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Chapter 3 ¢ Atomic physics I: Energy levels and transitions



§3.1 * Energy levels of atoms




Chapter Four

Energy Levels of Atoms and lons

This chapter reviews the energy-level structure of atoms and 1ons, together with the
nomenclature for referring to those levels. It is probably an understatement to say
that the material in this chapter is not electrically exciting; it should be regarded as
reference material that can be returned to as needed.
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Quantum numbers

Principal quantum #
n=1, 2, 3...

Orbital angular momentum #
|=0,1...(n-1)
(OI 1: 21 3) = ("SI p: dl f")

z-orbital angular momentum #
=-..0...1

Spin quantum #

Carbon ground state:
“"1s2 252 2p2"



Subshells




Subshells for Sodium

=1 |=2




Subshells for Carbon

|=2




Fine and hyperfine splitting

Frame of nucleus Frame of electron
Proton and electron spins B-field from orbiting proton
couple couples to electron spin

S

Hyperfine splitting Fine splitting




Spectroscopic notation

Principal quantum # Parity
n=1, 2, 3... p ="" (even) or “o" (odd)

Total orbital angular mom. #
L = 2/ (vector addition)
(Ol 1' 2l 3) = (I’SI Pl Dl F")

Total spin #
S = X5 (vector addition)

Total ang. mom. (L + S) #
J=|L-S|..|L+ 5]
(vector addition)




Energy levels of ionized nitrogen
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Examples of subshell configurations

Ground Terms

configuration  (in order of increasing energy) Examples
..ns’ *S1/2 HI, Hell, CIV,NV, O VI
..n8° 'So Hel, CIII, NIV,OV
...np"* “Pyg.3/ CII, NIII, O1V
...np° *Po12, D2, 'So CI, NII, OIII, Ne V, SIII
..np° *S5/2°Ds)a5/2 5 Pias, NI OILNelV, SII, ArIV
..np* *P2.10, D2, *So O1, NeIll, Mg V, ArIII
...np° “P352.1/2 Nell, NalIl, Mg IV, ArIV
...np° 'So Nel, Nall, Mg III, ArIII
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§3.2 ¢ Transitions between levels




Rules for transitions

“Allowed transitions” = electric dipole transitions

e Parity must change

e AL=0,%1,butL =0 — 0isforbidden
e A/J=0,%x1,butJ =0 — 0is forbidden
e AS=0

 If a single electron is involved, Al = £ 1



config. term E/hc (cm™!)
1s22s%2p3s 3D9
1s22s%2p3s 3D

1s22s?2p3s 3D§

Allowed and (semi-)forbidden transitions

1s22s2p? °S

1s22s%2p®

1s%2s%2p?

1s2%2s2%2p?
1s22s%2p®
1s22s22p?
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92250
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32689
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e Parity must change

e AL=0,%£1, butnoL=0->20
e AJ=0,%1,butnoJ=0->20
e AS=0

e Ifasingle electron, Al = =1

e odd changes to even
e D>P(L=2->1)
e J=1-50

e S=1->1

NII 1084.4A 3D? — 3P,
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Allowed and (semi-)forbidden transitions

config. term E/hc (cm™?) N II
1s%2s%2p3s 3D? 92252 ga=3 +—o o8
1s22s22p3s 3D3 92250 g,=9 o 7
1s?2s?2p3s 3Dy 92237 ge="7 ? 6
e Parity must change
e AL=0,%£1, butnoL=0->20
o<tfo<t| o<t ot| ot
|| S| Of 3
S0 5 <0 e AJ=0,%1,butnoJ=0-20
22 332
e AS=0
e Ifasingle electron, Al = =1
1522s2p3 53S9 46785 gs=9 5
1s*2s%2p® 1S, 32689 g, * « odd changes to even
GG * S>P(L=0->1)
%8
Q9 e J=2->72
1s22s22p? 1D, 15316 g,=95 oo 3
. - 5=2-1 €
1522s22p? 3P =5 LV
s?2s?2p? %P,  130.8 8= e 2
1s22s22p? 3P, 48.7 g,=3 *'wzowm v 1 o
15225222 P, 0 g=1Y o NII] 2143.4A 587 — 3P,
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Allowed and (semi-)forbidden transitions

config. term E/hc (em™!) N II
1s22s%2p3s 3D 92252 gg=3 +—r——8
1s22s22p3s 3D3 92250 g,=9 o 7
1s?2s?2p3s 3Dy 92237 ge="7 ? 6
e Parity must change
e AL=0,%£1, butnoL=0->20
S ECE
ol 10| < <10 e AJ=0,£1,butnoJ=0-20
2122 2 2 2
e AS=0
ot ot
o o e Ifasingle electron, Al = =1
SO
1s22s2p°® 559 46785  g,=5 = 5
ogo ||
SN
O M| |
88
1 22 22 2 lS =1 w o | I
STRSTEPT 5, 32689 Ea T * « odd changes to even 8
[ N
T e D>P(L=2->1)
o v [ N
o« © T I I
QO e J=2->1
1s?2s%2p? 'D, 15316 g,=5 VA 3
I
e + 5=0-1 €3
1s22s22p? 3P =5 v |1y
p? °P, 130.8 8e=5 i — 2
1s®2s%2p °P, 487  &=3 %55 — 1 o
1s%2s%2p? %P 0 go=1% 0 [NII] 6549.9A 1D2 —> 3P1
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Energy level diagram of hydrogen
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Energy level diagram of hydrogen

photon spin:

Al==*1
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§3.3 * Thermodynamic equilibrium

and blackbody radiation




Equilibrium distributions
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§3.4 ¢ Absorption and emission




Excited state, statistical weight g,
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Ground state, statistical weight g,



Table 3.12

Transition probability tables

Transition probabilities for C-like 2p? and Si-like 3p? ions

[N II] (o1 [Ne V] [S 1) [Ar V]
Transition A (s~ A (A) A(s™hH A (A) AGH A (A) A@Y A (A) AGYH  AA)
'D,-18, 1.0 5754.6 1.6 4363.2 2.8 2972.8 2.3 6312.0 3.5 4625.3
3p,is,  13x 107% 30708 6.1x107% 23314 63x 1073 15933 13x 1072 37972 6.8x107% 2786.0
3PSy 33x107% 30628  23x 107" 23210 4.0 15746 8.4 x 1071 37217 6.7 2691.0
3p,'D,  3.0x107% 65834 20x 1072 50069 35x 107! 34259 55x 1077 95310 47x 107" 70059
D, 98x107% 65480 68x 1071 49589  12x107¢ 33459 2.1x 1072 90689 20x 107" 64351
3peiD,  3.6x10°7 65270  L7x 1076 49311  19x 1075 33005 13x107° 88299  6.1x 107> 61338
3p-3P,  75% 1076 12189 um 9.7 x 107° 51814um 4.6x 107 1432pum 2.1x 107 18713 um 2.7 x 1072 79 um
ip3p, 11x10712 765um  3.1x 10! 32661um SOx107° 901lum 43x107% 1200um 12x107° 49 pum
3p—2P,  21x107% 2055um 2.7x 1070 88356 um 13 x 1072 2428 um 47 x 107 3347 um 8.0 x 107 13.1 um
3P, 580 13 x 1072 21428 58x 10%2 16662 6.0 x 1077 11461  12x10° 17289 — —
3p-Ss? 55x 100 21390 24x 1072 16608 24 x10° 11370 44 x10° 17131
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§3.5 ¢ Collisional excitation




Excited state, statistical weight g,
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Collision strength tables

- Table 3.6
Coltision strengths Y for C-like 2p2, O-like 2p*, Si-like 3p? and S-like 3p* ions

Ion e, 'p 3p, s Ip.is 3p,3p, 3Py, %P, 3R, %P, 3P, SO

Nt 2.64 0.29 0.83 0.41 0.27 1.12 1.27
Ot? 2.29 0.29 0.58 0.55 0.27 1.29 0.18
Ne*4 2.09 0.25 0.58 1.41 1.81 5.83 1.51
Net? 1.36 0.15 0.27 0.24 0.21 0.77 —
gt2 6.95 1.18 1.38 3.98 1.31 7.87 2.85
Art4 3.21 0.56 1.65 2.94 1.84 7.81 —
Art? 4.83 0.84 1.22 1.26 0.67 3,09 —

. - - - -
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Collision strength tables

RATE COEFFICIENTS FOR THE EXCITATION OF INFRARED
AND ULTRAVIOLET LINES IN C i, N m, AND O 1v

ROBERT D. BLUM AND ANIL K. PRADHAN
Department of Astronomy, Ohio State University, Columbus, OH 43210
Received 1991 June 10; accepted 1991 October 8

ABSTRACT

Electron impact excitation of boron-like C, N, and O is the primary mechanism for the formation of a number
of IR and UV emission lines that are useful density and temperature diagnostics for a variety of astrophysical
sources. New and improved collision strengths and Maxwellian-averaged rate coefficients for temperatures be-
tween 1000 and 40,000 K are presented for all the prominent transitions in the spectra of C 11, N 11, and O 1v. The
collision strengths show extensive autoionization structures that are delineated in detail and which enhance the
rate coefficients for several transitions by a considerable amount. Particular attention is directed toward the
fine-structure IR transition *P{,-?P%, and the dipole-allowed and intercombination UV transitions
2P 1232=2D3%2.52,°8 122 P 2,32, and 2P% 5 3,,~*P 15 32 52, TESPECtively, in the three ions. Maxwellian-averaged colli-
sion strengths are calculated for all possible fine-structure transitions among the states included in the eigenfunc-
tion expansion of the target ion. All calculations are carried out in the close-coupling approximation using the
R-matrix method as adapted for the Opacity Project.



Collision strength tables
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FIG. 1.—The collision strengths for the ground state fine-structure transition *P{,,~2P$, in C 11, N 111, and O 1v. The X unitsare excitation energies divided
by the threshold energy for the transition.
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Collision strength tables

TABLE 2
MAXWELLIAN-AVERAGED COLLISION STRENGTHS FOR C 11

Temp (K) TRANSITION KEY
1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 1 10
111 112 1 13 1 14 1 15 116 117 118 2 3
2 4 2 5 2 6 2 7 2 8 2 9 2 10 2 11 2 12
2 13 2 14 2 15 2 16 2 17 2 18 3 4 3 5 3 6
3 7 3 8 3 9 3 10 3 11 3 12 3 13 3 14 3 15
3 16 3 17 3 18 4 5 4 6 4 7 4 8 4 9 4 10
4 11 4 12 4 13 4 14 4 15 4 16 4 17 4 18 5 6
5 7 5 8 5 9 5 10 511 5 12 5 13 5 14 5 15
5 16 5 17 5 18 6 7 6 8 6 9 6 10 6 11 6 12
6 13 6 14 6 15 6 16 6 17 6 18 7 8 7 9 7 10
7 11 7 12 7 13 7 14 7 15 7 16 7 17 7 18 8 9
8 10 8 11 8 12 8 13 8 14 8 15 8 16 8 17 8 18
9 10 9 11 9 12 9 13 9 14 9 15 9 16 9 17 9 18
10 11 10 12 10 13 10 14 10 15 10 16 10 17 10 18 11 12
11 13 11 14 11 15 11 16 11 17 11 18 12 13 12 14 12 15
12 16 12 17 12 18 13 14 13 15 13 16 13 17 13 18 14 15
14 16 14 17 14 18 15 16 15 17 15 18 16 17 16 18 17 18
1000. 1.5763 0.2653 0.3925 0.2435 1.2826 0.5206 0.7915 1.1607 0.6689
0.2056 0.2114 0.1175 0.0050 0.1153 0.0837 0.1811 0.1066 0.1853
0.5088 1.1084 0.8812 2.7251 1.5831 0.6689 2.9904 0.4113 0.1175
0.5403 0.0101 0.1235 0.2746 0.1066 0.4687 0.6119 0.6588 0.4189
0.2302 0.0642 0.0742 0.0798 0.0238 0.0075 0.0080 0.8802 0.2660
0.1275 0.1234 0.1937 1.5041 0.6467 0.6516 0.1284 0.1209 0.1871
0.0476 0.0122 0.0187 1.7604 0.4017 0.3854 0.2256 0.4087 0.4923
1.4552 0.1926 0.1129 0.3491 0.0714 0.0112 0.0352 2.6406 0.2768
0.9038 0.2853 0.6661 2.1560 0.5786 0.2364 0.6387 0.2486 0.1628
0.1724 0.1156 2.2686 0.7841 1.2182 0.5284 0.8679 0.4929 0.8198
0.3729 0.1165 0.3863 0.1734 0.7841 3.7946 0.2373 2.3823 0.0917
0.1834 3.4386 0.6610 1.3220 0.0000 0.0268 0.0402 0.5244 1.0490
0.7652 0.0257 0.0281 0.0400 0.2958 2.6477 0.1387 1.6166 0.8818
0.0514 0.0400 0.0962 0.5916 0.6960 4.8767 0.8818 4.1154 9.5962
19.1924 0.0000 0.0299 0.0448 0.1545 0.3090 8.7134 0.0062 0.0407
0.0474 0.2226 0.5301 0.0124 0.0651 0.1113 0.5301 0.9752 0.9026
1.3538 0.1657 0.3314 1.4527 0.5521 0.7312 0.5173 1.4078 0.9318
2000. 1.6361 0.2577 0.3821 0.2397 1.2879 0.5136 0.7146 1.1782 0.6800
0.2227 0.2145 0.1184 0.0065 0.1222 0.0911 0.1784 0.1067 0.1820

Blum & Pradhan 1992
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