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Abstract

This chapter outlines the main concepts of atomic struc-
ture, with some emphasis on terminology and notation.
Atomic radiation is discussed, in particular the wave-
lengths, intensities, and shapes of spectral lines, and a few
remarks are made regarding continuous spectra. We in-
clude tabulations of ionization energies for neutral atoms
and transition probabilities for persistent lines of selected
neutral atoms and provide references to sources of atomic
spectroscopic data.

Experimental techniques and the details of atomic the-
oretical methods are not covered in this chapter; these
and a number of other subjects pertinent to atomic spec-
troscopy are treated in one or more of at least fifteen other
chapters in this book.
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11.1 Frequency, Wavenumber, Wavelength

The photon energy due to an electron transition between an
upper atomic level k (of energy Ek) and a lower level i is

�E D Ek � Ei D h� D hc� D hc

�vac
; (11.1)

where � is the frequency, � the wavenumber in vacuum,
and �vac the wavelength in vacuum. The most accurate
spectroscopic measurements are determinations of transition
frequencies, the unit being the hertz (1Hz D 1 s�1) or one
of its multiples. Frequency, wavenumber, and wavelength (in
vacuum) have equivalent relative precision, since the speed
of light is exactly defined [1]. The most common wavelength
units are the nanometer (nm), the angstrom (1ÅD 10�1 nm)
and the micrometer (�m, a.k.a. micron). The SI wavenum-
ber unit is the inverse meter, but in practice wavenumbers are
usually expressed in inverse centimeters: 1 cm�1 D 102m�1,
equivalent to 2:99792458�104MHz. Energy units and con-
version factors are further discussed in Chap. 1.

11.2 Atomic States, Shells, and Configurations

A one-electron atomic state is defined by the quantum
numbers nlmlms or nljmj , with n and l representing the
principal quantum number and the orbital angular momen-
tum quantum number, respectively. The allowed values of n
are the positive integers, and l D 0; 1; : : : ; n � 1. The quan-
tum number j represents the angular momentum obtained by
coupling the orbital and spin angular momenta of an electron,
i.e., j D l C s, so that j D l ˙ 1=2. The magnetic quan-
tum numbersml ,ms , andmj represent the projections of the
corresponding angular momenta along a particular direction;
thus, for example, ml D �l , �l C 1; : : : ; l and ms D ˙1=2.

The central field approximation for a many-electron atom
leads to wave functions expressed in terms of products of
such one-electron states [2–4]. Those electrons having the
same principal quantum number n belong to the shell for
that number. Electrons having both the same n value and
l value belong to a subshell, all electrons in a particular sub-
shell being equivalent. The notation for a configuration of
N equivalent electrons is nlN , the superscript usually be-
ing omitted for N D 1. A configuration of several subshells

is written as nlNn0l 0M : : : The numerical values of l are re-
placed by letters in writing a configuration, according to the
code s, p, d for l D 0; 1; 2 and f , g, h : : : for l D 3; 4; 5 : : :,
the letter j being omitted.

The Pauli exclusion principle prohibits atomic states hav-
ing two electrons with all four quantum numbers the same.
Thus, the maximum number of equivalent electrons is 2.2lC
1/. A subshell having this number of electrons is full, com-
plete, or closed, and a subshell having a smaller number
of electrons is unfilled, incomplete, or open. The 3p6 con-
figuration thus represents a full subshell, and 3s23p63d10

represents a full shell for n D 3.
The parity of a configuration is even or odd according to

whether
P

i li is even or odd, the sum being taken over all
electrons (in practice only those in open subshells need to be
considered).

11.3 Hydrogen and Hydrogen-Like Ions

For these atoms and ions, the quantum numbers n, l , and
j adequately describe the energy structure of electronic
shells [4, 5]. A particular level is denoted either by nlj or
by nl 2LJ with L D l and J D j . The latter notation is
somewhat redundant for one-electron spectra but is useful
for consistency with more complex structures. The L values
are written with the same letter code used for l values, but
with capital letters. The multiplicity of the L term is equal to
2S C 1 D 2s C 1 D 2. Written as a superscript, this number
expresses the doublet character of the structure: each term
for L � 1 has two levels with J D L˙ 1=2.

The Coulomb interaction between the nucleus and the
single electron is dominant, so that the largest energy
separations are associated with levels having different n.
The hyperfine splitting of the 1H 1s ground level is
1420405751:768.1/Hz [6]. It results from the interaction of
the proton and electron magnetic moments and gives rise to
the famous 21 cm line. The separations of the 2n� 1 excited
levels having the same n are largely determined by relativis-
tic contributions, including the spin–orbit interaction, with
the result that each of the n � 1 pairs of levels having the
same j value is almost degenerate; the separation of the two
levels in each pair is mainly due to relatively small Lamb
shifts (Sects. 29.7 and 28.3).

11.4 Alkalis and Alkali-Like Spectra

In the central field approximation there exists no angular-
momentum coupling between a closed subshell and an
electron outside the subshell, since the net spin and orbital
angular momenta of the subshell are both zero. The nlj
quantum numbers are, then, again appropriate for a single
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electron outside closed subshells. However, the electrostatic
interactions of this electron with the other electrons and with
the nucleus yield a strong l-dependence of the energy lev-
els [7]. The differing extent of core penetration for ns and
np electrons can, in some cases, for example, give an en-
ergy difference comparable to or exceeding the difference
between the np and .n C 1/p levels. The spin–orbit fine-
structure separation between the nl.l > 0/ levels having
j D l � 1=2 and l C 1=2 is relatively small.

11.5 Helium and Helium-Like Ions; LS Coupling

The energy structure of the normal 1snl configurations is
dominated by the electron–nucleus and electron–electron
Coulomb contributions [5]. In helium and in helium-like ions
of the lighter elements, the separations of levels having the
same n and having l D s; p , or d are mainly determined
by direct and exchange electrostatic interactions between the
electrons, while the spin–orbit, spin–other orbit, and other
relativistic contributions are much smaller. This is the condi-
tion for LS coupling, in which:

(a) The orbital angular momenta of the electrons are coupled
to give a total orbital angular momentum L DPi l i .

(b) The spins of the electrons are coupled to give a total spin
S DPi si .

The combination of a particular S value with a particular
L value comprises a spectroscopic term, the notation for
which is 2SC1L. The quantum number 2S C 1 is the multi-
plicity of the term. TheS andL vectors are coupled to obtain
the total angular momentum, J D S CL, for a level of the
term; the level is denoted as 2SC1LJ .

The parity is indicated by appended degree symbols on
odd parity terms.

For 1snl configurations, L D l and S D 0 or 1, i.e.,
the terms are singlets (S D 0) or triplets (S D 1). As ex-
amples of the He I structure, the ionization energy (energy
required to remove one of the 1s electrons in the 1s2 ground
configuration) is 24:5874 eV, the 1s2s 3S�1S separation
is 0:7962 eV, the 1s2p 3Pı�1Pı separation is 0:2539 eV,
and the 1s2p 3Pı2�3Pı0 fine-structure spread is only 1:32 �
10�4 eV.

11.6 Hierarchy of Atomic Structure
in LS Coupling

The centrality of LS coupling in the analysis and theoreti-
cal interpretation of atomic spectra has led to the acceptance
of notations and nomenclature well adapted to discussions
of particular structures and spectra [2]. The main elements

Table 11.1 Atomic structure hierarchy in LS coupling and names for
groups of transitions between structural entities

Structural entity Quantum
numbersa

Group of all transitions

Configuration .ni li /
Ni Transition array

System .ni li /
Ni �S Intrasystem transitions

Intercombination transitions
Term .ni li /

Ni �SL Multiplet
Level .ni li /

Ni �SLJ Line
Level component .ni li /

Ni �SLJM Line component

a The configuration may include several open subshells, as indicated by
the i subscripts. The letter � represents any additional quantum num-
bers, such as ancestral terms, necessary to specify a particular term

of the nomenclature are shown in Table 11.1, most of the
structural entities having already been defined in the above
discussions of simple spectra. The quantum numbers in the
table represent a full description for complex configurations,
and the accepted names for transitions between the structural
elements are also given.

As an example, the Ca I 3d 4p 3Dı2 level belongs to the
3Dı term. The 3d 4s 3D2–3d 4p

3Dı3 line belongs to the
corresponding 3D–3Dı triplet multiplet, one of those dis-
cussed by Russell and Saunders in their classic paper on the
alkaline-earth spectra [8]. The 3d 4s–3d 4p transition array
includes both the singlet and triplet multiplets, as well as any
(LS-forbidden) intercombination or intersystem lines aris-
ing from transitions between levels of the singlet system and
those of the triplet system. The order of the two terms in the
transitions as written above, with the lower-energy term on
the left, is standard in atomic spectroscopy. Examples of no-
tations for complex configurations are given in Sect. 11.8.

11.7 Allowed Terms or Levels for Equivalent
Electrons

11.7.1 LS Coupling

The allowed LS terms of a configuration consisting of two
nonequivalent groups of electrons are obtained by coupling
the S and L vectors of the groups in all possible ways,
and the procedure may be extended to any number of such
groups. Thus, the allowed terms for any configuration can
be obtained from a table of the allowed terms for groups of
equivalent electrons.

The configuration lN has more than one allowed term
of certain LS types if l > 1 and 2 < N < 4l (d3–d7, f 3–
f 11, etc.). The recurring terms of a particular LS term type
from d N and f N configurations are assigned sequential in-
dex numbers in the tables of Nielson and Koster [9]; the
index numbers stand for additional numbers having group-
theoretical significance that serve to differentiate the recur-
ring terms. The first of those additional quantum numbers is
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Table 11.2 Allowed J -values for lNj equivalent electrons (jj ) coupling

lNj Allowed J -values

l1=2 1=2

l21=2 0

l3=2 and l33=2 3=2

l23=2 0, 2

l43=2 0

l5=2 and l55=2 5=2

l25=2 and l
4
5=2 0, 2, 4

l35=2 3=2, 5=2, 9=2

l65=2 0

l7=2 and l77=2 7=2

l27=2 and l
6
7=2 0, 2, 4, 6

l37=2 and l
5
7=2 3=2, 5=2, 7=2, 9=2, 11=2, 15=2

l47=2 0, 22, 42, 24, 44, 5, 6, 8

l87=2 0

seniority [10]. It uniquely differentiates all recurring terms
of d N and most of f N , except for a few terms of f 5 and
f 9, f 6 and f 8, and f 7. These remaining terms, which occur
only in pairs, are further labeled A orB (in combination with
seniority) to indicate Racah’s separation of the two terms.

The index numbers of Nielson and Koster are in practice
the most frequently used labels for the recurring terms of f N

configurations. Use of their index numbers for the recurring
terms of d N configurations perhaps has the disadvantage of
substituting an arbitrary number for a quantum number (the
seniority). The actual value of the seniority number is rarely
needed, however, and a consistent notation for the d N and
f N configurations is desirable. A table of the allowed LS
terms of the lN electrons for l � 3 is given in [10], with
all recurring terms having the index numbers of Nielson and
Koster as a following on-line integer. The group-theoretical
labels are also listed. Thus, the d3 2D term having seniority 3
is designated 2D2 , instead of 23D, in this scheme; and the level
having J D 3=2 is designated 2D23=2.

11.7.2 jj Coupling

The Pauli exclusion principle restricts the set of possible J -
values for a group ofN equivalent electrons having the same
j -value, lNj . The allowed J -values for such groups are given
in Table 11.2 for j D 1=2, 3=2, 5=2, and 7=2 (sufficient for
l � 3). The l 47=2 group has two allowed levels for each of
the J -values 2 and 4. The subscripts distinguishing the two
levels in each case are the seniority numbers [11].

The allowed levels of the configuration nlN may be ob-
tained by dividing the electrons into sets of two groups

nl
Q

lC1=2nl
R
l�1=2, Q C R D N . The possible sets run from

QDN �2l (or zero ifN < 2l) up toQDN orQD 2lC2,
whichever is smaller. The (degenerate) levels for a set with
both Q and R nonzero have wave functions defined by the
quantum numbers .˛J1, ˇJ2/J , with J1 and J2 deriving from
theQ and R groups, respectively. The symbols ˛ and ˇ rep-
resent any additional quantum numbers required to identify
levels. The J values of the allowed levels for each (˛J1, ˇJ2)
subset are obtained by combining J1 and J2 in the usual way.

11.8 Notations for Different Coupling Schemes

In this section, we give enough examples to make clear the
meaning of the different coupling-scheme notations. Not all
the configurations in the examples have been identified exper-
imentally, and some of the examples of a particular coupling
scheme given for heuristic purposes may be physically inap-
propriate.Cowan [3] describes the physical conditions for the
different coupling schemes and gives experimental examples.

11.8.1 LS Coupling (Russell–Saunders Coupling)

Some of the examples given below indicate notations bearing
on the order of coupling of the electrons

1. 3d7 4F7=2

2. 3d7


4F
�
4s4p



3Pı

�
6Fı9=2

3. 4f 7


8Sı

�
6s6p2



4P
�
11Pı5

4. 3p5


2Pı

�
3d2



1G
�
2Fı7=2

5. 4f 10


3K2

�
6s6p



1Pı

�
3Lı6

6. 4f 7


8Sı

�
5d



7Dı

�
6p 8F13=2

7. 4f 7


8Sı

�
5d



9Dı

�
6s


8Dı

�
7s 9Dı5

8. 4f 7


8Sı

�
5d



9Dı

�
6s6p



3Pı

�
11F8

9. 4f 7


8Sı

�
5d2



1G
� 


8Gı
�
6p 7F0

10. 4f


2Fı

�
5d2



1G
�
6s


2G
�
1Pı1

In the second example, the seven 3d electrons couple
to give a 4F term, and the 4s and 4p electrons couple to
form the 3Pı term; the final 6Fı term is one of nine possible
terms obtained by coupling the 4F grandparent and 3Pı par-
ent terms. The next three examples are similar to the second.
The meaning of the index number 2 following the 3K symbol
in the fifth example is explained in Sect. 11.7.1.

The coupling in example 6 is appropriate if the interaction
of the 5d and 4f electrons is sufficiently stronger than the
5d –6p interaction. The 7Dı parent term results from cou-
pling the 5d electron to the 8Sı grandparent, and the 6p
electron is then coupled to the 7Dı parent to form the final
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8F term. A space is inserted between the 5d electron and the
7Dı parent to emphasize that the latter is formed by coupling
a term



8Sı

�
listed to the left of the space. Example 7 illus-

trates a similar coupling order carried to a further stage; the
8Dı parent term results from the coupling of the 6s electron
to the 9Dı grandparent.

Example 8 is similar to examples 2�5, but in 8 the first
of the two terms that couple to form the final 11F term, i.e.,
the 9Dı term, is itself formed by the coupling of the 5d elec-
tron to the 8Sı core term. Example 9 shows an 8Gı parent
term formed by coupling the 8Sı and 1G grandparent terms.
A space is again used to emphasize that the following



8Gı

�

term is formed by the coupling of terms listed before the
space.

A different order of coupling is indicated in the final ex-
ample, the 5d2 1G term being coupled first to the external
6s electron instead of directly to the 4f core electron. The
4f


2Fı

�
core term is isolated by a space to denote that it

is coupled (to the 5d2


1G
�
6s 2G term) only after the other

electrons have been coupled. The notation in this particular
case (with a single 4f electron) could be simplified by writ-
ing the 4f electron after the 2G term to which it is coupled.
It appears more important, however, to retain the convention
of giving the core portion of the configuration first.

The notations in examples 1�5 are in the form recom-
mended by Russell et al. [12] and used in both the Atomic
Energy States [13] and Atomic Energy Levels [10, 14] com-
pilations. The spacings used in the remaining examples allow
different orders of coupling of the electrons to be indicated
without the use of additional parentheses, brackets, etc.

Some authors assign a short name to each (final) term, so
that the configuration can be omitted in tables of classified
lines, etc. The most common scheme distinguishes the low
terms of a particular SL type by the prefixes a, b, c, : : : , and
the high terms by z, y, x, : : : [14].

11.8.2 jj Coupling of Equivalent Electrons

This scheme is used, for example, in relativistic calculations.
The lower-case j indicates the angular momentum of one
electron .j D l ˙ 1=2/ or of each electron in an lNj group.
Various ways of indicating which of the two possible j-values
applies to such a group without writing the j-value subscript
have been used by different authors; we give the j-values ex-
plicitly in the first four examples below. We use the symbols
Ji and j to represent total angular momenta.

1.


6p21=2

�
0

2.


6p21=2 6p3=2

�ı
3=2

3.


6p21=2 6p

2
3=2

�
2

4. 4d35=2 4d
2
3=2



9=2; 2

�
11=2

5. 4d3C 4d
2
�


9=2; 2

�
11=2

The relatively large spin–orbit interaction of the 6p elec-
trons produces jj -coupling structures for the 6p2, 6p3, and
6p4 ground configurations of neutral Pb, Bi, and Po, respec-
tively; the notations for the ground levels of these atoms are
given as the first three examples above. The configuration in
the first example shows the notation for equivalent electrons
having the same j value lNj , in this case two 6p electrons
each having j D 1=2. A convenient notation for a particular
level .J D 0/ of such a group is also indicated. The second
example extends this notation to the case of a 6p3 configu-
ration divided into two groups according to the two possible
j values. A similar notation is shown for the 6p4 level in the
third example; this level might also be designated .6p�23=2/2,
the negative superscript indicating the two 6p holes. The
.J1; J2/J term and level notation shown on the right in the
fourth example is convenient because each of the two elec-
tron groups 4d35=2 and 4d

2
3=2 has more than one allowed total

Ji value. The assumed convention is that J1 applies to the
group on the left (J1 D 9=2 for the 4d35=2 group) and J2 to
that on the right. Example 5 shows another possible represen-
tation of example 4 using a minus in the subscript to denote
j D l � 1=2 and a plus to denote j D l C 1=2.

11.8.3 J1j or J1J2 Coupling

1. 3d9


2D5=2

�
4p3=2



5=2; 3=2

�ı
3

2. 4f 11


2H2ı9=2

�
6s6p



3Pı1

� 

9=2; 1

�
7=2

3. 4f 9


6Hı

�
5d


7Hı8

�
6s6p



3Pı0

� 

8; 0

�
8

4. 4f 12


3H6

�
5d


2D
�
6s6p



3Pı

� 

4Fı3=2

� 

6; 3=2

�ı
13=2

5. 5f 4


5I4
�
6d3=2



4; 3=2

�
11=2

7s7p


1Pı1

� 

11=2; 1

�ı
9=2

6. 5f 47=25f
5
5=2



8; 5=2

�ı
21=2

7p3=2


21=2; 3=2

�
10

7. 5f 37=25f
3
5=2



9=2; 9=2

�
9
7s7p



3Pı2

� 

9; 2

�ı
7

8. 2s 2p� 2pC


0; 3=2

�
3=2

9.



2s 2p�

�
0
2pC

�
3=2

The first five examples all have core electrons in LS cou-
pling, whereas jj coupling is indicated for the 5f core elec-
trons in examples 6 and 7. Since the J1 and J2 values in the
final (J1; J2) term have already been given as subscripts in
the configuration, the (J1; J2) term notations are redundant
in all these examples. Unless separation of the configuration
and final term designations is desired, as in some data tables,
one may obtain a more concise notation by simply enclos-
ing the entire configuration in brackets and adding the final
J value as a subscript. Thus, the level in the first example
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can be designated as


3d9



2D5=2

�
4p3=2

�ı
3
. If the configu-

ration and coupling order are assumed to be known, still
shorter designations may be used; for example, the fourth
level above might then be given as




3H6

� 

3Pı

� 

4Fı3=2

��
13=2

or


3H6;

3Pı; 4Fı3=2
�
13=2

. Similar economies of notation are
of course possible, and often useful, in all coupling schemes.
Example 8 shows a somewhat more compact representation
of a case similar to example 6 with the j-values of the p elec-
trons .j D l˙1=2/ indicated by the plus and minus symbols
in the subscripts. The s subshell does not need a subscript,
since it has a unique possible j-value of 1=2. The parent
term



0; 1=2

�
can be omitted before the last subshell 2pC,

since the final term gives its J1-value, J1 D 0, and the space
before the last subshell makes the order of summation unam-
biguous. Another possible way to designate the same level is
shown in example 9.

11.8.4 J1l or J1L2 Coupling (J1K Coupling)

1. 3p5


2Pı1=2

�
5g 2



9=2

�ı
5

2. 4f 2


3H4

�
5g 2



3
�
5=2

3. 4f 13


2Fı7=2

�
5d2



1D
�
1


7=2

�ı
7=2

4. 4f 13


2Fı5=2

�
5d 6s



3D
�
3


9=2

�ı
11=2

The final terms in the first two examples result from cou-
pling a parent-level J 1 to the orbital angular momentum
of a 5g electron to obtain a resultant K , the K value be-
ing enclosed in brackets. The spin of the external electron
is then coupled with the K angular momentum to obtain
a pair of J values, J DK˙ 1=2 (forK 6D 0). The multiplic-
ity (2) of such pair terms is usually omitted from the term
symbol, but other multiplicities occur in the more general
J1 L2 coupling (examples 3 and 4). The last two exam-
ples are straightforward extensions of J1 l coupling, with the
L2 and S 2 momenta of the external term (1D and 3D in ex-
amples 3 and 4, respectively) replacing the l and s momenta
of a single external electron.

11.8.5 LS1 Coupling (LK Coupling)

1. 3s23p


2Pı

�
4f G 2



7=2

�
3

2. 3d7


4P
�
4s4p



3Pı

�
Dı 3



5=2

�ı
7=2

The orbital angular momentum of the core is coupled with
the orbital angular momentum of the external electron(s) to
give the total orbital angular momentumL. The letter symbol
for the final L value is listed with the configuration because
this angular momentum is then coupled with the spin of the
core (S 1) to obtain the resultant K angular momentum of

the final term (in brackets). The multiplicity of the ŒK� term
arises from the spin of the external electron(s).

11.8.6 Coupling Schemes and Term Symbols

The coupling schemes outlined above include those now
most frequently used in calculations of atomic structure [3].
Any term symbol gives the values of two angular momenta
that may be coupled to give the total electronic angular
momentum of a level (indicated by the J-value). For con-
figurations of more than one unfilled subshell, the angular
momenta involved in the final coupling derive from two
groups of electrons (either group may consist of only one
electron). These are often an inner group of coupled elec-
trons and an outer group of coupled electrons, respectively.
In any case, the quantum numbers for the two groups can be
distinguished by subscripts 1 and 2, so that quantum num-
bers represented by capital letters without subscripts are total
quantum numbers for both groups. Thus, the quantum num-
bers for the two vectors that couple to give the final J are
related to the term symbol as follows:

Coupling scheme Quantum numbers for vectors
that couple to give J

Term symbol

LS L; S 2SC1L
J1 J2 J1; J2 .J1; J2/

J1 L2.! K/ K; S2
2S2C1ŒK�

LS1.! K/ K; S2
2S2C1ŒK�

11.9 Eigenvector Composition of Levels

The wave functions of levels are often expressed as eigenvec-
tors that are linear combinations of basis states in one of the
standard coupling schemes. Thus, the wave function �.˛J /
for a level labeled ˛J might be expressed in terms of LS
coupling basis states ˚.�SLJ /

�.˛J / D
X

�SL

c.�SLJ / ˚.�SLJ / : (11.2)

The c.�SLJ / are expansion coefficients, and

X

�SL

ˇ
ˇ
ˇc.�SLJ /

ˇ
ˇ
ˇ
2 D 1 : (11.3)

The squared expansion coefficients for the various �SL
terms in the composition of the ˛J level are conveniently
expressed as percentages, whose sum is 100%. Thus, the
percentage contributed by the pure Russell–Saunders state
�SLJ is equal to 100 � jc.�SLJ /j2. The notation for
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Russell–Saunders basis states has been used only for con-
creteness; the eigenvectors may be expressed in any coupling
scheme, and the coupling schemes may be different for dif-
ferent configurations included in a single calculation (with
configuration interaction). Intermediate coupling conditions
for a configuration are such that calculations in both LS
and jj coupling yield some eigenvectors representing sig-
nificant mixtures of basis states. Eigenvectors represented by
the above equations are usually given in such a way that all
terms in the summation use the same coupling scheme, and
all eigenvectors for a given configuration use the same cou-
pling scheme as well.

The largest percentage in the composition of a level is
called the purity of the level in that coupling scheme. The
coupling scheme (or combination of coupling schemes if
more than one configuration is involved) that results in the
largest average purity for all the levels in a calculation is
usually best for naming the levels. With regard to any par-
ticular calculation, one does well to remember that, as with
other calculated quantities, the resulting eigenvectors depend
on a specific theoretical model and are subject to the inaccu-
racies of whatever approximations the model involves.

Theoretical calculations of experimental energy level
structures have yielded many eigenvectors having signifi-
cantly less than 50% purity in any coupling scheme. Since
many of the corresponding levels have nevertheless been
assigned names by spectroscopists, some caution is advis-
able in the acceptance of the level designations found in the
literature. Moreover, the level designations, such as configu-
ration and term labels, are not something permanent. Unlike
the energy intervals, the wavefunctions and their composi-
tion are not directly observable. They are always a product
of some theoretical interpretation. As theory evolves and
improves with time, so does the interpretation of observed
atomic properties, and, thus, some of the level designations
are bound to change in the course of the development of the
theory.

11.10 Ground Levels and Ionization Energies
for Neutral Atoms

Fortunately, most of the ground levels of the neutral atoms
have reasonably meaningful LS-coupling names, the corre-
sponding eigenvector percentages lying in the range from
� 55% to 100%. These names are listed in Table 11.3
except for Pb, Pa, U, and Np. The lowest few ground-
configuration levels of these four atoms comprise better
[core].L1S1J1/[valence]j .J1j / terms than LS-coupling
terms, the [core] and [valence] shells being 6s2 and 6p2

for Pb and 5f N and 6d 7s2 for Pa, U, and Np. As noted
in Sect. 11.8.2, the jj -coupling names given there for the
ground levels of Bi and Po are more appropriate than the

alternative LS-coupling designations in Table 11.3. For the
heaviest elements, Sg, Bh, and Hs, only the J-values of the
final terms are known.

For brevity, the ionization energies in the table are given
with no more than four digits after the decimal point. How-
ever, for all of the first 56 atoms, H through Ba, as well as for
many of the heavier atoms, they are experimentally known
with greater precision. The values in the table are from recent
compilations [15, 16]. The National Institute of Standards
and Technology (NIST) maintains an online Atomic Spec-
tra Database (ASD) [15], which is updated with new and
revised data every year. Each year, a few of the ionization
energies tabulated here are revised. ASD provides full infor-
mation about the uncertainties of the data and bibliographic
references.

11.11 Zeeman Effect

The Zeeman effect is of special interest because of the im-
portance of Zeeman data in the analysis and theoretical
interpretation of complex spectra. In a weak field, the J value
remains a valid quantum number, although in general a level
is split into magnetic sublevels [3, 17]. The Landé g-value of
such a level may be defined by the expression for the energy
shift of its magnetic sublevel having magnetic quantum num-
ber M , which has one of the 2J C 1-values, �J , �J C 1,
: : :, J

�E D gM�BB : (11.4)

B is the magnetic flux density, and �B is the Bohr magneton
.�B D e„=2me/.

The wavenumber shift �� corresponding to this energy
shift is

�� D gM.0:46686B cm�1/ ; (11.5)

with B representing the numerical value of the magnetic flux
density in teslas. The quantity in parentheses, the Lorentz
unit, is about 1 or 2 cm�1 for typical flux densities used to
obtain Zeeman-effect data with classical spectroscopic meth-
ods. Accurate data can be obtained with much smaller fields,
of course, by using higher-resolution techniques such as laser
spectroscopy. Most of the g-values now available for atomic
energy levels were derived by application of the above for-
mula (for each of the two combining levels) to measurements
of optical Zeeman patterns. A single transverse-Zeeman-
effect pattern (two polarizations, resolved components, and
sufficiently complete) can yield the J-value and the g value
for each of the two levels involved.

Neglecting a number of higher-order effects, we can
evaluate the g value of a level ˇJ belonging to a pure LS-
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Table 11.3 Ground levels and ionization energies for neutral atoms

Z Elem-
ent

Ground configurationa Ground
level

Ionization
energy (eV)

Z Elem-
ent

Ground configurationa Ground
level

Ionization
energy (eV)

1 H 1s 2S1=2 13:5984 55 Cs [Xe] 6s 2S1=2 3:8939

2 He 1s2 1S0 24:5874 56 Ba [Xe] 6s2 1S0 5:2117

3 Li 1s2 2s 2S1=2 5:3917 57 La [Xe] 5d 6s2 2D3=2 5:5769

4 Be 1s2 2s2 1S0 9:3227 58 Ce [Xe] 4f 5d 6s2 1G ı4 5:5386

5 B 1s2 2s2 2p 2P ı1=2 8:2980 59 Pr [Xe] 4f 3 6s2 4I ı9=2 5:4702

6 C 1s2 2s2 2p2 3P0 11:2603 60 Nd [Xe] 4f 4 6s2 5I 4 5:5250

7 N 1s2 2s2 2p3 4S ı3=2 14:5341 61 Pm [Xe] 4f 5 6s2 6H ı5=2 5:5819

8 O 1s2 2s2 2p4 3P2 13:6181 62 Sm [Xe] 4f 6 6s2 7F0 5:6437

9 F 1s2 2s2 2p5 2P ı3=2 17:4228 63 Eu [Xe] 4f 7 6s2 8S ı7=2 5:6704

10 Ne 1s2 2s2 2p6 1S0 21:5645 64 Gd [Xe] 4f 7 5d 6s2 9D ı2 6:1498

11 Na [Ne] 3s 2S1=2 5:1391 65 Tb [Xe] 4f 9 6s2 6H ı15=2 5:8638

12 Mg [Ne] 3s2 1S0 7:6462 66 Dy [Xe] 4f 10 6s2 5I 8 5:9391

13 Al [Ne] 3s2 3p 2P ı1=2 5:9858 67 Ho [Xe] 4f 11 6s2 4I ı15=2 6:0215

14 Si [Ne] 3s2 3p2 3P0 8:1517 68 Er [Xe] 4f 12 6s2 3H6 6:1077

15 P [Ne] 3s2 3p3 4S ı3=2 10:4867 69 Tm [Xe] 4f 13 6s2 2F ı7=2 6:1844

16 S [Ne] 3s2 3p4 3P2 10:3600 70 Yb [Xe] 4f 14 6s2 1S0 6:2542

17 Cl [Ne] 3s2 3p5 2P ı3=2 12:9676 71 Lu [Xe] 4f 14 5d 6s2 2D3=2 5:4259

18 Ar [Ne] 3s2 3p6 1S0 15:7596 72 Hf [Xe] 4f 14 5d2 6s2 3F2 6:8251

19 K [Ar] 4s 2S1=2 4:3407 73 Ta [Xe] 4f 14 5d3 6s2 4F3=2 7:5496

20 Ca [Ar] 4s2 1S0 6:1132 74 W [Xe] 4f 14 5d4 6s2 5D0 7:8640

21 Sc [Ar] 3d 4s2 2D3=2 6:5615 75 Re [Xe] 4f 14 5d5 6s2 6S5=2 7:8335

22 Ti [Ar] 3d2 4s2 3F2 6:8281 76 Os [Xe] 4f 14 5d6 6s2 5D4 8:4382

23 V [Ar] 3d3 4s2 4F3=2 6:7462 77 Ir [Xe] 4f 14 5d7 6s2 4F9=2 8:9670

24 Cr [Ar] 3d5 4s 7S3 6:7665 78 Pt [Xe] 4f 14 5d9 6s 3D3 8:9588

25 Mn [Ar] 3d5 4s2 6S5=2 7:4340 79 Au [Xe] 4f 14 5d10 6s 2S1=2 9:2256

26 Fe [Ar] 3d6 4s2 5D4 7:9025 80 Hg [Xe] 4f 14 5d10 6s2 1S0 10:4375

27 Co [Ar] 3d7 4s2 4F9=2 7:8810 81 Tl [Xe] 4f 14 5d10 6s2 6p 2P ı1=2 6:1083

28 Ni [Ar] 3d8 4s2 3F4 7:6399 82 Pb [Xe] 4f 14 5d10 6s2 6p2 .1=2; 1=2/0 7:4167

29 Cu [Ar] 3d10 4s 2S1=2 7:7264 83 Bi [Xe] 4f 14 5d10 6s2 6p3 4S ı3=2 7:2855

30 Zn [Ar] 3d10 4s2 1S0 9:3942 84 Po [Xe] 4f 14 5d10 6s2 6p4 3P2 8:4181

31 Ga [Ar] 3d10 4s2 4p 2P ı1=2 5:9993 85 At [Xe] 4f 14 5d10 6s2 6p5 2P ı3=2 9:3175

32 Ge [Ar] 3d10 4s2 4p2 3P0 7:8994 86 Rn [Xe] 4f 14 5d10 6s2 6p6 1S0 10:7485

33 As [Ar] 3d10 4s2 4p3 4S ı3=2 9:7886 87 Fr [Rn] 7s 2S1=2 4:0727

34 Se [Ar] 3d10 4s2 4p4 3P2 9:7524 88 Ra [Rn] 7s2 1S0 5:2784

35 Br [Ar] 3d10 4s2 4p5 2P ı3=2 11:8138 89 Ac [Rn] 6d 7s2 2D3=2 5:3802

36 Kr [Ar] 3d10 4s2 4p6 1S0 13:9996 90 Th [Rn] 6d2 7s2 3F2 6:3067

37 Rb [Kr] 5s 2S1=2 4:1771 91 Pa [Rn] 5f 2 .3H4/ 6d 7s2 .4; 3=2/11=2 5:89

38 Sr [Kr] 5s2 1S0 5:6949 92 U [Rn] 5f 3 .4I ı9=2/ 6d 7s2 .9=2; 3=2/ı6 6:1941

39 Y [Kr] 4d 5s2 2D3=2 6:2173 93 Np [Rn] 5f 4 .5I 4/ 6d 7s2 .4; 3=2/11=2 6:2655

40 Zr [Kr] 4d2 5s2 3F2 6:6341 94 Pu [Rn] 5f 6 7s2 7F0 6:0258

41 Nb [Kr] 4d4 5s 6D1=2 6:7589 95 Am [Rn] 5f 7 7s2 8S ı7=2 5:9738

42 Mo [Kr] 4d5 5s 7S3 7:0924 96 Cm [Rn] 5f 7 6d 7s2 9D ı2 5:9914

43 Tc [Kr] 4d5 5s2 6S5=2 7:1194 97 Bk [Rn] 5f 9 7s2 6H ı15=2 6:1979

44 Ru [Kr] 4d7 5s 5F5 7:3605 98 Cf [Rn] 5f 10 7s2 5I 8 6:2819

45 Rh [Kr] 4d8 5s 4F9=2 7:4589 99 Es [Rn] 5f 11 7s2 4I ı15=2 6:3676

46 Pd [Kr] 4d10 1S0 8:3368 100 Fm [Rn] 5f 12 7s2 3H6 6:50

47 Ag [Kr] 4d10 5s 2S1=2 7:5762 101 Md [Rn] 5f 13 7s2 2F ı7=2 6:58

48 Cd [Kr] 4d10 5s2 1S0 8:9938 102 No [Rn] 5f 14 7s2 1S0 6:6262

49 In [Kr] 4d10 5s2 5p 2P ı1=2 5:7864 103 Lr [Rn] 5f 14 7s2 7p 2P ı1=2 4:96

50 Sn [Kr] 4d10 5s2 5p2 3P0 7:3439 104 Rf [Rn] 5f 14 6d2 7s2 3F2 6:02

51 Sb [Kr] 4d10 5s2 5p3 4S ı3=2 8:6084 105 Db [Rn] 5f 14 6d3 7s2 4F3=2 6:8

52 Te [Kr] 4d10 5s2 5p4 3P2 9:0098 106 Sg [Rn] 5f 14 6d4 7s2 J D 0 7:8

53 I [Kr] 4d10 5s2 5p5 2P ı3=2 10:4513 107 Bh [Rn] 5f 14 6d5 7s2 J D 5=2 7:7

54 Xe [Kr] 4d10 5s2 5p6 1S0 12:1298 108 Hs [Rn] 5f 14 6d6 7s2 J D 4 7:6

a An element symbol in brackets represents the electrons in the ground configuration of that element
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coupling term using the formula

gˇSLJ D 1C
(

.ge�1/J.J C1/�L.LC1/CS.SC1/
2J.J C1/

)

:

The independence of this expression from any other quantum
numbers (represented by ˇ) such as the configuration, etc., is
important. The expression is derived from vector coupling
formulas by assuming a g value of unity for a pure orbital
angular momentum and writing the g value for a pure elec-
tron spin as ge [18]. A value of 2 for ge yields the Landé
formula. If the anomaly of the magnetic dipole moment of
the electron, arising from small quantum electrodynamics ef-
fects [19], is taken into account, the value of ge is 2:0023193.
Schwinger g values obtained with this more accurate value
for ge are given for levels of SL terms in [10].

The usefulness of gSLJ -values is enhanced by their rela-
tion to the g-values in intermediate coupling. In the notation
used in Eq. (11.2) for the wave function of a level ˇJ in in-
termediate coupling, the corresponding g-value is given by

gˇJ D
X

�SL

gSLJ jc.�SLJ /j2 ; (11.6)

where the summation is over the same set of quantum
numbers as for the wave function. The gˇJ -value is, thus,
a weighted average of the Landé gSLJ -values, the weighting
factors being just the corresponding component percentages.

Formulas for magnetic splitting factors in the
J1J2 and J1L2 coupling schemes are given in [10, 18].
Some higher-order effects that must be included in more
accurate Zeeman-effect calculations are treated by Bethe
and Salpeter [5] and by Wybourne [18], for example. High-
precision calculations for helium are given in [20]. See also
Chaps. 14 and 15.

11.12 Term Series, QuantumDefects,
and Spectral-Line Series

The Bohr energy levels for hydrogen or for a hydrogenic
(one-electron) ion with nuclear chargeZ are given by

En D �RZZ
2

n2
; (11.7)

where RZ is the Rydberg constant for the appropriate nu-
clear mass; RZ can be found from the infinite-mass Rydberg
constant

RZ D R1
1C me

MZ

; (11.8)

where me is the mass of the electron, andMZ is the mass of
the nucleus. Equation (11.7) gives the energy relative to the
ionization limit. For a multielectron atom, the deviations of

a series of (core)nl levels from hydrogenicEn-values may be
duemainly to core penetration by the nl electron (low l-value
series), or core polarization by the nl electron (high l-value
series), or a combination of the two effects. In either case,
it can be shown that these deviations can be approximately
represented by a constant quantum defect ıl in the Rydberg
formula,

Enl D � RZZ
2
c

.n � ıl /2 D �
RZZ

2
c

.n�/2
; (11.9)

where Zc is the charge of the core and n� D n � ı is the
effective principal quantum number. If the core includes only
closed subshells, the Enl -values are with respect to a value
of zero for the (core)1S0 level, i.e., the 1S0 level is the limit
of the (core)nl series. If the quantities in Eq. (11.9) are taken
as positive, they represent term values or ionization energies;
the term value of the ground level of an atom or ion with
respect to the ground level of the next higher ion is, thus, the
principal ionization energy.

If the core has one or more open subshells, the series limit
may be the barycenter of the entire core configuration, or
any appropriate sub-structure of the core, down to and in-
cluding a single level. The Enl -values refer to the series of
corresponding (core)nl structures built on the particular limit
structure. The value of the quantum defect depends to some
extent on which (core)nl structures are represented by the
series formula.

The quantum defect in general also has an energy depen-
dence that must be taken into account if lower members of
a series are to be accurately represented by Eq. (11.9). For an
unperturbed series, this dependence can be expressed by the
extended Ritz formula

ı D n � n�

D ı0 C a

.n � ı0/2 C
b

.n � ı0/4 C : : : ; (11.10)

with ı0, a, b : : : constants for the series (ı0 being the limit
value of the quantum defect for high series members) [21].
The value of a is usually positive for core-penetration se-
ries and negative for core-polarization series. A discussion
of the foundations of the Ritz expansion and application to
high precision calculations in helium is given in [22] (see
also Chap. 12).

A spectral-line series results from either emission or ab-
sorption transitions involving a common lower level and a se-
ries of successive (core)nl upper levels differing only in their
n values. The principal series of Na I, 3s 2S1=2�np 2Pı1=2;3=2
(n � 3) is an example. The regularity of successive upper
term values with increasing n (Eqs. (11.9), (11.10)) is, of
course, observed in line series; the intervals between suc-
cessive lines decrease in a regular manner towards higher
wavenumbers, and the series of increasing wavenumbers
converges towards the term value of the lower level as a limit.
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11.13 Sequences

Several types of sequences of elements and/or ionization
stages are useful because of regularities in the progressive
values of parameters relating to structure and other properties
along the sequences. All sequence names may refer either to
the atoms and/or ions of the sequence or to their spectra.

11.13.1 Isoelectronic Sequence

A neutral atom and those ions of other elements having the
same number of electrons as the atom comprise an isoelec-
tronic sequence. (Note that a negative ion having this number
of electrons is a member of the sequence.) An isoelectronic
sequence is named according to its neutral member; for ex-
ample, the Na I isolectronic sequence.

11.13.2 Isoionic, Isonuclear, and Homologous
Sequences

An isoionic sequence comprises atoms or ions of different
elements having the same charge. Such sequences have prob-
ably been the most useful along the d and f-shell rows of the
periodic table. Isoionic analyses have also been carried out
along p-shell rows, however, and a fine-structure regularity
covering spectra of the p-shell atoms throughout the periodic
table is known [23].

The atom and successive ions of a particular element com-
prise the isonuclear sequence for that element.

The elements of a particular column and subgroup in
the periodic table are homologous. Thus, the C, Si, Ge, Sn,
and Pb atoms belong to a homologous sequence having np2

ground configurations (Table 11.3). The singly ionized atoms
of these elements comprise another example of a homolo-
gous sequence.

11.14 Spectral Wavelength Ranges,
Dispersion of Air

The ranges of the most interest for optical atomic spec-
troscopy are:

� 2�20�m Mid-infrared (IR)
700�2000 nm Near IR
400�700 nm Visible
200�400 nm Near ultraviolet (UV)
100�200 nm Vacuum UV (VUV) or far UV
10�100 nm Extreme UV (EUV or XUV)
< 10 nm Soft X-ray, X-ray

The above correspondence of names to ranges should not
be taken as exact; the variation as to the extent of some of the
named ranges found in the literature is considerable.

For regions longer than 200 nm, wavelengths in stan-
dard air are commonly tabulated. These wavelengths can be
related to energy-level differences by conversion to the cor-
responding (vacuum) wavenumbers or frequencies [24, 25].

11.15 Wavelength Standards

In 2001, the Comité International des Poids et Mesures
recommended values for optical frequency standards
from stabilized lasers using various absorbing atoms,
atomic ions, and molecules [26]. These frequencies range
from 29;054;057;446;579Hz (10:318436884460�m; rela-
tive standard uncertainty 1:4�10�13) for a transition in OsO4

to 1;267;402;452;889:92kHz (236:54085354975nm; rela-
tive standard uncertainty 3:6 �10�13) for a transition in the
115InC ion [26].

Extensive tables of wavenumbers for molecular transi-
tions in the mid-IR range of 2:3 to 20:5 �m are included
in a calibration atlas published in 1998 [27]. Wavenumbers
of Ar I [28] and Ar II [29] emission lines having uncertain-
ties as small as 0:0003 cm�1 are included in tables for these
spectra covering a broad range from 222 nm to 5:865�m.
Measurements of U and Th lines (575 to 692 nm) suitable
for wavenumber calibration at uncertainty levels of 0:0003
or 0:0004 cm�1 were reported in [30]. Comprehensive tables
of lines for U [31, 32], Th [33], and I2 [34–37] are useful for
calibration at uncertainty levels of 0:00003 to 0:003 cm�1,
the line list of the Th spectrum extending down to 235 nm.

A 1974 compilation gives reference wavelengths for
some 5400 lines of 38 elements covering the range 1:5 nm
to 2:5 �m, with most uncertainties between 10�5 and
2 � 10�4 nm [38]. The wavelengths for some 1100 Fe
lines selected from the Fe=Ne hollow-cathode spectrum
have been recommended for reference standards over the
range 183 nm to 4:2 �m, with wavenumber uncertainties
0:001�0:002 cm�1 [39]. A comprehensive work on the Fe II

spectrum [40] includes about 13;000 lines from VUV to
far IR with wavenumber uncertainties between 0:0001 and
0:005 cm�1. Wavelengths for about 3000 VUV and UV lines
(110�400 nm) from a Pt=Ne hollow-cathode lamp have been
determined with uncertainties of 0:0002nm or less [15, 41].
More recent high-accuracy measurements of ultraviolet lines
of Fe I, Ge I, Kr II, and Pt I, II include some wavelengths with
uncertainties smaller than 10�5 nm [42]. The wavelengths
tabulated for the Kr and Pt lines in [42] extend from 171 nm
to 315 nm, and the accuracies of earlier measurements of
a number of spectra useful for wavelength calibration are dis-
cussed.
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11.16 Spectral Lines: Selection Rules,
Intensities, Transition Probabilities,
f Values, and Line Strengths

The selection rules for discrete transitions are given in Ta-
ble 11.4.

11.16.1 Emission Intensities
(Transition Probabilities)

In the absence of self-absorption and stimulated emission,
the total power � radiated in a spectral line of frequency �
per unit source volume and per unit solid angle is

�line D .4�/�1 h� Aki Nk ; (11.11)

where Aki is the atomic transition probability and Nk the
number per unit volume (number density) of excited atoms
in the upper (initial) level k. For a homogeneous light source
of length l and for the optically thin case, where all radi-
ation escapes, the total emitted line intensity (SI quantity:
radiance) is

Iline D �line l D
C1Z

0

I.�/d�

D .4�/�1
�
hc

�0

	

Aki Nk l ; (11.12)

where I.�/ is the specific intensity at wavelength �, and �0
the wavelength at line center.

11.16.2 Absorption f-values

In absorption, the reduction of intensity of light passing
through a medium is described by the quantity called the re-

Table 11.4 Selection rules for discrete transitions

Electric dipole (E1)
(allowed)

Magnetic dipole (M1)
(forbidden)

Electric quadrupole (E2)
(forbidden)

Rigorous rules 1. �J D 0;˙1
(except 0 6$ 0)

�J D 0;˙1
(except 0 6$ 0)

�J D 0;˙1;˙2
(except 0 6$ 0; 1=2 6$ 1=2; 0 6$ 1)

2. �M D 0;˙1
(except 0 6$ 0 when �J D 0)

�M D 0;˙1
(except 0 6$ 0 when �J D 0)

�M D 0;˙1;˙2

3. Parity change No parity change No parity change
With negligible
configuration
interaction

4. One electron jumping,
with�l D ˙1, �n arbitrary

No change in electron configuration;
i.e., for all electrons, �l D 0;�n D 0

No change in electron configuration;
or one electron jumping with�l D
0;˙2;�n arbitrary

For LS
coupling only

5. �S D 0 �S D 0 �S D 0
6. �L D 0;˙1

(except 0 6$ 0)
�L D 0
�J D ˙1

�L D 0;˙1;˙2
(except 0 6$ 0; 0 6$ 1)

duced absorption

W.�/ D ŒI.�/� I 0.�/�
I.�/

; (11.13)

where I.�/ is the incident intensity at wavelength �, e.g.,
from a source providing a continuous background, and I 0.�/
the intensity after passage through the absorbing medium.
The total reduced absorption of a homogeneous and optically
thin absorbing medium of length l for a spectral line arising
from a transition between levels i and k is obtained by inte-
grating the above equation

Wik D
C1Z

0

W.�/ d�

D e2

4�0 me c2
�20 Ni fik l ; (11.14)

where fik is the atomic (absorption) oscillator strength (di-
mensionless), �0 is the central wavelength of the line, Ni is
the density of atoms in state i , and the other quantities are
fundamental constants.

In astrophysics, the quantity given by the above equation
is called the equivalent width of a spectral line [43]. Although
it is not directly related to the width of the line profile, the
term makes sense, as this quantity corresponds to the width
of a rectangle having a unit height and the same area as the
portion of the continuum absorbed by the spectral line.

11.16.3 Line Strengths

Aki and fik are the principal atomic quantities related to line
intensities. In theoretical work, the line strength S is also
widely used (Chap. 22)

S D S.i; k/ D S.k; i/ D jRikj2 ; (11.15)

Rik D h kjP j i i ; (11.16)
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where  i and  k are the initial-state wavefunctions and the
final-state wavefunctions, andRik is the transition matrix el-
ement of the appropriate multipole operator P (computation
of Rik involves involves an integration over spatial and spin
coordinates of all N electrons of the atom or ion).

11.16.4 Relationships Between A, f, and S

The relationships between A, f , and S for electric dipole
(E1, or “allowed”) transitions in SI units (A in s�1, � in m,
S in m2 C2) are

Aki D 2� e2

mec�0 �2
gi

gk
fik D 16�3

3h �0 �3 gk
S : (11.17)

Numerically, in customary units (A in s�1, � in nm, S in
atomic units, i.e., a20 e

2),

Aki D 6:67025177�1013
�2

gi

gk
fik D 2:0261269�1015

�3 gk
S ;

(11.18)
and for S and �E in atomic units,

fik D 2

3

�
�E

gi

	

S I (11.19)

gi and gk are the statistical weights, which are obtained from
the appropriate angular momentum quantum numbers. Thus,
for the lower (upper) level of a spectral line, gi.k/D2Ji.k/C1
and for the lower and upper terms of a multiplet, the g-values
are calculated from the corresponding quantum numbers

Ngi.k/D
X

i.k/

.2Ji.k/C1/D .2Li.k/C1/ .2Si.k/C1/ : (11.20)

Conversion relations between S and Aki for the most
common forbidden transitions are given in Table 11.5. Os-
cillator strengths f are rarely used for forbidden transitions,
i.e., magnetic dipole (M1), electric quadrupole (E2), etc.
However, the left-hand parts of Eqs. (11.17) and (11.18) are
valid for any transition type and can be used to calculate fik
from the normally tabulated Aki -values.

[Numerical example: for the 1s2p 1Pı1�1s3d 1D2 (al-
lowed) transition in He I at 667:815nm (in air): gi D 3; gk D
5;Aki D 6:3705�107 s�1; fik D 0:71028;S D 46:860 a20 e2.]

Table 11.5 Conversion relations
between S and Aki for forbidden
transitions

SI unitsa Numerically, in customary unitsb

Electric quadrupole Aki D 16�5

15h �0�5 gk
S Aki D 1:1199500 � 1013

gk �5
S

Magnetic dipole Aki D 16�3�0

3h�3 gk
S Aki D 2:6973500 � 1010

gk �3
S

a A in s�1, � in m. Electric quadrupole: S in m4 C2. Magnetic dipole: S in J2 T�2
b A in s�1, � in nm; S in atomic units: a40 e

2D 2:01291442�10�79 m4 C2 (electric quadrupole), e2h2=16�2m2
eD �2B D 8:6007261 �10�47 J2 T�2 (magnetic dipole). �B is the Bohr magneton.

11.16.5 Relationships Between Line
andMultiplet Values

The relations between the total strength and f value of
a multiplet (M) and the corresponding quantities for the lines
of the multiplet (allowed transitions) are

SM D
X

Sline ; (11.21)

fM D

 N� Ngi

��1 X

Jk;Ji

gi�.Ji ; Jk/ f .Ji ; Jk/ I (11.22)

N� is the weighted (multiplet) wavelength in vacuum

N� D n N�air D hc

�E
; (11.23)

where

�E D Ek � Ei
D . Ngk/�1

X

Jk

gk Ek � . Ngi /�1
X

Ji

gi Ei ; (11.24)

Ngi and Ngk are defined by Eq. (11.20), and n is the refractive
index of air.

11.16.6 Relative Strengths for Lines of Multiplets
in LS Coupling

A general formula for the relative line strengths Srel of
fine-structure components of LS multiplets is given by So-
bel’man [44]

Srel.i; k; S/ D .2Ji C 1/.2Jk C 1/
2S C 1

(
Li Ji S

Jk Lk 1

)

;

(11.25)

where the indexes i and k correspond to the initial and final
levels, respectively, S is their common multiplicity, and the
matrix in curly brackets is Wigner’s 6–j -symbol. The val-
ues of Srel in the above equation are normalized so that their
sum over all multiplet components is unity. From this expres-
sion, it follows that the strongest, or principal, components of
a multiplet are those for which the changes in J and L are
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equal. The strongest of the principal lines correspond to the
largest J-value of the initial level. The other, weaker com-
ponents of the multiplet are called satellite lines. In order of
decreasing intensity they are called the first-order satellites
(	J D 0,	LD˙1) and second-order satellites (	J DC1,
	LD�1 or	J D�1,	LDC1). A discussion of normal-
ization of Srel as well as extensive tables of their values are
given in [45].

11.17 Atomic Lifetimes

The radiative lifetime �k of an atomic level k is related to the
sum of transition probabilities to all levels i lower in energy
than k

�k D
 
X

i

Aki

!�1
: (11.26)

The branching fraction of a particular transition, say to state
i 0, is defined as

Aki 0
P

i Aki
D Aki 0 �k : (11.27)

If only one branch .i 0/ exists (or if all other branches may be
neglected), one obtains Aki 0 �k D 1, and

�k D 1=Aki 0 : (11.28)

Precision lifetime measurement techniques are discussed in
Chaps. 18 and 19.

11.18 Regularities and Scaling

11.18.1 Transitions in Hydrogenic (One-Electron)
Species

According to Eqs. (11.1) and (11.7), the nonrelativistic en-
ergy of a hydrogenic transition is

.�E/Z D .Ek �Ei/Z D RZ Z2


1=n2i � 1=n2k

�
: (11.29)

Hydrogenic Z Scaling
The spectroscopic quantities for a hydrogenic ion of nuclear
chargeZ are related to the equivalent quantities in hydrogen
.ZD1/ as follows (neglecting small differences in the values
of RZ )

.�E/Z D Z2.�E/H ; (11.30)

.�vac/Z D Z�2.�vac/H ; (11.31)

SZ D Z�2 SH ; (11.32)

fZ D fH ; (11.33)

AZ D Z4 AH : (11.34)

For large values ofZ, roughlyZ>20, relativistic corrections
become noticeable and must be taken into account.

f-value Trends
f -values for high series members (large n0values) of hydro-
genic ions decrease according to

f


n; l ! n0; l ˙ 1� / 


n0
��3

: (11.35)

11.18.2 Systematic Trends and Regularities
in Atoms and Ions with Two
orMore Electrons

Atomic quantities for a given state or transition in an isoelec-
tronic sequencemay be expressed as power series expansions
in Z�1

Z�2 E D E0 CE1 Z�1 CE2 Z�2 C : : : ; (11.36)

Z2 S D S0 C S1 Z�1 C S2 Z�2 C : : : ; (11.37)

f D f0 C f1 Z�1 C f2 Z�2 C : : : ; (11.38)

where E0, f0, and S0 are hydrogenic quantities. For transi-
tions in which n does not change .ni D nk/, f0 D 0, since
states i and k are degenerate.

For equivalent transitions of homologous atoms, f val-
ues vary gradually. Transitions to be compared in the case of
alkalis are [46]



nl � n0l 0�Li !



.nC 1/l � 
n0 C 1�l 0�Na

! 

.nC 2/l � 
n0 C 2�l 0�Cu ! : : : :

Complex atomic structures, as well as cases involving
strong cancellation in the integrand of the transition integral,
generally do not adhere to this regular behavior.

11.19 Tabulations of Transition Probabilities

The Aki -values for strong lines of selected elements are
given in Table 11.6. Data for some lines of the main spec-
tral series of hydrogen are given in Table 11.7.

Experimental and theoretical methods to determine A,
f , or S-values, as well as atomic lifetimes are discussed in
Chaps. 12, 18, 19, and 22.

Methods for critical evaluation of accuracy of exper-
imental and theoretical transition probabilities have been
developed over several decades by the NIST Atomic Spec-
troscopy Group [47, 48]. Examples of the work of this group
can be found in [49, 50]. Comprehensive tables of A, f ,
and S , including forbidden lines, are collected in the NIST
ASD [15].

For references to other sources of transition probability
data, see Sect. 11.22.
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Table 11.6 Wavelengths �, upper energy levels Ek , statistical weights gi and gk of lower and upper levels, and transition probabilities Aki for
persistent spectral lines of neutral atoms. Many tabulated lines are resonance lines (marked “g”), where the lower energy level belongs to the
ground term

Element �a

(nm)
Ek
(cm�1)

gi gk Aki
(108 s�1)

Accuracyb

Ag 328:07g 30;473 2 4 1:4 B

338:29g 29;552 2 2 1:3 B

520:91 48;744 2 4 0:75 D

546:55 48;764 4 6 0:86 D
Al 308:22g 32;435 2 4 0:587 BC

309:27g 32;437 4 6 0:729 BC
394:40g 25;348 2 2 0:499 BC
396:15g 25;348 4 2 0:985 BC

Ar 104:82g 95;400 1 3 5:32 AA

415:86 117;184 5 5 0:0140 B

425:94 118;871 3 1 0:0398 BC
763:51 106;238 5 5 0:245 B

794:82 107;132 1 3 0:186 B

811:53 105;463 5 7 0:331 B
As 189:04g 52;898 4 6 2:66 CC

193:76g 51;610 4 4 2:19 CC
228:81 54;605 6 4 2:8 D

234:98 53;136 4 2 3:1 D
Au 242:80g 41;175 2 4 1:98 BC

267:60g 37;359 2 2 1:64 AC
B 182:59g 54;768 2 4 1:70 A

182:64g 54;768 4 6 2:04 A

249:68g 40;040 2 2 0:840 A

249:77g 40;040 4 2 1:68 A
Ba 553:55g 18;060 1 3 1:190 AC

649:88 24;980 7 7 0:54 CC
705:99 23;757 7 9 0:50 C

728:03 22;947 5 7 0:32 CC
Be 234:86g 42;565 1 3 5:52 A

265:06 59;696 9 9c 4:23 A
Bi 222:82g 44;865 4 4 0:88 CC

289:80 45;916 4 2 1:53 B

298:90 44;865 4 4 0:54 CC
306:77g 32;588 4 2 1:67 B

Br 148:85g 67;184 4 4 2:0 DC
154:07g 64;907 4 4 2:2 DC
734:85 78;512 4 6 0:047 C

C 156:14g 64;087 5 7 1:17 A

165:70g 60;393 5 5 2:61 A

193:09 61;982 5 3 3:39 A

247:86 61;982 1 3 0:28 CC
Ca 422:67g 23;652 1 3 2:18 BC

430:25 38;552 5 5 1:36 CC
558:88 38;259 7 7 0:49 D

616:22 31;539 5 3 0:48 C

643:91 35;897 7 9 0:53 D
Cd 228:80g 43;692 1 3 5:3 C

346:62 59;498 3 5 1:2 D

361:05 59;516 5 7 1:3 D

508:58 51;484 5 3 0:56 C
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Table 11.6 (Continued)

Element �a

(nm)
Ek
(cm�1)

gi gk Aki
(108 s�1)

Accuracyb

Cl 134:72g 74;226 4 4 4:19 CC
135:17g 74;866 2 2 3:23 CC
452:62 96;313 4 4 0:051 C

725:66 85;735 6 4 0:15 D
Co 340:51 32;842 10 10 1:0 CC

345:35 32;431 10 12 1:1 CC
350:23 32;028 10 8 0:80 CC
356:94 35;451 8 8 1:5 C

Cr 357:87g 27;935 7 9 1:48 B

359:35g 27;820 7 7 1:50 B

360:53g 27;729 7 5 1:62 B

425:43g 23;499 7 9 0:315 B

427:48g 23;386 7 7 0:307 B

520:84 26;787 5 7 0:506 B
Cs 387:61g 25;792 2 4 0:0039 BC

455:53g 21;946 2 4 0:01836 AA

459:32g 21;765 2 2 0:00794 AC
852:11g 11;732 2 4 0:3279 AAA

894:35g 11;178 2 2 0:2863 AAA
Cu 217:89g 45;879 2 4 0:91 CC

324:75g 30;784 2 4 1:395 AA

327:40g 30;535 2 2 1:376 AA

521:82 49;942 4 6 0:75 CC
F 95:483g 104;731 4 4 5:98 BC

685:60 116;987 6 8 0:487 CC
739:87 115;918 6 6 0:353 C

775:47 117;623 4 6 0:323 CC
Fe 358:12 34;844 11 13 1:02 A

371:99g 26;875 9 11 0:162 A

373:49 33;695 11 11 0:901 A

374:56g 27;395 5 7 0:115 A

385:99g 25;900 9 9 0:0969 A

404:58 36;686 9 9 0:862 A
Ga 287:42g 34;782 2 4 1:17 BC

294:36g 34;788 4 6 1:34 BC
403:30g 24;789 2 2 0:485 BC
417:20g 24;789 4 2 0:945 BC

Ge 265:16g 37;702 1 3 0:85 C

270:96g 37;452 3 1 2:8 C

275:46g 37;702 5 3 1:1 C

303:91 40;021 5 3 2:8 C
He 53:703g 186;209 1 3 5.6634 AAA

58:433g 171;135 1 3 17.989 AAA

388:86 185;565 3 9c 0.09475 AAA

402:62 193;917 9 15c 0.1160 AAA

447:15 191;444 9 15c 0.2458 AAA

587:57 186;102 9 15c 0.7070 AAA
Hg 253:65g 39;412 1 3 0.0840 AC

312:57 71;396 3 5 0.66 BC
435:83 62;350 3 3 0.56 B

546:07 62;350 5 3 0.49 B
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Table 11.6 (Continued)

Element �a

(nm)
Ek
(cm�1)

gi gk Aki
(108 s�1)

Accuracyb

I 178:28g 56;093 4 4 2.71 C

183:04g 54;633 4 6 0.16 D
In 303:93g 32;892 2 4 1.11 BC

325:61g 32;916 4 6 1.30 BC
410:17g 24;373 2 2 0.496 BC
451:13g 24;373 4 2 0.893 BC

K 404:41g 24;720 2 4 0.0115 A

404:72g 24;701 2 2 0.0107 BC
766:49g 13;043 2 4 0.3779 AAA

769:90g 12;985 2 2 0.3734 AAA
Kr 557:03 97;919 5 3 0.00980 BC

587:09 97;945 3 5 0.0071 C

760:15 93;123 5 5 0.2732 AA

811:29 92;294 5 7 0.3610 AAA
Li 323:27g 30;925 2 6c 0.01002 AA

460:29 36;623 6 10c 0.2322 AA

610:36 31;283 6 10c 0.6856 AAA

670:78g 14;904 2 6c 0.3689 AAA
Mg 202:58g 49;347 1 3 0.612 BC

285:21g 35;051 1 3 4.91 A

470:30 56;308 3 5 0.219 BC
518:36 41;197 5 3 0.561 A

Mn 279:48g 35;770 6 8 3.7 C

279:83g 35;726 6 6 3.6 C

280:11g 35;690 6 4 3.7 C

403:08g 24;802 6 8 0.17 CC
403:31g 24;788 6 6 0.165 CC
403:45g 24;779 6 4 0.158 CC

N 119:96g 83;365 4 6 4.07 A

149:26 86;221 6 4 3.11 BC
493:51 106;478 4 2 0.0176 B

746:83 96;751 6 4 0.196 BC
821:63 95;532 6 6 0.226 BC

Na 568:26 34;549 2 4 0.101 A

589:00g 16;973 2 4 0.616 AA

589:59g 16;956 2 2 0.614 AA

818:33 29;173 2 4 0.429 AC
Ne 73:590g 135;889 1 3 5:88 A

74:372g 134;459 1 3 0:440 A

585:25 152;971 3 1 0:615 AA

607:43 150;917 3 1 0:603 BC
640:22 149;657 5 7 0:5149 AAA

Ni 310:16 33;112 5 7 0:63 CC
313:41 33;611 3 5 0:73 CC
336:96g 29;669 9 7 0:18 C

341:48 29;481 7 9 0:55 C

352:45 28;569 7 5 1:0 C

361:94 31;031 5 7 0:66 C
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Table 11.6 (Continued)

Element �a

(nm)
Ek
(cm�1)

gi gk Aki
(108 s�1)

Accuracyb

O 130:22g 76;795 5 3 3:41 A

436:82 99;681 3 9c 0:00758 B

543:69 105;019 7 5 0:0180 CC
715:67 116;631 5 5 0:505 B

777:19 86;631 5 7 0:369 A
P 177:50g 56;340 4 6 2:17 C

178:28g 56;091 4 4 2:14 C

213:62 58;174 6 4 2:83 C

253:56 58;174 4 4 0:95 C
Pb 280:20 46;329 5 7 1:61 CC

283:31g 35;287 1 3 0:49 CC
368:35 34;960 3 1 1:37 B

405:78 35;287 5 3 0:90 CC
Rb 420:18g 23;793 2 4 0:0177 BC

421:55g 23;715 2 2 0:0150 B

780:03g 12;817 2 4 0:3812 AAA

794:76g 12;579 2 2 0:3614 AAA
S 147:40g 67;843 5 7 1:96 CC

166:67 69;238 5 5 4:58 CC
180:73g 55;331 5 3 3:27 CC
469:41 73;921 5 7 0:0084 D

Sc 390:75g 25;585 4 6 1:66 BC
391:18g 25;725 6 8 1:79 BC
402:04g 24;866 4 4 1:63 BC
402:37g 25;014 6 6 1:65 BC

Si 250:69g 39;955 3 5 0:547 B

251:61g 39;955 5 5 1:68 B

288:16 40;992 5 3 2:17 B

500:61 60;962 3 5 0:028 D

594:85 57;798 3 5 0:0222 C
Sn 284:00g 38;629 5 5 1:7 D

303:41g 34;641 3 1 2:0 D

317:50g 34;914 5 3 1:0 D

326:23 39;257 5 3 2:7 D
Sr 242:81g 41;172 1 3 0:17 CC

460:73g 21;698 1 3 2:01 AA
Ti 364:27g 27;615 7 9 0:895 A

365:35g 27;750 9 11 0:869 A

399:86g 25;388 9 9 0:481 A

521:04g 19;574 9 9 0:0389 B

498:17 26;911 11 13 0:660 CC
Tl 276:79g 36;118 2 4 1:26 C

351:92g 36;200 4 6 1:24 C

377:57g 26;478 2 2 0:625 B

535:05g 26;478 4 2 0:705 B
U 356:66g 28;650 11 11 0:24 B

357:16 38;338 17 15 0:13 C

358:49g 27;887 13 15 0:18 B
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Table 11.6 (Continued)

Element �a

(nm)
Ek
(cm�1)

gi gk Aki
(108 s�1)

Accuracyb

V 318:34g 31;541 6 8 2:52 BC
411:18 26;738 10 10 1:00 BC
437:92 25;253 10 12 1:15 BC
438:47 25;111 8 10 0:92 BC

Xe 119:20g 83;890 1 3 5:93 BC
129:56g 77;185 1 3 2:53 AC
146:96g 68;045 1 3 2:73 AC
467:12 88;469 5 7 0:0249 B

711:96 92;445 7 9 0:0839 B
Zn 213:86g 46;745 1 3 7:14 A

330:26 62;772 3 5 1:20 B

334:50 62;777 5 7 1:70 B

636:23 62;459 3 5 0:47 C

a A “g” following the wavelength indicates that the lower level of the transition belongs to the ground term, i.e., the line is a resonance line.
Wavelengths below 200 nm are in vacuum, and those above 200 nm are in air.
b Accuracy estimates pertain to Aki -values: AAA, uncertainty within 0:3%; AA, within 1%; AC, within 2%; A, within 3%; BC, within 7%; B,
within 10%; CC, within 18%; C, within 25%; DC, within 40%; D, within 50%
c The Aki , �, gi , and gk are multiplet values; see Eq. (11.20) and Sect. 11.16.5

Table 11.7 Some transitions of the main spectral series of hydrogen

n–n0a Customary
nameb

�c

(nm)
gi

d gk Aki
e

.108 s�1/
n–n0a Customary

nameb
�c

(nm)
gi

d gk Aki
e

.108 s�1/
1�2 L˛ 121:56701 2 8 4:6986 2�6 Hı 410:17415 8 72 9:7320.�3/
1�3 Lˇ 102:57220 2 18 5:5751.�1/ 2�7 H� 397:00788 8 98 4:3889.�3/
1�4 L� 97:25365 2 32 1:2785.�1/ 3�4 P˛ 1875:0976 18 32 8:9860.�2/
1�5 Lı 94:97429 2 50 4:1250.�2/ 3�5 Pˇ 1281:8070 18 50 2:2008.�2/
1�6 L� 93:78033 2 72 1:6440.�2/ 3�6 P� 1093:8086 18 72 7:7829.�3/
2�3 H˛ 656:2819 8 18 4:4101.�1/ 3�7 Pı 1004:9369 18 98 3:3585.�3/
2�4 Hˇ 486:1333 8 32 8:4193.�2/ 3�8 P� 954:5969 18 128 1:6506.�3/
2�5 H� 434:0471 8 50 2:5304.�2/ 4�5 Brackett-˛ 4052:269 32 50 2:6993.�2/

a Principal quantum numbers of the lower and upper levels
b L˛ is often called Lyman ˛, H˛ D Balmer ˛, P˛ D Paschen ˛
c Wavelengths below 200 nm are in vacuum; values above 200 nm are in air
d For transitions in hydrogen, gi.k/ D 2.ni.k/ /2, where ni.k/ , is the principal quantum number of the lower (upper) electron shell
e The number in parentheses indicates the power of 10 by which the value has to be multiplied; uncertainties of these theoretical A-values are
smaller than 0:3%

11.20 Spectral Line Shapes,Widths, and Shifts

Observed spectral lines are always broadened. The princi-
pal physical causes of spectral line broadening are Doppler
and pressure broadening. The theoretical foundations of line
broadening are discussed in Chaps. 20 and 63.

11.20.1 Doppler Broadening

Doppler broadening is due to the thermal motion of the emit-
ting atoms. For a Maxwellian velocity distribution, the line
shape is Gaussian; the full width at half maximum intensity
(FWHM) is, in the same units as wavelength (�),

��D1=2 D


7:16233� 10�7�� .T=M/1=2 I (11.39)

T is the temperature of the emitters in K, andM the atomic
weight in atomic mass units (u).

11.20.2 Pressure Broadening

Pressure broadening is due to collisions of the emitters
with neighboring particles (also Chaps. 20 and 63). Shapes
are often approximately Lorentzian, i.e., I.�/ / f1C Œ.� �
�0/=��1=2�

2g�1. In the following formulas, all FWHMs and
wavelengths are expressed in nm, particle densities N in
cm�3, temperatures T in K, and energies E or I in cm�1.

Resonance broadening (self-broadening) occurs only be-
tween identical species and is confined to lines with the upper
or lower level having an electric dipole transition (resonance
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line) to the ground state. The FWHM may be estimated as

��R1=2 ' 8:6 � 10�28
�
gi

gk

	1=2
�2�rfrNi ; (11.40)

where � is the wavelength of the observed line; fr and �r
are the oscillator strength and wavelength of the resonance
line, and gk and gi are the statistical weights of its upper and
lower levels; Ni is the ground state number density.

For the 1s2p 1Pı1 � 1s3d 1D2 transition in He I Œ� D
667:815 nm; �r .1s2 1S0 � 1s2p 1Pı1/D 58:4334 nm; gi D 1;
gk D 3; fr D 0:2762� at Ni D 1 � 1018 cm�3: ��R1=2 D
0:0036 nm.

Van der Waals broadening arises from the dipole interac-
tion of an excited atom with the induced dipole of a ground
state atom. (In the case of foreign gas broadening, both the
perturber and the radiator may be in their respective ground
states.) An approximate formula [51] for the FWHM, strictly
applicable to hydrogen and similar atomic structures only, is

��W1=2 ' 8:5 �10�11�2 C 2=5
6 .T=�/3=10N ; (11.41)

where � is the atom-perturber reduced mass in atomic mass
units, N the perturber density, and C6 the interaction con-
stant; C6 may be roughly estimated as follows

C6 D Ck � Ci ; (11.42)

with

Ci.k/ ' 9:1 �10�46˛dR2i.k/ Œm6=s� ; (11.43)

where ˛d is the mean dipole polarizability of the perturber
atom,

˛d � 4:5
�
3IH

4E�

	2
a30 ; (11.44)

IH being the ionization energy of hydrogen and E� the en-
ergy of the first excited level of the perturber atom, and R2i.k/
are the mean squared radii of the wavefunctions of the initial
and final levels of the transition,

R2i.k/ � 2:5
�

IH

.I � Ei.k//
�2
a20 ; (11.45)

where I is the ionization energy of the radiator. Van der
Waals broadened lines are redshifted by about one-third the
size of the FWHM.

For the 1s2p 1Pı1 � 1s3d 1D2 transition in He I, and with
He as perturber: �D 667:815 nm; I D 198;311 cm�1; E� D
Ei D 171;135 cm�1; Ek D 186;105 cm�1; � D 2. At T D
273K and N D 1 �1018 cm�3: ��W1=2 D 0:0012 nm.

Stark broadening due to charged perturbers, i.e., ions and
electrons, usually dominates resonance and van der Waals

Table 11.8 Values of Stark-broadening parameter ˛1=2 of the Hˇ line
of hydrogen (486:1 nm) for various temperatures and electron densities

T (K) Ne (cm�3)
1015 1016 1017 1018

5000 0:0787 0:0808 0:0765 : : :

10;000 0:0803 0:0840 0:0851 0:0781

20;000 0:0815 0:0860 0:0902 0:0896

30;000 0:0814 0:0860 0:0919 0:0946

broadening in discharges and plasmas. The FWHM for hy-
drogen lines is

��
S,H
1=2 D



2:50 �10�10�˛1=2 N 2=3

e ; (11.46)

where Ne is the electron density. The half-width parameter
˛1=2 for the Hˇ line at 486:1 nm, widely used for plasma
diagnostics, is tabulated in Table 11.8 for some typical tem-
peratures and electron densities [45]. This reference also
contains ˛1=2 parameters for other hydrogen lines, as well
as Stark width and shift data for numerous lines of other
elements, i.e., neutral atoms and singly charged ions (in
the latter, Stark widths and shifts depend linearly on Ne).
Other tabulations of complete hydrogen Stark profiles exist.
Griem [52] gives a theoretical foundation for treatment of
Stark broadening of spectral lines in plasmas.

11.21 Spectral Continuum Radiation

11.21.1 Hydrogenic Species

Precise quantum-mechanical calculations exist only for hy-
drogenic species. The total power �cont radiated (per unit
source volume and per unit solid angle, and expressed in SI
units) in the wavelength interval �� is the sum of radiation
due to the recombination of a free electron with a bare ion
(free–bound transitions) and bremsstrahlung (free–free tran-
sitions)

�cont D e6

2�c2�30.6�me/3=2
NeNZ Z

2

� 1

.kT /1=2
exp

�

� hc

�kT

	
��

�2

�
8
<

:

2Z2 IH

kT

n0X

n�.Z2 IH �=hc/1=2

�fb

n3
exp

�
Z2 IH

n2kT

	

C N�fb
�

exp
�

Z2 IH

.n0 C 1/2 kT
	

� 1
�

C �ff
9
=

;
; (11.47)

where Ne is the electron density, NZ the number density of
hydrogenic (bare) ions of nuclear charge Z, IH the ioniza-
tion energy of hydrogen, n0 the principal quantum number of
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the lowest level for which adjacent levels are so close that
they approach a continuum, and summation over n may be
replaced by an integral (the choice of n0 is rather arbitrary;
n0 as low as 6 can be found in the literature); �fb and �ff are
the Gaunt factors, which are generally close to unity. (For the
higher free-bound continua, starting with n0 C 1, an average
Gaunt factor N�fb is used.) For neutral hydrogen, the recombi-
nation continuum forming H� also becomes important [53].

In the equation above, the value of the constant factor
beforeNe is 6:065�10�55Wm4 J1=2 sr�1. [Numerical exam-
ple: for atomic hydrogen .Z D 1/, the quantity �cont has the
value 2:9Wm�3 sr�1 under the following conditions: � D
3�10�7m;��D 1�10�10m;Ne.DNZD1/D 1�1021m�3;
T D12;000K. The lower limit of the summation index n is 2;
the upper limit n0 has been taken to be 10. All Gaunt factors
�fb, N�fb, and �ff have been assumed to be unity.]

11.21.2 Many-Electron Systems

For many-electron systems, only approximate theoretical
treatments exist, based on the quantum-defect method [54].
For results of calculations for noble gases, see, e.g., [55, 56].
Experimental work is centered on the noble gases [57, 58].
Modifications of the continuum by autoionization processes
must also be considered.

Near the ionization limit, the f values for bound-bound
transitions of a spectral series .n0 ! 1/ make a smooth
connection to the differential oscillator strength distribution
df=d� in the continuum [3].

11.22 Sources of Spectroscopic Data

Access to most of the atomic spectroscopic databases cur-
rently online is given by links at the Plasma Gate server [59].
Extensive data from NIST compilations of atomic wave-
lengths, energy levels, and transition probabilities are avail-
able from the Atomic Spectra Database (ASD) at the NIST
site [15]. Section 11.15 includes additional references for
wavelength tables. The modern trend of online dissemina-
tion of digital data is exemplified by the Virtual Atomic and
Molecular Data Centre (VAMDC) Consortium [60], which
provides online access to many atomic and molecular spec-
troscopic databases through a unified portal.
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