-ƭƛƪŜ ƛƻƴΥ άŘƻǳōƭŜǘ tέύ

Specify nl L S J of atom or ion Ÿ level (but we 
ƻŦǘŜƴ ǳǎŜ άstateέύΦ

Transition between two configurations Ÿ 
transition array.

Transition between two terms Ÿmultiplet. 

Transition between two levels (or states) Ÿ 
spectrum line. 22



Some other useful words
For any atom or ion, the strongest line is usually 

of great interest.

This is sometimes called the άǊŜǎƻƴŀƴŎŜέ line. 
Thus, the He II resonance line is due to the 
transition 1s2 1S0ς1s2p 1P1.

The H I resonance line is Ly- (h1s 2S1/2ς2p 2P1/2

or 2p 2P3/2). 

Lƴ ƻƭŘŜǊ ǇŀǇŜǊǎΣ ǘƘŜǎŜ ŀǊŜ ƪƴƻǿƴ ŀǎ άǊŀƛŜǎ 
ǳƭǘƛƳŜέΦ
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Other words (continued)
Normally by LS coupling rules atomic transitions 

obey the rule ɲS = 0, i.e. the total spin 
momentum does not change.

But small departures do occur and some transitions 
have ɲS = ҕ1: they are called intercombination
lines. Example: the transition 1s2 1S0ς1s2p  3P1 

in He-like atoms.

{ƻƳŜ ƭƛƴŜǎ ŀǊŜ άŦƻǊōƛŘŘŜƴέ ςthe parity (which 
normally changes in a transition) is unchanged. 

Famous example: 

Fe XIV  3s2 3p 2P1/2ς3s2 3p 2P3/2Ҧ ŎƻǊƻƴŀƭ άgreenέ 
ƭƛƴŜ ŀǘ роло )Φ  όtŀǊƛǘȅ ƛǎ ƻŘŘ ōŜŦƻǊŜ ϧ ŀŦǘŜǊΦύ
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Familiar spectral lines in the solar 
EUV spectrum
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The TRACE 171 filter sees several 

Fe lines in the range 171ð181 )Φ 
These include Fe IX and Fe X lines:

Fe IX 3s2 3p6ς3s2 3p5оŘ мтмΦм )
Fe X  3s2 3p5ς3s2 3p4оŘ мтпΦр )
Fe X  3s2 3p5ς3s2 3p4 оŘ мттΦн )

so TRACE 171 sees lines with T~1.0 MK



TRACE 195 filter
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TRACE 195 filter sees some Fe 

XII lines: 

Fe XII 3s2 3p3ï3s2 3p23d 193.5 ¡

Fe XII 3s2 3p3ï3s2 3p23d 195.1 ¡

For T=20MK, it also sees a strong 

Fe XXIV line:

Fe XXIV 1s2 2s ï1s22p     192.0 ¡

So quiet Sun images in 195 show 

features at T~1.2 MK, but flare 

images may show T~15 MK also. 



TRACE 195 images of a flare
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Features A and B 

are hot (SXT). They 

show up in 195, 

but not in 171, so 

are due to Fe XXIV 

emission. 



SOHO/EIT or TRACE 304 images

The 304 filter includes the very intense IŜ LL олп ) 
lines, which are the Ly- lhines equivalent to H I Ly-ʰ
ŀǘ мнмр )Φ ¢ƘŜ ƭƛƴŜǎ ŀǊŜ ƛƴ ŦŀŎǘ ŀ ŎƭƻǎŜ ǇŀƛǊ ōŜŎŀǳǎŜ 
of the doublet nature of the upper state:

IŜ LL олоΦтул )   мǎ 2S ѹ- 2p 2P3/2

IŜ LL олоΦтус )   мǎ 2S ѹ- 2p 2P ѹ
Close by is a strong coronal line:

{ƛ ·L олоΦому )   нǎ2 1S0ς2s2p 1P1

Sometimes you can see both chromospheric emission 
from He II and coronal emission from Si XI in 304 
images. 
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Solar image in SOHO/EIT 304

{ǳƴ ƛƴ ǘƘŜ олп ) ŦƛƭǘŜǊ Σ 
1997 September 14. 
Image from EIT on 
SOHO.
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Low-temperature 

prominence (He II 

emission)

Coronal 

structures

(Si XI emission)

Chromospheric 

network + plage

(He II emission)


