Lecture 3:
Atomic states:
Some spectral lines



Combining angular and spin

momenta of individual electrons

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

electron.

E.g. He (helium) hastad N2 dzy R O 2 1&F A
C (carbon) has a ground configuratior 28 2p-°.

Now we need to say how t
momentum vectorl and s

ne orbita
nin angu

momentum vectors of Inc

angular
ar

Ividual e

ectrons add

to form atomic states, since there are various

possible ways.
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LS or Russehaunders coupling

The most common way the vectors add ISy
or RusselSaundersoupling.

The individualQare so strongly coupled that
they add to give a resultambtal angular
momentum L.

Also the individuatQa | NB a2 & i NJ
that they add to give a resultaispin angular
momentum S

The resultant vectors and Sadd to give a
resultanttotal momentum J



Henry Norris Russell (1871057)

Co-discoverer of Russell-Saunders coupling and the HR diagram.
UnsRl d : He had an Aunvergleichlich
Fingerspitzengefuhl o (an amazing s



Example of He

Consider He atom or H&e 1on: there are 2 electrons,
YR AY 3IANRdzyR a0l 0Sco20f
configuration is 15

By the Pauli principle, the electrons must have opposite
spins, s&I  boyoyl n @

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

SoL+&0=]

2 S AaLJSOATeé stakisthd f@m2Fl 2 Y Qa

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

So the ground state of He or Hike ions is'S,. We read
UKAa a aaAy3atsu { | SNR:¢

Or in full,the ground state of He is £sS.. :



Example of Be or Béke ions

Here the ground configuration is43s.

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

The two 2s electrons similarly givé& state.

So the final state i5S,, or with the configuration
itisls 25 1S.



Example of Ne or Ndke 1ons

Here the ground configuration iss* 25 2p° (total
of 10 electrons).

Both 13 and 23 givelS, states.

For 21, we have = 1andsl' oy ¥2NJ S|
St SOUNRBY D . e tI dzZt AnQa
and m_different.

So we could have p-1,mll b oyl l=-W>

m=0ml b @0, m=-0yY <

m=-1,mf b Py m=-% o

-2 dza c LJ2aaA oxfishadilled &
shell. 7



Example of Ne or Ndéke ions (contd.)

We add vectorially théQ &
Ll=+1+1+0+0Q-1=0.

We add vectorially theQa

SI'  boyoyb oyoyb-oyoyl 51 @
So again the ground state'is,

or more exacthyls’ 25 2p° 1S,

In factall closed shells (¥s2<, 21, 3%...) give
rise to 1§, states



Another example: C or-ike ions

C (carbon) has ground configuratior? 28 2p?
(total of 6 electrons).

The 18and 2s shells give rise t&5, states, as
before.

For the 2B electrons,|=1,sf oy ® . & t |
principle, the mand m must all be different.

Sowe could havem +1, @’ b ~OyI, nEy-oy>
m=0, mlI' b [=QIm=Yoy>
m=-1, mI b ~IIM=Foyd



C or dike ions (contd.)

So several possibilities:

e.g.L=1+1=29 -oy IY ‘DO G & Ay 3If
orL=0+0=01 -oy [IY 0daAy3f
We could have 3 combinations of:
L=1+0=19 oy bY@ I ™
withL+SJ=1+1=2

orL+&J=1+0=1

orL+&J=1¢1=0

so we have 3 states$P, P, 3P, 6 & G N LI S

S
S
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How to interpret level (or state)

notation

Ground state (level) of-like ion (e.g. F&9):
1828 2p? 3
1 2p? 2p? =nl for each of the 6 electrons

3=25+1=

multiplicity of level

=L, I.e. orbital angular momenturo= 1

=J I.e. total angular momentuni= 0
Statistical weight of statglevel) = 2+1 = 1.
° = 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
02 AGSEOAUSE UKS l02Y

Thus, with H atoms or-kke ions, the 1s

electron may be excited to n=2 or n=3 ...
orbits.

It then deexcites, generally to the ground state
1s, emitting a photon with energy: = the
difference in energy between the excited and
ground states.




Selection rules for transitions

If the atom or ion has perfec¢tScoupling, there
are several selection rules involving the Initial
and final values afS.J

NS= 0 (singlets must go to singlets etc.)
nL=plor0O(ScangotoP,Pto S, DtoP etc.)
nJ=p 1 or 0 andk=0 to =0 is forbidden.

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

. dz OKS&AS NHzf Sa o0F2NJ «
broken for coronal spectra. Thp$can bepl.




Some common ions and
transitions In the solar corona

LiHike ions, e.g. G, emit lines with transitions
15 2s¢ 15 2p (we write the lower state first,
even though the line is emitted when from the
upper state).

Including the atomic state, transitions are

122§, -122pP, Y/ L+ tAYyS |

192825, -122p2P,,Y /| L+ fAYS |

These are 2 very intense emission lines emitted
FO GYFOMANI VAAUAZY NI
In solar (and nossolar spectra). 14



Skylab spectra of flare in 1973
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Na | (neutral natrium) D lines

Na (Z=11) has ground state’ Ps* 2p° 3s ZS)y When
SEOAGSRT (GKS 2dziSNJ oa ¢
to 3p, then on deexciting these lines are emitted:

1928 2p8 3525 - 122 2p53p2P,Y £t Ay S | i

19228 2p8 3525 - 12 2p°3p2P,,Y E A Y S |

These are the weknownNa D linesin the yellow part
of the spectrum.

¢ KSeé IAPYS aaz2RAdzYé auNDB!
yellow colour (amateur astronomers hate them!).

They are prominent Fraunhofer lines in the solar visil
light spectrum.




The Helium D3 line

Very near the Natrium D1 and D2 lines Is
another line due to helium: it was called the
D3 lineby Lockyer in 1868 when he
discovered it off the solar limb, looking at a
solar prominence. (Janssen previously saw th
line during a total eclipse.)

¢CKS ¢ St Sy3aiaK 2F 0K
This was found In 1895 to be due to helium

when clevelite rock (a uraniwmearing
mineral) was heated.

So helium was found Iin the Sun before it was
RAAO2USNBR 2y 91 NI K’ ¢



Mg Il lines In the solar UV

Mg Il lines (emitedby Mg | 0 9Y9Hy nn
exactly the same transition as the Na | lines
(Mg Il is Isoelectronic with Na |):

18282208 3525 - 12282 2p53p 2P, Y line at
HYy ndline) o

18282205 3525, - 1 282 2p° 3p 2Py, Y line at
HT (pckling). ©

Incidentally, we can write the transitions as

3s4S,,- 3p“P,, (the 1s, 2s, 2p shells are all filled
and so gives, states).



K atom and Kike 1on transitions

Potassium (K, Z=19) has a ground state:
15725 2p° 35 3p° 457,
It also has a strong doublet (pair of lines) with
transitions 48'S - 4p “P, and 4s°S, - 4p “Py),.

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

Call438S,-4p?P, Yt AY S | Wlinedcy )

Call48S,-4p?P;, YT A Y S | Kline.cho n

CKSe INBE Ay (UKS @A 2ighs
spectrum and are emvitted by large nl{mvbe,rs of
FauUNRYZ2YAOIT 202S00as o




/' LL Y fAYS 0o0do
2005 October 11 (HAO Mauna Loa)




Ca ll H and K lines as galaxy
redshift indicators
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Some terminology

Specifynl of all electrons in an atom or ion
configuration(e.g. 1s2s 2p? for Glike ion)

Specifynl L Sf atom or ionY term (e.g. 25 2P ,
forGt A1S AZ2YY aR2dzoft Si

Specify,nIAL S of atom or ionY level (but we
2 F U S ystatdzavSd a

Transition between two configurations
transition array.

Transition betweernwo termsY multiplet.

Transition betweernwo levels(or states)Y
spectrum line. .



Some other useful words

For any atom or ion, the strongest line is usually
of great interest.

This is sometimes called tlieNE a 2 yiihey O S
Thus, theHe |l resonance lines due to the

transition 15 1S, ¢ 1s2p*P,.
TheH | resonance lings Ly-" (1s2S,,, ¢ 2p 2Py,
or 2p2P;,).
Ly 2tR
dzt UAY

Vd
(]

SNJ LJ LISNBR> G(KSa.
S ¢

J
P



Other words (continued)

Normally by LS coupling rules atomic transitions
obey the rulenS= 0, I.e. the total spin
momentum does not change.

But small departures do occur and some transitions
havenS=pg 1: they are callethtercombination
lines. Example: the transitiots® 'S, ¢ 1s2p °P,

In Helike atoms.

{2YS { AySa Ict&pardyTvehidd A R R

normally changes in a transition) is unchanged.

Famous example:

Fe XIV 38p2P,, ¢33p2P,, T O2 N@efief &
fAYyS |04 pono ) & 6t I NR O ¢




Familiar spectral lines in the solar
EUV spectrum

The TRACE 171 filter sees several 171 A
Fe lines in therange 1710 181) &

These include Fe IX and Fe X lines: ‘|m 5 | MK
X X1
Fe IX 383pf¢33p°0 R MT MDM H L :ﬁl'fﬁ m;'
Fe X 33p°¢3¢3p*0o R MTndp |) X '
Fe X 33p°c33p0 R MT T ®H |) [, 1,
4 MK
O (j‘ﬂ Ca
so TRACE 171 sees lines with T~1.0 MK i X ' fglm.;
1 A d " L
XX xxnrj <0 MK
1'?'{2!. - .1';’5I - IlEU'. o IIEE

Wavelength (A ) 2



TRACE 195 filter

TRACE 195 filter sees some Fe
Xl lines:

Fe Xll 3s2 3p31 3s23p23 d
Fe Xll 3s2 3p31 3s23p23 d

For T=20MK, it also sees a strong
Fe XXIV line:

Fe XXIV 1s22s 7 1s22 p

So quiet Sun images in 195 show
features at T~1.2 MK, but flare

images may show T~15 MK also. 5

195 A (a)
X _—— 1 MK (b)
;"5||_|.‘I. ”I 1 i A NE
1 | X1 1.5 MK (c)
XII
‘ i i, | & [ | l E In
.ce 4 MK (d)
N
i ] i i i M l
XXV 10 MK
192 . (e | )
| . I
oy 20 MK (f)
Ilﬂﬂ .195I . IEDDI . IEDE

Wavelength (4)
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TRACE 195 images of a flare

TRACE 1954 10:27:55 TRACE 1714 10:28:06

Features A and B
are hot (SXT). They
show up in 195,
but notin 171, so
are due to Fe XXIV
emission.




SOHO/EIT or TRACE 304 image:

The 304 filter includes the very intenseS L L 0 /1 |
lines, which are the Ky lines equwalent to | Lyn
Fd MHMp ) d® ¢KS fAYySa | NI
of the doublet nature of the upper state:

'S LL on&spry R, ) M a

'S LL on&pryie, ) M &
Close by Is a strong coronal line:

{ A - L o0 nde@szpy'P, ) H a

Sometimes you can sdémth chromospheric emission
from He Il and coronal emission from SiiKI304
Images.
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Solar image in SOHO/EIT 304

{dzy AY GKS onn ) FALOGSNI =
1997 September 14.

Image from EIT on

SOHO.

Chromospheric™ >
network + plage —
(He Il emission)

Coronal
structures
(Si Xl emission)

Low-temperature/

prominence (He Il
emission)
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