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Atomic Transition Probabilities for Forbidden Lines of the Iron Group Elements 

(A Critical Data Compilation for Selected Lines.) 

M. W. Smitht and W. L. Wiese 

Institute for Basic Standards, NationaL Bureau of Standards, Washington, D.C, 20234 

AtonUG tnm~ition probabilitic3 for ubout 750 forbidden 3peetrul linea for clcITlenta of the iron 

group, specifically V, Cr, Mn, Fe, Co, and Ni, have been critically evaluated and compiled using all 
available literature sources: The selection of the spectra and elements has been made primarily accord· 
ing to their astrophysical importance. The data are presented in separate tables for each element and 
stage of ionization, and for each ion the data are arranged according to multiplets. For each line within 
a multiplet the transition probability for spontaneous emission is listed along with the standard spec· 
troscopic designation, the wavelength, the statistical weights, and the energy levels· of the upper and 
lower states. In addition,. the estimated accuracy and the source are indicated. In short introductions 
which precede the individual tables for the ions the main justifications for the choice of the adopted data 
and for the accuracy rating are discussed. A general introduction contains a detailed discussion of the 
critical factors entering into the calculations. It also includes detailed comparisons of calculated data 
with astrophysical observations and a few laboratory results, which serve as a valuable indication for 
the validity of the estimated accuracies. 

Key words: Chromium; cobalt; forbidden transitions; iron; manganese; nickel; transition probabilities; 
vanadium. 
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A. General Introduction 

1. Introductory Remarks. 

In the following, we present a compilation of atomic 

transition probabilities for prominent forbidden lines 
in the spectra of the iron group elements. As in our two 

tDeceased. 

Copyright © 1973 by the U.S, Secretary of Commerce on behalf of the United States. This 
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previous critical compilations [1, 2], we include as for­
bidden lines all magnetic dipole, magnetic quadrupole, 
and electric quadrupole transitions; that is, all transi­
tions which do not fulfil} the rigorous selection rules for 

electric dipole lines. All material on forbidden lines in 
the iron group elements comes from calculations; no 
direct experimental data are available as yet. The princi­
pal sources have been the very extensive calculations by 
Garstang [3, 4, 5, 6, 7, 8] and by Nussbaumer, Swings, 
and co-workers [9, 10, 11, 12] for transitions within and 
between configurations of the types 3df!, 3dn

-
14s, 
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86 M. W. SMITH AND W. l. WIESE 

and 3dn - z4s 2• For the very highly ionized ions, usually 
representing transitions within various 3pn configura­
tions, we have made use of the works of Krueger and 
Czyzak [13, 14], Naqvi [15], Malville and Berger [16], 
and Garstang [17, 18]. 

2. Scope of This Compilation 

We have limited our tabulations to the stronger lines 
in the optical and near optical region of each spectrum. 
A number of these forbidden lines have been observed 
in low density astrophysical objects (e.g., the solar 
corona, nebulae, etc.) where collisional de-excitation is 
slower than radiative de-excitation. Discussing first 
the lower stages of ionization, we have usually selected 
for inclusion in the tables about 1/4 to 1/2 of all those lines 
for which calculations exist (e.g., see Garstang's papers 
[4, 5, 6] for Fe II-V). In general, the liste'd lines account 
for approximately 95 percent of the intensities within 
the individual multiplets and also for about 95 percent 
of the radiative de-excitation processes from a given 
excited atomic level. These two conditions sometimes 
necessitate including lines whose wavelengths are in 

the infrared. However, in most cases the transition 
probabilities of these lines are quite small due to the 
small frequency factor and, therefore, are not tabulated. 
Other lines for which calculations exist are not tabulated 
if they involve states whose energy levels must either 
he calculated or are so highly excited that these states 
are not likely to be significantly populated. For the higher 
stages of ionization after the 3d and 4s electrons are 
stripped off, the spectra are less complex since only 
the 3p shell is involved. For these spectra we have 
attempted to present data for all those lines which are 
observed. 

We have also been quite selective in the choice of 
the listed spectra. While theoretical data are available 
for many of the neutral and multiply-ionized spectra of 
the fourth-row elements, we have emphasized the higher 
spectra of iron because of their obvious astrophysical 
importance. We have also included, for the same reason, 
various multiply-ionized spectra of nickel and a few ions 
of vanadium, chromium, manganese, and cobalt. For 
many of the remaining ions, no wavelengths have been 
observed as yet;cons~quently, no transition probabili­
ties are presented here. Table 1 gives a survey of the 

TABLE 1. A vailability of transition probabilities for forbidden lines of the iron group. Listed for each spectrum is the complete literature by 
reference numbers. We have underlined those references which are used for this compilation. 

Sc Ti V Cr Mn Fe Co Ni 

I. ............ - - 26 10 g,28. 3 -
II ............ 19 23 - 3,9 - ~,g,23,29 40 7 -
111. .......... S,19 2S 5 23 7 

IV ........... - - 19 3,23,24 - 6 ~,23 

v ............ 15,20,21 - - 19 ~,~ 5 - --
VI. .......... 15, 16 15,20,21 - - ~, 19 3,24 - -
VII .......... - 15,16,24 15,20 27 - 3,~,24 - -
VIII .•...•... 15,16 - 15, 16,24 15,20 27 30 19 -
IX ........... 15,20,22 15, 16 ~,15,16,24 15,20 .!2,27,~ - 19 
x ............ 15,21 15,20 !~, 15, 16, 25 13, IS, 16, 24 14, 15, 20, 32, 33 27 
Xl ........... - 15 15,20 IS, 16,25 - Q, 14, IS, 16, 24, 32, 33 15,20 27,31 
XII ........... 15 ~,~ ~, IS, 16,25 ~,~ ~, 15, 16,25 13,15, 20, 32, 33 
XIII ....••... 20 15 Q, 15,20,25 ~, 14, 15, 16,32,33,34 ~,~, 32, 33 
XIV - 20 - lE; 

xv .......... - 20 
XVI ......... 16 - - 20 
XVII ........ 20 16 - 20 
XVIII ....... 20 

XIX •.•.•.... - -
XX ........... - - - -
XX!. ......... - - - -
XXII ......... 

XXIII ........ - - - -

XXIV ........ - - - -
XXV ......... - - -

availability of calculations of transition probabilities for 
spectra which we have not tabulated and indicates the 
references from which these data may be obtained. 

A major problem in a compilation of this type is the 
scarcity of observed wavelengths for the higher stages of 

J. Phys. Chem. Ref. Data, Vol. 2, No.1, 1973 

~1E;, ?'O,~?,~~,3E;,36 lE;, 16 

- ~,15,!Z, 32, 37,38 13, 15, 20, 25 Q, IS, 16, 32, 33 
14,36,61 13, IS ~, 15,20,32,33 
17 61 13 

- 20 - 61 

- - -
- 39 - -
- - - -

17 -
- --: - -

17 - -

ionization of these elements. The lines are usually seen 
uuly iu alSLruphYlSkal uLjel:l::; and many discrepancie:5 

exist in the identifications within a spectrum and even in 
the assignment of the element or stage of ionization. We 
therefore undertook a rather extensive search of the 
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recent relevant literature to be able to make judgments 
of the most reliable wavelengths. The reference sources 
for these wavelengths are summarized in table 2. It 

TABLE 2. Ust of literature sources used for spectral line identifica­
tions and wavelength {btlt_ If pnprgy Ipllp.l data other than 

from the standard energy level tables [ref. 45] are used, the 
references are listed here, too. The listing of ref. [45] in 
this table indicates that, for this spectrum, the energy 
16".cl data have been employed to calculate wavelengths 

Spectrum Reference No. Spectrum Reference No. 

v x ............. 41 IX .......... 17,31 
Cr II ............. 9 x ........... 41 

IX ............ 41,56 XI .......... 41,49,50 
Xl ............ 41,42 XII ......... 49,50 
XII ........... 41 XIII ........ 41,49,50 

Mn I. ............. 10 XlV ......... 41 
v ............. 43,44 XV ......... 41,51 
VI ............ 43,44 CO XII ......... 41,52 
xu ........... 41 Ni I ............ 44,45 
XIII .......... 41 II ........... 44,45,46 

Fe I. ............. 11,44,45 111. ......... 53 
II ............. 44,45,46 IV ........... 54 
III ............ 43,44,47 XII ......... 41,55 
IV ............ 48 XIII ........ 41,49,55,56 
v ............. 43,44,47 xv .......... 41,49,55 
VI. ........... 43,44 XVI. ........ 41,55 
VII ........... 43,44,45 

should be emphasized that many of the wavelengths for 
the higher stages of ionization are at this time very uncer~ 
tain due to the lack of sufficient observational material. 
Also, It must be noted that all of the wavelength data for 
forbidden transitions, which we have taken from the 
Revised Multiplet Table [44], are calculated from 
energy level differences. We have marked with square 
brackcts thosc cnergy levels which are obtained as 

eigenvalues of wave function calculations, since these 
are relatively uncertain compared to the other data. We 
have also used square brackets for ionization potential 
values, which are obtained either from approximate 
calculations or extrapolations [77]. 

3. Outline of the Calculations 

We discuss in the following only calculations for the 
lower sta.ges of ionization of the iron group elements, 

i.e.,· those spectra involving transitions within and 
between configurations of the type 3dn , 3dn - 14s, and 
3dn- 24s2• For the hi~hly ionized spectra involving tran­
sitions within the various 3pn configurations, we refer to 
the detailed discussion whi~h we have given in ref. [2]. 

Garstang [3, 4, 5, 6, 7, 8] has repeatedly discussed 
the method of calculation in detail. The following outline 
summarizes his explanations: The first step in the cal­
culation of forbidden line strengths is the setting up of 
the line strength matrices in LS coupling. The explicit 
formulae for magnetic dipole strengths in LS coupling, as 
derived by Shortley [57], are employed; while for elec­
tric quadrupole lines, first Pasternack [24] and then 

Garstang [58, 59], have derived analogous, more com­
plex formulae. 

The second step in the calculations is the determina­
tion of the energy matrices for the electrostatic and 
spin-orbit interactions. Configuration interaction· is also 
considered; however, because of the additiunal cUHll'lex~ 
ities introduced, this effect is normally included only 
when the interacting configurations are not well 
separated. 

The third step is the choice of numerical values for 
the parameters (which are various combinations of the 
Slater integrals, the spin-orbit term {d, and an a term 
from the aL(L+ 1) correction) occurring in the energy 
matrices. Normally these parameters are chosen so as 
to obtain the best possible agreement between the eigen­
values of the matrices and experimental spectroscopic 
energy levels. For some highly ionized spectra this is not 
possible since no observational material is available as 
yel; the )Jarameters are then obtained entirely from 
theory. 

In the fourth step, the radial integral Sq must be deter­
miner) for the eler.trir. qnadrupole line strengths. The 

evaluation of this integral requires the calculation of the 
radial wave functions which are usually obtained by 
means of the well-known self~consistent field method. 

4. Assessment of Accuracies 

It has been repeatedly pointed out in the literature 
that it is virtually impossible to make a precise estimate 
of the accuracy of calculations of this nature. The only 
way of obtaining some idea of the reliability of the 
theoretical data is by comparison with expenmental 
material. A few direct comparisons with measurements 
for simpler atoms are available and have been listed in 
the introduction of ref. [2]. Thcse selected comparisons 

are repeated (and updated) here in table 3 so that one 
may obtain some idea of the accuracy which may be ex­
pected. The comparisons indicate that the calculations 
of prominent forbidden lines of simpler atomic systems 
are reliable to within 50 percent or better. The highly 
ionized spectra of the iron group elements, which involve 
transitions within the various 3pn configurations (i.e., 
the 3d and 4s electrons are stripped off) may be con­
sidered as such simple atomic systems. It is thus 
:;em;iLle to cUlltillut: fur the:se :S)Jectra with tht: enur 
classification scheme devised for our previous com· 
pilations [l, 2]. In this scheme we have set up ranges of 
nnr.ertainty differing by about a factor of two and have 

assigned each transition to such an uncertainty class. 
We use again the previously applied notation, but need 
only the following three classifications: 

B ......... for uncertainties within 10%, 
C ......... for uncertainties within 25%, 
D ......... for uncertainties within 50%. 

In addition, we occasionally use the classification 

DE. _ . for lIncert::lintie~ within a far.tor of two. 

J. Phys. Chern. Ref. Data, Vol. 2, No.1, 1973 
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TABLE 3. Comparisons of calculated and measured transition probability data for forbidden lines 

a. Transition probabilities (in S-I) for [Na I], [I I], and [0 I] 

Experiment Theory 

Nicolaides, 

Element and transition(s) Hertel and Derwent and McConkey and Corney and Garstang O'Brien Garstang Sinanoglu, 

Ross [62] Thrush [63] Kernahan [64] William~ [65] Ali [66] [3] and Bowen [68] and 
[67] Westhaus 

[69] 

[Na I]: 3s 2S-3d 2D 690±69 - - - 612 - -

I 
- - -

[I I]: 5p 5 2P~/2-5p5 2P~/2 - 5.9±1.4 - - - 7.8 9.1 - -
[0 1]*: Sum of IDclSo and 3PI-ISO - - 1.07* 1.31±O.05 - - - 1.35* 1.25* 

I -------------_. __ .-

b. Transition probability ratios for some forbidden lines of 0 I and S I 

Experiment 1heory 

Element and LeBlanc McConkey Kvifte and Liszka and Garstang [68] 
wavelength et aI. [71] et a1. [721 Vegard [73] Niewodniczanski [74] 

01: 
5577/2972 22±2 18.6 - - 17.6 
6363/6300 - 0.33 0.33 - 0.32 
2972/2958 - >200 - 45 210 

McConkey Czyzak and 
et a1. [75] Krueger [76] 

S I: 7725/4589 5.1±0.7 5.09 

": We present in this case the transition probability sum from the 2p~ ISO state in order to include 
the accurate lif~time data of Corney and Williams [65] in this comparison. For this purpose 
we have added to all other data the (small) contribution of the transition probability for the 

2p4 3PI_2p4 ISO transition (A = 0.078- 1), taken from Yamanou'chi and Horie [70]. The other contri­
butions are negligible. 

Q) 
Q) 

~ 

~ 
'" ~ 
::; 
::z:: 
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TABLE 4. Comparisons of calculated transition probabilities (g~Aki) with astrophysically observed intensities for [Fe II]. The listed data are 
normalized independently withih each mult"iplet. The astrophysical observations are usually eye-estimates. 

Theory Astrophysical observations 
Multiplet 

(No.) A(A) Garstang [4] Thackeray Fehrenbach Nussbaumer & 
[46] [60] Swings [10] 

m.d. e.q. 

a 6D_b 4p 4889.6 1 1 1 -
(4F) 4728.1 0.89 1 1.4 -

4639.7 0.45 0.8 0.7 -
4798.2 0.15 0.25 - -
4664.4 0.14 0.3 0.5 -

a 6D-b ~F 4458.0 1 1 1 
(6F) 4382.8 0.19 0.2 0.2 -

4432.4 0.14 0:2 -

·l528.4 0.12 0.2 
·4416.3 2.0 -.:.. 2.0 -
4492.6 0.26 0.3 

a 6D-a 65 4287.4 3.0 - 3.6 5 
(7F) 4359.3 2.2 - 2.1 3 

4413.8 1.6 - 2.0 2.5 
4452.1 1 1 1 1 
4474.9 0.50 0.6 0.3 -

a 4F-a 2C 7155.1 1 1 - -

(l4F) 7452.5 0.32 0.6 - -
7172.0 0.30 0.2 - -

7388.2 0.23 0.45 - -

a 4F-a 2D 5527.3 1 1 - -
(17F) 5412.6 0.67 0.5 - -

5495.8 0.35 0.3 - -

! 

a4F-:-a~H 5261.6 1 1 - -
(19F) 5333.6 0.70 0.8 - -

5376.5 0.57 1 - -

5111.6 0.32 0.4 -
5220.1 0.30 0.3 - -
5296.8 0.20 0.3 - -

5072.4 0.06 0.07 
5184.8 0.05 0.07 

a 4F-b 4F 4814.6 1 1 1 
(20F) 4905.3 0.45 0.6 0.3 -

4774.7 0.26 0.4 0.3 -

4874.5 0.26 0.4 0.3 -
4973.4 0.21 0.4 - -
4950.7 0.17 0.4 - -
49,17.4 0.13 0.3 - -
4852.7 0.02 0.08 - -

a 4F -a 4(; 4244.0 1.7 - 1.5 3 
(21F) 4276.8 1 1 1 1 

4358.4 0.68 - 0.7 0.8 
4319.6 0.65 0.8 0.7 1 
4352.8 0,48 - 0.4 0.8 
4346.8 0.38 - 0.5 -
4372.4 0.34 OA5 0.3 -
4244.8 0.31 - 0.4 -

4305.9 0.29 0.4 0.2 -

,n77.2 0.22 0.5 0.5 -

J. Phys. Chem. Ref. Data, Vol. 2, No.1, 1973 
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Turning now to the more complex atomic systems 
representing the lower ions and neutral atoms in the 
iron group, it does not seem to be justified to draw any 
conclusions or make extrapolations from the above 
discussed comparisons for the simpler atoms. Fortu­
nately, a few somewhat indirect comparisons with 
observational data for [Fe II], [Fe III], and [Ni II] are 
available from astrophysical spectra of nebulae, etc. 
Very extensive comparisons of calculated values within 
multiplets with observational intensities of [Fe II] 
and [Ni II] lines from TJ Carinae have been made by 
Thackeray [46]. Other recent comparisons withastro­
physical intensity measurements for [Fe II] have been 
carried out by Nussbau'mer and Swings [10] and by 
Fehrenbach [60]. We reproduce in table 4 a representa­
tive ~electioll CUI1lsi:slillg, uf :several IIlultiplets from these 
comparisons. Some additional comparisons of the same 
kind have also been undertaken by Garstang for [Fe 
III] [5]. All these comparisons indicate that within the 
multiplets the agreement with the calculations is re­
markably good. We therefore estimate roughly that the 
theoretical data should be reliable to within a factor of 
two for the prominent forbidden lines, with the strongest 
lines expected to be slightly more accurate than those 
of only moderate strength. More precise estimates of 
the accuracy of these forbidden transition probabilities 
for the lower ions of the iron group-for example, a more 
detailed error classification as used for the simpler 
atomic systems - must wait until more detailed and 
accurate comparisons with laboratory data are available. 
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B. List of Abbreviations and Units 
Used in the Tables 

1. Types of forbidden lines: 

e=electric quadrupole, 
m = magnetic dipole, 

mq = magnetic quadrupole. 

The total transition probability is obtained by adding 
the individual transition probabilities due to each type 
of radiation. It is assumed that there are no significant 

magnetic fields present, i.e., the transition proba­
abilities represent the usual average over the magnetic 
sublevels. 

2. The numbers in the lists of tabulated lines refer to 
the running multiplet numbers of the tables. ("Lists of 
tabulated lines" have been given f01 all :spectra where 
20 or more lines have been tabulated). 

3. The number in parenthesis under the multiplet 
notHtion refer!Ol to the rnnning nnmber of the "Revised 
Multiplet Table" (ref. [44]). 

4 .. Energy levels and ionization potentials appeanng 
in square brackets indicate approximately calculated or 
extrapolated values. 

5. The statistical weight gL for level L is given by 

where 1I. is the inner or total angular momentum 
quantum number. 

6. Letters used for the indication of accuracy: 

B..................... uncertainties within 

10%, 
C; .................... uncertainties within 

25%, 
D ..................... uncertainties within 

50%, 
DE.... .............. uncertainties within 

a factor of 2. 

7. Other abbreviations: 
n ...... (in the "Source" column) indicates that data 

have been renormalized as described in the introduction 
to that spectrum. 
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C. Tabular Material 

Vanadium 

[VX] 

Ground State 

Ionization Potential [l859200]cm- 1 = [230.5]eV 

For _ this spectrum, calculations by Krueger and 

Czyzak [13] are available and have been used for this 
tabulation. These calculations !ire based on self· 
consistent field wave functions and include the spin­
orbit and spin-spin and -spin-other-orbit interactions; 
experimental values for the energy intervals are used 
whenever available. 

[Vx] 

No. Transition Multiplet A(A.) Ei(cm- l ) Ek(cm- I ) gi gk Type of Aki(S-l) Accuracy Source 
array transition 

1. 3p2_3p2 3p_ID 4312 - - 5 5 m 16.3 C 13 

3534 - - 3 5 m 10.2 C l3 

Chromium 

[Cr II] 

Ground State 

Ionization Potential 133060 cm -1 = 16.50 e V 

The values for the one multiplet listed for this ion are 
taken from the calculations of Nussbaumer and Swings 

[9]. This . calculation includes the spin-orbit inter­
action but does not include the effects of configuration 
interaction in the quadrupole moment Sq; however, 
from comparisons with Garstang's previous work [3], 
the authors estimate that their results should be reliable 
to better than a factor of 2. 

rCr II] 

Ion 

[CrIX] 
[CrxI] 
rCr xnl 

A(A.) Ej(cm-1) 

oS-a's. 7999.85 0 
(IF) 8125.22 0 

8229.55 0 
8308.39 0 
8357.51 0 

[Cr'X]-[Cr XII] 

Ground state 

1S22s22p63s23p4 aP2 
Is22s22p63s23p23Po 

Is22s22p 63s23p2 P~/2 

Ionization potential 

{l688000] cm- '=[209.3]eV 
[2184000] cm-'=[270.8]eV 
[2403600] cm-'=[298.0]eV 

(a) For the spectrum of [Cr IX], calculations by 
Krueger and Czyzak L13] are available and have been 

Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

12497 6 10 e 0.10 
12304 6 8 e 0.094 
12148 6 6 e 0.088 
12033 6 4 e 0.084 
]1962 6 2 I' o OR? 

used for this tabulation. These calculations are based 
on self-consistent field wave functions and include 
the spin-orbit and spin-spin and spin-other-orhit intp.r­
actions; experimental values for the energy intervals 

. are used whenever available. From a study of the 
recent literature it appears that the wavelength identi~ 
fications for this ion are particularly uncertain [41, 56]. 

(b) Since no wavelengths have as yet been observed' 
for [Cr X] and no calculations of forbidden transition 
probabilities exist, we can not present any data. 
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(c) For the spectrum of [Cr XI], calculations by 
Krueger and Czyzlik [13] are available and have been 
used for this tabulation. These calculations are based 
on self-consistent field wave functions and include 
the spin-orbit and spin-spin and spin-other-orbit inter-

. actions; experimental values for the energy intervals 
are used whenever available. 

(d) For [Cr XII], the line strength for the one magnetic 
dipole transition in the ground state configuration is 

a straight number which has been, for example, tabu­
lated by Naqvi [15] or Warner [20] (listed also in the 
General Introduction of our previous transition proba­
bility compilation, NSRDS-NBS 22, table 4 [2]). The 
quantity presented here, the transition probability, 
should also be qui~e accurate, since the energy level 
difference required for the conversion from the line 
strength is accurately known from the line observed 
in the solar corona. 

[Cnx]-[CrXII] 

Ion No. Transition Multiplet At".) E;(cm-1) F.k(cm-1) gi gk Type of Aki(s-l) Accuracy Source 
array transition 

[Cr IX] 1. 3pL 3p4 3p_lD 3303 0 30270 5 5 m 30.7 C 13 
(IF) 4452 7860 30270 3 5 m 4.31 C 13 

[Cr XI] 1. 3p L3p 2 3p_3p 15230 5389 11954 3 5 m 3.60 C 13 
18560 0 5389 1 3 m 2.72 C 13 

2. 3p_1D 3997 11954 36961 5 5 m 28.6 C 13 

[Cr XII] 1. 3p-:3p 2pO_2pO 8154 0 12261 2 4 m 16.6 B 2,15,20 

Manganese 

Ground State 

Ionization Potential 

[Mn I] 

ls22s22p63s23p63d54s26S5/2 

59970 cm-1 =7.435eV 

The values for the one multiplet listed for this ion are 
taken from the calculations of Nussbaumer and Swings 

No. 

1. 

Ground State 
Ionization Potential 

Multiplet 

a6S-a 6D 

A(A) Ei(cm- 1 ) 

5862.69 0 
5784.76 0 

5728.58 0 
5690.43 0 
5668.26 0 

Is22s22p63s23p63d3 4 F 3/2 

[s84000]cm -1 = [72.41e V 

All values. for this ion have been taken from Paster­
nack [24]. The electric quadrupole values have been 
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[10]. This calculation includes the spin-orbit interaction 
and also limited configuration interaction in the quad­
rupole moment Sq. From comparisons with Garstang's 
unpublished work (quoted in [10]), the authors estimate 
that their results should be reliable to better than a 
factor of 2. 

[Mnl] 

Ek(cm- 1 ) gi gk Type of Aki(S-l) 
transition 

17052 6 10 e 0.29 
17282 b 8 e 0.31 

17452 6 6 e 0.33 
17568 6 4 e 0.34 
17637 6 2 e 0.35 

modified by applying Garstang's value [3] for the 
quadrupole moment Sq which is obtained with better 
wave functions. Both types of radiation are estimated 
to be reliable within a factor of 2. The reasons for this 
estimate are given in the General Introduction. 
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[Mn v] 

No. Multiplet A(A) Ei(cm- 1) Ek(cm- 1) gi gk Type of Aki(S-l) 
transition 

l. a 4F-a 4p 6393.6 \ 1406 17036 10 6 e 0.041 
(IF) 6346 827 16580 8 4 e 0.031 

6218.6 349 16420 6 2 e 0.026 

{ 6166.2 827 17036 8 6 m 4.4(-4)*} 
e 0.016 

6159 349 16580 6 4 e 0.026 
6088 0 16420 4 2 e 0.044 

{ 5991 349 17036 6 6 m l.9(-4} } e 0.0041 

{6030 0 16580 4 4 m 5.I(~4) } 
e 0.0093 

2. a 4F-n. 2G fi891.1 1406 18382 10 10 m 0.24 
(2F) 5862.3 827 17878 8 8 m 0.096 

6069 1406 17878 10 8 m 0.0059 

5695 827 18382 8 10 m 0.096 

5703 349 17878 6 8 m 0.088 

* The number in parentheses following the tabulated value indicates the power of ten by which 
this value has to be multiplied. 

[MnVI] 

Ground State 

Ionization Potential [766000] cm- 1 = [95.0] eV 

The data for this ion are taken from the calculations 

of Garstang [3]. His results are estimated to be reliable 
to within a factor of 2. For a more detailed discussion of 
the accuracy of transition probabilities for forbidden 

lines in 3dn configurations and several comparisons 
with observations, we refer to the General Introduction. 

[Mn VI] 

No. 

Ground State 

Ionization Potential 

1. 

2. 

3. 

4. 

Multiplet Ei(cm- l ) 

a 3F-a 1D 6852 746 
(IF) 6518.3 0 

a 3F_a 3p 5894.0 1669 
(2F) 5776.4 746 

5622 0 

{ 5591 746 

5536 0 

{ 5367 0 

a 3F-a tG 4193 1669 
(3F) 4037 746 

a lD_a 3p 30370 15336 
36740 15336 

[Mn XU] 

ls22s22p63s23p23Po 

[2535900] cm-1 = [314.4]eV 

Calculations by Krueger and Czyzak (13] are available 

Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

15336 7 5 m 0.23 
15336 5 5 ,m 0.14 

18628 9 '? e 0.050 
18057 7 3 e 0.050 
17782 5 1 e 0.087 
18628 7 5 m 0.013 } e 0.017 
18057 5 3 e 0.031 
18628 5 5 m 0.0035 } 

e 0.0028 

25511 9 9 m 0.17 
25511 7 9 m 0.12 

18628 5 5 m 0.060 
18057 5 3 m 0.020 

and have been used for this tabulation. These calcu­
lations are based on self-consistent field wave functions 
and include the spin-orbit and spin-spin and spin-other­
orbit interactions; experimental values for the energy 
intervals are used whenever available. 
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[Mnxn] 

No. Transition Multiplet A.(A.) Ei(cm- 1) Ek(cm- 1) gi gk Type of Aki(S-l) Accuracy Source 
array transition 

1. 3p2_3p2 ap_lD 3686 - - 5 5 m 48.9 C 13 

[Mn XIII] Krueger and Czyzak [13] (listed also in the General 
Introduction of our previous transition probability 
compilation, NSRDS-NBS 22, table 4 [2]). The quan­
tity presented here, the transition probability, should 
also. be quite accurate, since the energy level difference 
required for the conversion from the line strength is 
accurately known from the spectral position of the line 
observed in the solar corona. 

Ground State 

Ionization Potential 

ls22s22p63s23p 2P~/2 

[2771400] cm-l = [343.6]eV 

The line strength for the one magnetic dipole transi­
tion in the ground state configuration is a straight 
number which has been. for example. tabulated by 

[Mn XIII] 

No. Transition Multiplet A.(A) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
array 

1. 3p-3p 2po-2p 0 6536 0 

Ground State 

Ionization Potential 

transition 

15298 2 4 m 

Iron 

[Fe I] 

ls22s22p!i3s23p63d64s2 5 D 4 

63480 cm -1 = 7.870 e V 

List of tabulated lines 

32.2 

Accuracy 

B 

Wavelength [A] No.* Wavelength rA] No.* Wavelength [A] No.* Wavelength tA] No.* 

3403.6~ 9 5156.32 13 5936.99 2 10056.0 10 
3452.54 9 5160.56 4 5968.87 2 10075.0 23 
3454.34 9 5220.56 3 5999.99 2 10229.8 10 
3487.23 9 5290.75 12 6231.27 18 10235.2 22 
3489.07 9 5303.99 3 6393.72 18 10262.8 10 
3511.64 9 5304.06 12 6760.61 11 10264.6 14 
3516.17 9 5356.32 3 6836.94 11 10315.0 23 
3527.33 9 5363.91 12 6884.50 11 10318.7 14 
3812.07 8 53S2.26 3 f,Q7') 07 11 10916.6 24 
3856.98 8- 5412.97 12 7005.23 11 11202.1 24 
3917.64 8 5427.17 12 7008.89 11 11237.0 20 

3931.50 8 5439.72 3 7016.21 17 11524.5 20 
4153.72 7 5177.10 1') 7316.44 17 11704.2 20 
4458.57 6 5565.68 3 7321.23 17 12124.5 21 

4494.57 6 5639.55 2 7439.58 17 13206.7 1 

4510.63 6 5656.39 3 7935.32 16 13417.8 1 

4789.19 5 5696.36 2 8321.51 16 13552.3 1 
4843.34 5 5708.96 2 9093.67 22 13672.2 1 
4847.58 5 5715.94 3 9106.17 22 13729.1 1 
4886.56 5 5745.49 3 9203.80 IS 13757.8 I 
4916.26 5 5775.05 2 9411.90 10 13954.5 19 
4942.95 5 5804.45 2 9658.96 10 14072.3 25 
4956.35 5 5834.64 2 9801.87 10 14429.7 I 
4961.18 5 5867.17 2 9826.83 10 14586.0 21 
5052.09 4 5872.77 2 9974.41 14 14657.0 25 

5111.78 13 5934.41 2 9998.31 10 

Source 

2,13 

*The numbers in the lists of tabulated lines refer to the running 
multiplet numbers of the tables. ("Lists of tabulated lines" have been 

given for all spectra where 20 or more lines have been tabulated.) 

J.Phys. Chem. Ref. Data, Vol. 2, No.1, 1973 



FORBIDDEN TRANSITIONS OF THE IRON GROUP ELEMENTS 97 

All listed values are taken from the recent calculations 
of Grevesse et al. [11]. From their more extensive data 
tables we have presented here the lines of at least 
moderate strength, which amount to about one-half of 
those given in their paper. For each line, we have listed 
only the type of radiation which gives the dominant 
contribution to Aki (> 99%). Thus, for some lines this 
required tabulating the magnetic dipole as well as the 
electric quadrupole contributions when both are nearly 

No. Multiplet A(A) Ei(cm-1) 

1. a 5D-a 5F 14429.7 0 
13552.3 0 

13672.2 416 
13729.1 704 

13757.8 888 
13206.7 416 
13417.8 704 

2. a sD-a sp 5696.36 0 
(2F) 5775.05 416 

5804.45 704 
5639.55 0 
5708.96 416 
5834.64 416 
5872.77 704 
5867.17 888 
5934.41 704 
5936.99 8HH 

5999.99 888 
5968.87 978-

3. a sD-a3p 5439.72 0 
(3F) 5565.68 416 

5303.99 704 
5220.56 888 
5656.39 704 
5356.32 888 

{ 5715.94 888 

5382.26 978 
5745.49 978 

4. a 5D-a3H 5052.09 0 
5160.56 416 

5. a 5D-b3F 4843.34 0 
(4F) 4886.56 416 

4916.26 704 
4789.19 0 
4847.58 416 
4942.95 416 
4956.35 704 
4961.18 888 

6. a SD-b 3P { 4458.57 416 
(6F) 

{ 4494.57 704 

4510.63 888 

7. a 5D-c 3P 4153.72 704 
(8F) 

comparable. Grevesse et al. include limited configura­
tion interaction in their calculations, but make no 
attempt to estimate the accuracy. We estimate, mainly 
on the basis of our experience with less complex spectra 
and some comparisons with astrophysical (observed) 
intensities for similar spectra, that the uncertainties 
for these relatively prominent lines are within a factor 
of two. A more detailed discussion of the determination 
of the uncertainty estimates is given in the General 
Introduction. 

[Fe I] . 

Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

6928 9 II e 0.0020 
7377 9 9 e 0.0015 

7728 7 7 e 0.0017 
7986 5 5 e 0.0016 
8155 3 3 e 0.0019 
7986 7 5 e 0.001l 
8155 5 3 e 0.0015 

17550 9 7 e 0.12 
17727 7 5 m 0.0096 

17927 5 3 e 0.088 
17727 9 5 e 0.14 
17927 7 3 e 0.15 
17550 7 7 e 0.090 
17727 5 5 e 0.034 
17927 4 3 e 0.021 
17550 5 7 e 0.039 
17727 3 5 e 0.053 
17550 3 7 e 0.0085 
17727 1 5 e 0.024 

18378 9 5 e 0.0053 
18378 7 5 m 0.36 
19552 5 3 m 0.46 
20038 3 I m 0.57 
18378 5 5 e 0.0018 
19552 3 3 e 0.0010 
18378 3 5 m 0.034 } 

e 0.0038 
19552 1 3 m 0.079 
18378 I 5 e 0.0020 

19788 9 9 m 0.0082 
19788 7 9 m 0.0015 

20641 9 9 m 0.42 
20875 7 7 m 0.23 

21039 5 5 m 0.092 
20875 9 7 m 0.039 
21039 7 5 m 0.025 
20641 7 9 m 0.077 
20875 5 7 m 0.079 
21039 3 5 m 0.045 

22838 7 5 m· 0.030 } 
e 0.003 

22947 5 3 m 0.044 } 
e 0.004 

23052 3 1 m 0.10 

24772 5 3 m 0.016 
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[Fe I]-Continued 

No. Multiplet A(A.) Ei(cm-1) Ek(cm-1) . gi gk Type of Aki(S-l) 
transition 

8. a 5D-a 3D { 3812.07 0 26225 9 7 m 0.014 } 
(9F) e 0.007 

3856.98 704 26624 5 5 m 0.011 

{ 3917.64 888 26406 3 3 m 0.012'} 
e 0.004 

3931.50 978 26406 1 3 m 0.011 

9. a 5D-h 3D 3403.65 0 29372 9 7 m 0.18 
(10F) 3454.34 416 29357 7 5 m 0.021 

3452.54 416 29372 7 7 m 0.052 
3489.07 704 29357 5 5 m 0.083 
3516.17 888 29320 3 3 m 0.10 

{ 3487.23 704 29372 5 7 m 0.037} 
e 0.002 

3511.64 888 29357 3 5 m 0.070 
3527.33 978 29320 1 3 m 0.089 

10. a 5F-a 5p 9826.83 7377 17550 9 7 e 0.0029 

(l1F) 9998.31 7728 17727 7 5 e 0.0039 

10056.0 7986 17927 5 3 e 0.0043 

9411.90 6928 17550 11 7 e 0.010 

96!lR.96 .7?t77 17727 9 5 e 0.0054 
9801.87 7728 17927 7 3 e 0.0029 

10262.8 7986 17727 5 5 e 0.0016 

10229.8 8155 17927 3 3 e 0.0035 

11. a 5F-a 3G 6760.61 6928 21716 11 11 m 0.13 

(15F) 6836.94 7377 21999 9 9 m 0.072 

6884.50 7728 22249 7 7 m 0.028 

6972.07 7377 21716 9 11 m 0.026 

7005.23 7728 21999 7 9 m 0.032 

7008.89 7986 22249 5 7 m 0.022 

12. a 5F-a 3D 5304.06 7377 26225 9 7 m 0.18 

(20F) 5290.75 7728 26624 7 5 m 0.22 
5427.17 7986 26406 5 3 m 0.17 

5363.91 7986 26624 5 5 m 0.020 
5177.10 0155 26406 3 3 m 0.082 

5412.97 8155 26624 3 5 m 0.022 

13. (l5F-a l p 5111.78 7986 27543 5 3 m 0.023 

5156.32 8155 27543 3 3 m 0.011 

14. a 3F-a3G 10264.6 11976 21716 9 II m 0.01l 

(23F) 9974.41 11976 21999 9 9 m 0.015 

10318.7 12561 22249 7 7 m 0.012 

15. a 3F-b 3P 9203.80 11976 22838 9 5 e 0.013 

16. a 3F-a 1(; 7935.32 11976 24575 9 9 m 0.064 
(26F) 8321.51 12561 24575 7 9 m 0.041 

17. a 3F-a 3D \7016.21 11976 26225 9 7 m 0.033 

(28F) 7439.58 12969 26406 5 3 m 0.016 

7316.44 12561 26225 7 7 m 0.020 

7321.23 12969 26624 5 5 m 0.011 

18. a 3F-a l D 6231.27 12561 28605 7 5 m 0.17 

(29F) 6393.72 12969 28605 5 5 m 0.093 

19. a 5p-C3p 13954.5 17927 25092 3 I m 0.020 

20. a 5P_a 3D 11524.5 17550 26225 7 7 m 0.068 

(32F) 11237.0 17727 26624 5 5 m 0.025 

117M? 17727 26225 5 7 m 0.015 
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[Fe I]-Continued 

No. Multiplet Type of 
transition 

21. 

22. 

23. 

Wavelength [A] 

3175.38 
3214.67 
3224.54 
3244.18 
3254.24 
3275.02 
3277.12 
3277.55 
3289.46 
3289.89 
3'318.38 

3376.20 
3380;95 
3387.10 
3402.50 

3428.24 
3440.99 
3450.39 
3452.30 

3455.11 
3484.01 
3489.98 
3501.62 
3504.02 
3504.51 

12124.5 
14586.0 

{ 9093.67 

{ 9106.17 

{ 10235.2 

10075.0 
10315.0 

10916.6 
11202.1 

14072.3 
14657.0 

Ground State 

18378 
19552 

18378 

18378 

19552 

19390 
19621 

20641 
20875 

21716 
21999 

26624 
26406 

29372 

29357 

29320 

29313 
29313 

29799 
29799 

28820 
28820 

[Fe II] 

5 
3 

5 

5 

3 

13 
11 

5 
3 

7 

5 

3 

13 
13 

9 9 
7 9 

11 11 
9 11 

m 

m 

m 

e 
m 

e 
m. 

e 

m 

m 

m 

m 

m 
m 

0.020 
0.014 

0.034 } 
0.003 

0.028 } 
0.002 

0.029 } 
0.001 

0.079 
0.052 

0.19 
0.092 

0.033 
0.015 

Ionization Potential 130524 cni-1 = 16.18 eV 

List of tabulated lines 

No.* Wavelength [A] No.* Wavelength [A] No.* Wavelength [A] No.* 

5 3505.81 IS 4243.98 12 4457.95 3 
5 3528.28 15 4244.81 12 4468.6 22 
5 3532.8 25 4251.4 14 4470.29 3 
5 3536.25 16 4266.34 23 4474.91 4 
5 3538.69 16 4276.83 12 4479.2 37 
5. 3539.19 16 4280.0 13 4488.75 3 
5 3575.72 111 4287.40 4 44Q5t64 3 
5 3579.81 IS 4305.90 12 4509.61 3 
5 3588.2 25 4319.62 12 4514.90 3 
5 3604.7 25 4329.43 23 4528.39 3 

17 3625.7 25 4346.85 12 4533.00 3 

16 3628.65 15 4351.80 23 4576.2 37 
17 3642.5 25 4352.78 12 4639.68 2 
16 3664.8 25 4356.14 13 4664.45 2 
17 4002.0 29 4350.37 12 4728.07 2 
17 4083.78 14 4359.34 4 4745.49 11 
16 4114.48 14 4372.43 12 4772.07 2 
17 4149.1 13 4382.75 3 4774.74 11 
16 4157.89 24 4383.0 22 4798.28 2 

16 4177.21 12 4402.60 23 4814.55 11 
17 4178.95 14 4409.86 13 4852.73 11 
16 4197.81 13 4413.78 4 4874.49 11 
16 4211.1 14 4416,27 3 4889.63 2 
16 4231.56 12 4432.45 3 4898.7 36 
16 4234.81 24 4452.11 4 4905.35 11 
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List of Tabulated Lines - Continued 

Wavelength [AJ No. * Wavelength [A] No.* 

4947.38 11 5870.0 34 
4950.74 11 5901.26 20 
4973.39 11 5913.1 50 
5005.52 11 5982.8 49 
5006.65 2 6043.9 34 
5020.24 11 6094.8 55 
5027.8 36 6188.55 33 
5035.4 41 6261.2 33 
5043.53 II 6280.1 49 
5048.3 41 6353.1 48 
5060.1 36 6396.30 33 
5072.40 10 6404.8 48 
5107.95 9 6473.86 33 
5111.63 10 6482.5 53 
5158.00 9 6485.4 54 
5158.81 10 6511.2 62 
5163.94 21 6544.4 62 
5172.4 41 6566.3 62 
5181.97 9 6584.1 62 
5184.80 10 6671.90 19 
5186.1 41 6689.4 48 
5220_06 10 67OO_6S 32· 

5261.61 10 6729.85 19 
5268.88 9 6746.7 48 

5273.38 9 6747.1 54 

5296.84 10 6809.21 19 

5333.65 10 6829.01 19 

5347.67 9 6872.17 19 
5376.47 }O 6873.87 32 
5433.15 9 6896.18 8 
5477.25 20 6922.8 53 
5483.90 20 6933.67 19 
5527.61 20 6944.91 32 
5551.31 28 6966.32 19 

5556.31 9 7011.24 19 
5580.82 28 7047.99 19 
5586.9 28 7131.13 32 
5587.5 4·0 7155.14 S 

5588.15 28 7171.98 8 
5613.3 28 7330.4 39 
5627.5 40 7370.94 18 
5649.67 28 7388.16 8 
5650.94 28 7432.23 39 
5673.2 35 7452.50 8 
5718.3 28 7613.15 18 , 

5725.92 28 7719.9 47 

5746.96 20 7734.8 39 

5756.8 40 7764.69 18 

5767.7 55 7974.8 45 
;:d 99. Z 40 8044.8 66 

5835.4 35 8077.9 66 
. 5847.0 35 8199.2 47 

*The numbers in the lists of tabulated lines refer to the running 
multiplet numbers of the tables. ("Lists of tabulated lines" have been 

We have exclusively used data from the very exten­
sive calculations by Garstang [4], which include about 
1000 lines. A recent calculation by Nussbaumer and 
Swingg [12] ~onfirm~? nS1Hllly within ;\0 pp.r~fmt. the 

results of Garstang's magnetic dipole calculations for 
most of the strong lines. The two calculations disagree, 
however, by more than ~ factor of 2 for a few prominent 

J. Phys. Chem. Ref. Data, Vol. 2, No.1, 1973 

Wavelength [A] No.* Wavelength [AJ No. * 

8259.5 45 10796.5 38 
8305.4 58 10875 64 
8387.7 58 10888 56 
8411.7 58 10910 21' 

··8480.2 58 10942 27 
8490.3 31 10955 27 
8574.7 44 11044 56 
8575.5 57 11066 27 
8600.5 57 11159 56 

. 86i6.96 7 11160 52 
8708.4 57 11165 38 
8715.84 31 11351 56 
8734.3 57 11448 38 
8739.6 65 11655 60 
8825.3 57 12569 59 
8861.3 66 12776 59 
8885.66 31 12896 59 
8891.88 7 13191 59 
8931.47 44 13701 69 
9033.45 7 13986 69 
9051.92 7 14053 69 
gOB35 4.4 14601 72 

9133.63 31 14833 68 
9202.2 61 14908 68 
9226.60 7 14964 72 
9231.1 61 15247 68 
9267.54 7 16161 70 
9351.1 61 16250 70 
9380.9 61 16999 70 
9385.3 52 17148 42 
9435.8 71 17852 63 
9465.3 61 18023 42 
9469.8 52 19522 51 
9470.93 7 20067 26 
9491.4 52 20168 51 
9513.87 30 20457 26 
9553.1 64 21325 26 
%90.6 43 22103 51 
9670.4 64 22436 26 
9682.13 30 22562 63 
9711.7 65 22664 67 
9949.32 43 23696 67 

1.0013.9 30 24770 67 
10038.8 43 25144 51 

.10127 46 29595 51 
10432.6 43 179330 6 
10462 52 245120 6 
10466 52 259820 1 
10572 46 353420 . I 
lUOH3 ZI 357630 6 

10708 27 512710 1 
10789 27 873890 I 

.given for all,spectra where 20 or more lines have been tabulated.) 

lines, which we have omitted from the tabulation; and 
they also disagree strongly for most weaker lines which 
we have, therefore, not included. The work by Nuss­
baumer and Swingg ~an thu~ e~~entially he regarded as 
a check of Garstang's earlier calculations. It is, however, 
confined to magnetic dipole lines, while for electric 
quadrupole lines only Garstang's values are available. 
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In selecting the tabulated lines from Garstang's tables, 
we have attempted to present all those lines which are 
observed to be -at least fairly· strong. These account 
generally for about 95 percent of the intensity of the 
lines Within a multiplet and also about 95 percent of the 
radiative de-excitation from a given upper level. The 
majority -of the lines is predominantly due to either 
electric quadrupole or magnetic dipole radiation. This 
is then the only type of transition listed. However, if 

the two types of radiation contribute comparably to the 
total intensity of a line, then both components are given. 

Numerous comparisons have been made by Thackeray 
[46] between Garstang's calculated gkAki-values and 
astrophysically observed - intensities. The comparisons 
are for the lines within the multiplets, and the agree­
ment is usually quite impressive. Several representa­
tive sample comparisons are given in the General 
Introduction. 

[Fe Ii] 

No. Multiplet A(A) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

1. a 6D-a 6D 2598.20 0.00 384.77 10 8 m 0.0021 
3534.20 384.77 667.64 8 6 m 0.0016 
5127.10 667.64 862.63 6 4 m 7.2(- 4)* 
8738.90 862.63 977.03 4 2 m 1.9(- 4) 

2. a 6D_b 4p 4889.63 385 20831 8 6 m 0.36 
(4F) 4728.07 668 21812 6 4 m 0.48 

4639.68 863 22410 4 2 m 0.49 
4772.07 863 21812 4 4 m 0.026 
4664.45 977 22410 2 2 m 0.15 
5006.65 863 20831 4 6 m 0.027 
4798.28 - 977 21812 2 4 m 0.082 

3. a 6D-b 4F 4416.27 0 22637 10 10 m 0.46 
(6F) 4457.95 385 22810 8 8 m 0.29 

4488.75 668 22939 6 6 m 0.15 
4509.61 863 23031 4 4 m 0.058 
4382.75 0 22810 10 8 m 0.055 
4432.45 385 22939 8 6 m 0.054 
4470.29 668 23031 6 4 m 0.029 
4492.64 385 22637 8 10 m 0.000 
4514.90 668 22810 6 8 m 0.066 
4528.39 863 22939 4 6 m 0.046 
4533.00 977 23031 2 4 m 0.0l~ 

4. abU-at;:) 42tH.4U U 23318 10 0 e 1.1 
(7F) 4359.34 385 23318 8 6 e 0.82 

4413.78 668 23318 6 6 e 0.58 
4452.11 863 23318 4 6 e 0.37 
4474.91 977 23318 2 6 e 0.18 

5. a 6D-b 4D 3175.38 0 31483 10 8 m 0.22 
(llF) 3224.54 385 31388 8 6' m 0.046 

3277.12 063 31368 4 2 lIt 0.041 
3214.67 385 31483 8 8 m 0.069 
3254.24 668 31388 6 6 m 0.12 
3277.55 863 31364 4 4 m 0.16 
3289.46 977 31368 2 2 m 0.22 
3244.18 668 31483 6 8 m 0.029 
3275.02 863 31388 4 6 m 0.056 
3289.89 977 31364 2 4 m 0.061 

6. a 4F-a4F 179330 1872.60 2430.08 10 8 m 0.0058 

245120 2430.08 2837.94 8 6 m 0.0039 

357630 2837.94 3117.48 6 4 m 0.0014 

7. a 4J!'-a4p 8016.90 1873 13474 10 6 e 0.017-
(i3F) 8891.88 2430 13673 8 4 e 0.010 

9033.45 2838 13905 6 2 e 0.0075 
9051.92 2430 13474 8 6 e 0.0039 
9226.60 2838 13673 6 4 e U.OO6U 
9267.54 3117 13905 4 2 e 0.0099 
9470.93 3117 13673 4 4 e 0.0017 
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[Fe 11]- Continued 

No. Multiplet A(A) Ei(cm-1 ) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

8. a 4F-a 2G 7155.14 1873 15845 10 10 m 0.15 
(14F) 7171.98 2430 16369 8 8 m 0.056 

6896.18 1873 16369 10 8 m 0.0052 
7452.50 2430 15845 8 10 m 0.048 
7388.16 2838 16369 6 8 m 0.043 

9. a 4F-b 4p 5273.38 1873 20831 10 6 e 0.37 
(l8F) 5158.00 2430 21812 8 4 e 0.30 

5107.95 2838 22410 6 2 e 0.24 
5433.15 2430 20831 8 6 e 0.11 
5268.88 2838 21812 6 4 e 0.19 
5181.97 3117 22410 4 2 e 0.34 
5556.31 2838 20831 6 6 e 0.022 
5347.67 3117 21812 4 4 e 0.057 

10. a 4F-a4H 5158.81 1873 21252 10 14 e 0.44 
(19F) 5261.61 2430 21430 8 12 e 0.31 

5333.65 2838 21582 6 10 e 0.26 
5376.47 3117 21712 4 8 e 0.26 
5111.63 1873 21430 10 12 e 0.10 
5220.06 2430 21582 8 10 e O.ll 
5296.84 2838 21712 6 8 e 0.091 
5072.40 1873 21582 10 10 e 0.022 
5184.80 2430 21712 8 8 e 0.021 

II. a 4F-b 4F 4814.55 1873 22637 10 10 e 0.40 
(20F) 4905.35 2430 22810 8 8 e 0.22 

4973.39 2838 22939 6 6 e 0.14 
5020.24 3117 23031 4 4 e 0.18 
4774.74 1873 22810 10 8 e 0.13 
4874.49 2430 22939 8 6 e 0.17 
4950.74 2838 23031 6 4 e 0.17 
4947.38 2430 22637 8 10 e 0.050 
5005.52 2838 22810 6 8 e 0.071 
5043.53 3117 22939 4 6 e 0.065 
4745.49 1873 22939 10 6 e 0.013 
4852.73 2430 23031 8 4 e 0.022 

12. a 4F-a 4G 4243.98 1873 25429 10 12 e 0.90 
(21F) 4276.83 2430 25805 8 10 e 0.65 

4319.62 2838 25982 6 8 e 0.53 
4358.37 3117 26055 4 6 e 0.73 
4177.21 1873 25805 10 10 t: 0.14 

4244.81 2430 25982 8 8 e 0.25 

4305.90 2838 26055 6 6 0.31 
4231.56 2430 26055 8 6 e 0.024 
4346.85 2430 2::'429 8 12 e 0.21 

4352.78 2838 25805 6 10 e 0.31 

4372.43 3117 25982 4 8 e 0.28 

13. a"F-b 2 p 4356.14 2838 25780 6 4 c 0.0080 

(22F) 4197.81 3117 26933 4 2 e 0.0099 
4280.0 2430 25788 8 4 e 0.0017 

4149.1 2838 26933 6 2 e 0.0021 

4409.86 3117 25788 4 4 e 0.0042 

14. a 4F-b2H 4Il4A8 1873 26170 10 12 e 0.045 
(23F) 4178.95' 2430 26353 8 10 e 0.0051 

4211.1 2430 26170 8 12 e 0.024 
4251.4 2838 26353 6 10 e 0.0087 
4083.78 1873 26353 10 10 e 0.0030 

15. a 4F-b2G 3505.81 1873 30389 10 . 10 e 0.0032 

(25F) 3528.28 2430 30764 8 8 e 0.0022 
3575.72 2430 30389 8 10 e 0.0028 
3579.81 2838 30764 6 8 e 0.0016 
3628.65 2838 30389 6 10 e 0.0011 
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[Fe 11]- Continued 

No. Multiplet '\(A) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

16. a 4F-b 4D 3376.20 1873 31483 10 8 e 0 . .73 

(26F) 3452.30 2430 31388 8 6 e 0.37 

3504.51 2838 31364 6 4 e 0.21 

3538.69 3117 31368 4 2 e 0.40 

3387.10 1873 31388 10 6 e 0.20 

3455.11 2430 31364 8 4 e 0.36 

3504.02 2838 31368 6 2 e 0.52 

3440.99 2430 31483 8f 8 e 0.24 

3501.62 2838 31388 6 6 e 0.34 

3539.19 3117 31364 4 4 e 0.38 

3489.98 2838 31483 6 8 e 0.035 

3536.25 3117 31388 4 6 e 0.063 

17. a 4F-b 2F 3318.38 1873 31999 10 8 m 0.042 
(27F) 3402.50 2430 31812 8 6 m 0.012 

3380.95 2430 31999 8 8 m 0.0062 
3450.39 2838 31812 6 6 m 0.0087 
3428.24 2838 31999 6 8 m 0.017 
3484.01 3117 31812 4 6 m 0.046 

18. a 4D_b 4p 7764.69 7955 20831 8 6 m 0.028 

(30F) 7613.15 8680 21812 4 4 m 0.012 

7370.94 8847 22410 2 2 m 0.018 

19. a 4D-b 4F 6809.21 7955 22637 8 10 m 0.025 
(31F) 6933.67 8392 22810 6 8 m 0.0017 

7011.24 8680 22939 4 6 m 0.0017 
7047.99 8847 23031 2 4 m 0.016 
6729.85 7955 22810 8 8 m 0.017 
6872.17 8392 22939 6 6 m 0.022 
6966.32 8680 23031 4 4 m 0.026 
6671.90 7955 22939 8 6 m 0.0044 
6829.01 8392 23031 6 4 m 0.0060 

20. a 4D b 2P 5746.96 8392 25788 6 4 m 0.37 

(34F) 5477.25 8680 26933 4 2 m 0.44 
5483.90 8680 25788 4 4 m 0.015 
5527.61 8847 26933 2 2 m 0.12 
5901.26 8847 25788 2 4 m 0.040 

21. a 4D-a2F 5163.94 7955 27315 8 8 m 0.32 

(35F) 

22. a 4D-b 2G 4383.0 7955 30764 8 8 m 0.0050 

4468.6 8392 30764 6 8 m 0.0032 

23. a 4D-b 4D 4266.34 7955 31388 8 6 m 0.024 
(36F) 4351.80 8392 31364 6 4 m 0.014 

4329.43 8392 31483 6 8 m 0.017 
4402.60 '8680 31388 4 6 m 0.013 

24. a 4LJ-b 2F 4157.89 7955 31999 8 8 m 0.018 

(37F) 4234.81 8392 31999 6 8 m 0.0082 

25. a 4D-b 2D 3532.8 7955 36253 8 6 m 0.20 
3604.7 8392 36126 6 4 m 0.014 

3588.2 8392 36253 6 6 m 0.038 
3642.5 8680 36126 4 4 m 0.071 
3625.7 8680 36253 4 6 m 0.058 
3664.8 8847 36126 2 4 m 0.14 

26. a 4P_a 2p 20457 13474 18361 6 4 m 0.063 
21325 13673 18361 4 4 m 0.032 
20067 13905 lRM7 ~ ? m. 0.1)81 

22436 13905 18361 2 4 m 0.014 
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[Fe II]-Continued 

No. Multiplet X(A.) E;(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

27. a 4P_b4F 10708 13474 22810 6 8 e 0.0016 
10789 13673 22939 4 6 e 0.0025 
10955 13905 23031 2 4- e 0.0031 
10683 13673 23031 4 4 e 0.0013 
10910 13474 22637 6 10 e 0.0039 
10942 13673 22810 4 8 e 0.0025 
11066 13905 22939 . 2 6 e 0.0013 

28. a 4P-b 4D 5551.31 1347~ 31483 6 8 e 0.13 
(39F) 5725.92 13905 31364 2 4 e 0.039 

5580.82 13474 31388 6 6 e 0.13 

5650.94 13673 31364 4 4 e 0.074 

5588.15 13474 31364 6 4 e 0.072 
5649.67 13673 3136B 4 2 e 0.16 

5613.3 13673 31483 4 8 e 0.073 

5718.3 13905 31388 2 6 e 0.066 

5586.9 13474 31368 6 2 e 0.020 

29. a 4P_c 2D 4082.0 13673 38164 4 6 e 0.033 

30. a 2G-b 2H 9682.13 15845 26170 10 12 e 0.013 

(4U') 10013.9 16369 ~M.'>3 8 10 e 0.010 

{ 9513.87: 15845 26353 10 10 e O.0079} 
m 0:0012 

31. a 2G-a 2F { 8715.84 15845 27315 10 8 e 0.050 } 
(42F) m 0.0022 

8885.66 16369 27620 8 6 e 0.012 

{ 9133.63 16369 27315 8 8 e 0.0039} 
m 0.0030 

8490.3 15845 27620 10 6 e 0.0049 

32. a 2G-b 2G 6873.87 15845 30389 10 10 e 0.098 
(43F) 6944.91 16369 30764 8 8 e 0.087 

6700.68 15845 307M 10 8 e 0.012 
7131.13 16369 30389 8 10 e 0.01l 

33. a 2G-b 2F { 6188.55 15845 31999 10 8 e 0.10 '} 
(44F) m 0.029 

{ 6473.86 16369 31812 8 6 e 0.035 } 
m 0.028 

6396.30 16369 31999 8 8 m 0.045 
6261.2 15845 31812 10 6 e 0.014 

34. a"G-a"[ 5870.0 15845 32076 10 14 (; 0.14 

6043.9 16369 32910. 8 12 e 0.11 

35. a 2G-C 2G 5673.2 15845 33467 10 10 e 0.30 
5835.4 16369 33501 8 0 e 0.32 

5847.0 16369 33467 8 10 e 0.033 

36. .a 2G-b 2D. 5027.8 16369 36253 8 6 e 0.087 
4898.7 15845 36253 10 6 e 0.82 
5060.1 16369 36126 8 4 e 0.63 

37. a 2G-c 2D 4479.2 15845 381M 10 6 e 0.24 
. 4576.2 16369 38215 8 4 e 0.48 

38. a 2P-a 2F 10796.5 18361 27620 4 6 e 0.0021 

(45F) 11165 18361 27315 4 8 e 0.0070 

11448 18887 27620 2 6 e 0.0026 

39~ a 2P-b 21? 7432.23 18361 31812 4 6 e 0.0059 

(47F) 7330.4 18361 31999 4 8 e 0.0014 

7734.8 18887 31812 2 6 e 0.0044 
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[Fe 11]- Continued 

No. Multiplet A(A) Ei(cm-1) Ek(cm-1) gi gk Type of I Aki(S-l) 
transition 

40. a 2P-b 2D 5587.5 18361 36253 4 6 e 0.036 

5799.2 18887 36126 2 4 e 0.081 

5627.5 18361 36126 4 4 e 0.15 

5756.8 18887 36253 2 6 e 0.018 

4L a 2P_c 2D SMR? lR?nl ?R1M 4 6 e .0.42 

5172.4 18887 38215 2 4 e 0.21 

5035.4 18361 38215 4 4 e 0.11 

5186.1 18887 38164 2 6 e 0.11 

42. a·2H-b 2H 17148 20340 26170 12 12 e 0.0026 

18023 20806 26353 10 10 e 0.0020 

43. a 2H-b 2G 9949.32 20340 30389 12 10 e 0.021 

(48F) 10038.8 20806 30764 10 8 e 0.019 
10432.6 20806 30389 10 10 m 0.0016. 
9590.6 20340 30764 12 8 e 0.0016 

44. a 2H-b 2F 8931.47 20806 31999 10 8 e 0.0034 

(49F) 8574.7 20340 31999 12 8 e 0.031 

9083.5 20806 31812 10 6 e 0.030 

45. a 2H-a 2[ 7974.8 20340 32876 12 14 e 0.069 

8259.5 20806 . 32910 10 12 e 0.060 

46. a 2D-b 2G 10127 20517 30389· 6 10 e 0.0076 

(50F) 10572 21308 30764 4 6 e 0.0067 

47. a 2D-c 2G 7719.9 20517 33467 6 10 e 0.029 
8199.2 21308 33501 4 8 e 0.019 

48. a 2D-b 2D 6353.1 20517 36253 6 6 e 0.17 
6746.7 21308 36126 4 4 e 0.056 
6404.8 20517 36126 6 4 e 0.062 
6689.4 21308 36253 4 6 e 0.043 

49. a 2D-a 2S 5982.8 20517 37227 6 2 e 0.25 
6280.1 21308 37227 4 2 e 0.17 

50. a 2D-c 2D 5913.1 21308 38215 4 4 e 0.090 

51. b 4P-b 2P 25144 21812 25788 4 4 m 0.015 

22103 22410 26933 2 2 m 0.024 

20168 20831 25788 6 4 m 0.043 

19522 21812 26933 4 2 m 0.0049 

29595 22410 25788 2 4 m 0.0064 

52. b 4P-b 4D 9385.3 20831 31483 6 8 m 0.055 

9469.8 20831 31388 6 6 m 0.030 
10466 21812 31364 4 4 m 0.043 

II 160 22410 31368 2 2 m 0.057 

9491.4 20831 31364 6 4 m 0.021 

10462 21812 31368 4 2 m 0.037 

53. b 4P-b 2D 6482.5 20831 36253 6 6 m 0.042 

6922.8 21812 36253 4 6 m 0.010 

54. b 4P-a 2S 6485.4 21812 37227 4 2 m 0.73 

6747.1 22410 37227 2 2 m 0.20 

55. b 4P-c 2D 5767.7 20831 38164 6 6 m 0.082 

6094.8 21812 38215 4 4 m 0.047 . 
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[Fe 11]- Continued 

No. Multiplet A(A.) Ei(cm-1) Ek(cm- 1) gi gk Type of Aki(S-l) 
transition 

56. a 4H-b 2G 11159 21430 30389 12 10 m 0.020 

10888 21582 30764 10 8 m 0.020 

11351 21582 30389 10 10 m 0'()045 

11044 21712 30764 8 8 m 0.014 

57. a 4H-a 2J 8734.3 21430 32876 12 14 m 0.039 

8825.3 21582 32910 10 12 m 0.038 

8600.5 21252 32876 14 14 m 0.097 

8708.4 21430 32910 12 12 m 0.038 

8575.5 21252 32910 14 12 m 0.0014 

58. a 4H-c2G 8305.4 21430 33467 12 10 m 0.15 

8387.7 21582 33501 10 8 m 0.15 
8411.7 21582 33467 10 10 In 0.019 

8480.2 21712 33501 8 8 m 0.10 

59. b 4F-b 2G 13191 22810 30389 8 10 m 0.0070 

12776 22939 30764 6 8 m 0.0073 

12896 22637 30389 10 10 m 0.020 

12569 22810 30764 8 8 m 0.0065 

fiO b 4F_b 4D llfi5S 22SlO 313SS S 6 m. o 04.H 

61. b 4F-c 2G 9380.9 22810 33467 8 10 m 0.070 

9465.3 22939 33501 6 8 m 0.065 

9231.1 22637 33467 10 10 m 0.21 

9351.1 22810 33501 8 8 m 0.10 

9202.2 22637 33501 10 8 m 0.013 

62. b 4F-c 2D 6511.2 22810 38164 8 6 m 0.16 

6544.4 22939 38215 6 4 m 0.19 

6566.3 22939 38164 6 6 m 0.022 

6584.1 23031 38215 4 4 m 0.11 

63. b 2P_b 4D 17852 25788 31388 4 6 m O.Oll 

22562 26933 31364 2 4 m 0.014 

64. b 2P-b 2D 9553.1 25788 36253 4 6 m 0.022 

10875 26933 36126 2 4 m 0.015 

9670.4 25788 36126 4 4 m 0.075 

65. b 2P-a 2S 8739.6 25788 37227 4 2 m 0.23 

9711.7 26933 37227 2 2 m 0.23 

66. b 2P_c 2D 8077.9 25788 38164 4 6 m 0.021 

8861.3 26933 38215 2 4 m 0.013 

8044.8 25788 38215 4 4 m 0.030 

67. b 2H-b 2C 23696 26170 30389 12 10 m 0.019 

22664 26353 30764 10 8 m 0.019 

24770 26353 30389 10 10 m 0.027 

68. b2H-a 2] 14908 26170 32816 12 14 m 0.016 

15247 26353 32910 10 12 m 0.013 

14833 26170 32910 12 12 m 0.031 

69. b 2H-c 2G 13701 26170 33467 12 10 m 0.034 

13986 26353 33501 10 8 m 0.036 

14053 26353 33467 10 10 m 0.065 

70. a 2F-c 2G 16250 27315 33467 8 10 m 0.037 

16999 27620 33501 6 8 m 0.012 

16161 27315 33501 8 8 m .0.073 

71. a 2F-c 2D 9435.8 27620 38215 6 4 m 0.045 
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[Fe 11]- Continued 

No. Multiplet A(A.) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-I) 
transition 

72. b 4D-c 2D 14964 31483 38164 8 6, m 0.029 
14601 31368 38215 2 4/ m 0.027 

* The number in parentheses following the tabulated value indicates the power of ten by which this 
value has to be multiplied. 

[Fe IIi] 

Wavelength [A.] 

3236.7 
3239.7 
3286.2 
3301.6 
3319.2 
3333.8 
3334.9 
3355.9 
3356.6 
3366.2 
4008.3 
4046.4 
4079.7 
4096.6 
4607.13 
4658.10 

Ground State , 

Ionization Potential 

List of tabulated lines 

No.* Wavelength [A] No.* 

6 4667.0 3 
5 4701.62 3 
5 4733.93 3 
5 4754.83 3 
5 4769.60 3 
5 4777.88 3 
5 4881.11 2 
5 4930.5 1 
5 5011.3 1 
5 5084.8 1 
4 5270.3 1 

4 5412.0 1 

4 6096.3 8 
4 6614.0 8 
3 7078.2 ' 7 
3 

*The numbers in the lists of tabulated lines refer to the running 
multiplet numbers of the tables. ("Lists of tabulated lines" have been 
given for all spectra where 2U or more lines have, been tabulated.) 

All our data are taken from the extensive calculations 
of Garatang [5]. From his much larger tables, we have 

ls22s22p63s23p63d65D4 

247221 cm- 1 =30.651 eV 

listed here only the relatively strong lines, which are all 
due predominantly (>99%)to magnetic dipole radiation 
and amount to about one-sixth of his total list. It is 
difficult to make an assessment of the uncertainties in 
these theoretical data. The nature of the calculations 
precludes quantitative estimates of the uncertainties, 
and no direct experimental comparison data are avail­
able for the forbidden lines of any of the heavy-element 
spectra. However, for this spectrum Garstang could 
assemble in his paper some astrophysical observational 
intensity data for the lines of a fairly prominent multi­
plet (our running number 3), and he has found a sur­
prisingly close agreement between the astrophysical 
intensities and his calculated line intensities. This 
good agreement, as well as similar good agreement with 
astrophysical observations for the spectra of [Fe II] 
and [Ni II] (see General Introduction) and our previous 
experience with the evaluation of forbidden line data 
on simpler atoms, suggests that the strengths of the 
listed stronger lines should be accurate to within a 
factor of two. We expect, on the other hand, that 
larger uncertainties will be encountered in the weaker 
.lines which are not included in our tabulation. 

[Fe III] 

Nu. Multivl~l J\(A) Ei(t:1Il 1) Ek(t:lIl 1) ~i ~k Tyv~ uf Aki(:S 1) 
transition 

1. a 5D-a3p 5270.3 436 19405 7 5 m 0.40 
(IF) 5011.3 739 20688 5 3 m 0.53 

4930.5 932 21209 3 1 m 0.67 
5412.0 932 19405 3 5 m 0.038 
5084.8 1027 20688 1 3 m 0.091 

2. a 5D-a3H 4881.11 0 20482 9 9 m 0.0048 
(2F) 

3. a 5D_a 3F 4658.10 0 21402 9 9 m 0.44 
(3F) 4701.62 436 21700 7 7 m 0.27 

4733.93 739 21857 5 5 m 0.10 
4607.13 0 21700 9 7 m 0.038 
4667.0 436 21857 7 5 m 0.026 
4754.83 436 21462 7 9 m 0.081 
4769.60 739 21700 5 7 m 0.087 
4777.88 932 21857 3 5 m 0.049 
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[Fe m]-Continued 

No. Multiplet A(A) Ei(cm-1) Ek(cm- 1) gi gk Type of Aki(S-l) 
transition 

4. a 5D-a 3G 4079.7 436 24941 7 9 m 0.0037 
(4F) 4096.6 739 25142 5 7 m 0.0027 

4008.3 0 24941 9 9 m 0.019 
4046.4 436 25142 7 7 m 0.0080 

5. a 5D-a 3D 3239.7 0 30858 9 7 m 0.23 
(6F) 3301.6 436 30716 7 5 m 0.027 

3333.8 739 30726 5 3 m 0.0013 
3286.2 436 30858 7 7 m 0.047 
3334.9 739 30716 5 5 m 0.11 
3355.9 932 30726 3 3 m 0.015 

·3319.2 739 30858 5 7 m 0.044 
3356.6 . 932 30716 3 5 m 0.095 
3366.2 1027 30726 1 3 m 0.13 

6. a5D~alG 3236.7 0 30886 9 9 m 0.0022 
(7F) 

7. a 3P-a IS . 7078.2 20688 34812 3 1 m 1.5 
(9F) 

8. a 3P-a ID 6096.3 19405 35804 . 5 5 m 0.096 
OOF) 6614.0 20688 35804 3 5 m 0.033 

[Fe IV] 

Ground State 
Ionization Potential 

List of tabulated lines 

Wavelength [A] No.* Wavelength {A] No.* 

4144.4 3 4918.1 2 
4152.5 3 5032.3 1 
4206.5 3 5033.8 1 
4214.9· 3 5233.2 1 
4217.1 3 5235.1 1 
4866.2 2 5236.6 1 
4867.8 2 7109.7 4 

4868.2 2 7170.6 4 
4869.2 2 7183,0 4 
4869.6 2 7189.4 4 
4889.1 2 7190.4 4 
4900.5 2 71Ql.2 4 

4903.5 2 7192.2 4 
4906.7 2 7220.9 4 

* The numbers in the lists of tabulated lines refer to the running 
multiplet numbers of the tables. ("Lists of tabulated lines" have been 
&iven f~r all spectra where 20 ()r more lines have been tabulated.) 

No. Multiplet A(A) Ei(cm- 1) 

1. a 4G-a 2F 5233.2 32293 
5033.8 32305 
5236.6 32305 
5032.3 32300 
5235.1 32300 

J. Phys. Chem. Ref. Data, Vol. 2, No.1, 1973 

ls22s22p63s23p63dS6Ss/2 
[442000] cm- 1 = [54.8] eV 

The listed data are taken from 1958 calculations by 
G;arstang [6]. We have selected from this paper all lines 
of at least moderate strength, the majority of which are 
due to magnetic dipole radiation. At the time of Gar­
stang's calculations, no observational analysis of the 
[Fe IV] spectrum existed, and therefore, no precise 
wavelengths for the forbidden lines were available. In 
the meantime, Edlen [48] completed an energy level 

analysis of this spectrum, and we could utilize the wave­
lengths from his paper. For the tabulated transitions, 
thp. wHvp.lp.ngth ~hHngp.~ ~OmpHrp.1'l with C:Hr~tHng'~ 

calculated values turned out to be quite small, the largest 
about 4 percent. We have therefore not made any cor­
rections in the transition probabilities due to the changed 
wavelengths. We estimate the uncertainties for this 
spectrum to be slightly higher than for [Fe III] or [Fe v], 
since the 3ds configuration (i.e., half-filled shell) is the 
mo'st complex in the 3d shell. A more detailed discussion 
on the assessment of the accuracy of forbidden transition 
probabilities is presented in the General Introduction. 

[Fe IV] 

Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

513% 10 8 Tn 0.50 

52166 8 6 m 0.47 

51396 8 8 m 0.080 

52166 6 6 m 0.21 

51396 6 8 m 0.015 
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[Fe IV]- Continued 

No. Multiplet A(A.) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

--
2. a 4G-a 4F { "4906.7 32246 52620 12 10 m 0.11 } e 0.21 

{ 4900.5 32293 52694 10 8 m 0.039 

e 0.15 

4869.2 32305 52837 8 6 e O.ll 

{ 4868.2 32300 52835 6 4 m 0.14 } e 0.18 

{ 4918.1 32293 52620 10 10 m 0.073 } 
e 0.045 

{ 4903.5. 32305 52694 8 8 m 0.13 } 
e 0.067 

{ 4867.8 32300 52837 6 6 m 0.19 1 
e 0.064 ) 

4889.1 32246 52694 12 8 e 0.040 

4866.2 32293 52837 10 6 e 0.061 

4869.6 32305 52835 8 4 e 0.071 

3. a 4G-a 2H 4152.5 32293 56368 10 12 m 0.61 
4217.1 32305 56012 8 10 m 0.13 
4144.4 32246 56368 12 12 m 0.47 
4214.9 32293 56012 10 10 m 0.042 
4206.5 32246 56012 12 10 m 0.056 

4. a 4D-a 4F {7220.9 38776 52620 8 10 m 0.14 } 
e 0.023 

7191.2 38935 52837 4 6 m 0.023 
7170.6 38893 52835 2 4 m 0.10 

{7,183.0 38776 52694 8 8 m 0.10 } 
e O.OIl 

{7189.4 38932 52837 6 6 m 0.18 } 
e 0.012 

{ 7192.2 38935 52835 4 4 m 0.16 } 
e 0.016 

71007 .~R77fi 52837 g fi m. 0028 

7190.4 38932 52835 6 4 m 0.039 

[Fe v] 

Ground State 
Ionization Potential 

All the listed data are taken from the calculations by 
Garstang [5]. We have presented only the lines of at 
least moderate strength, which amount to about one­
sixth of his magnetic dipole lines. The listed lines are 
primarily due to magnetic dipole radiation, since the 
electric quadrupole component is negligible. As for 
[Fe III], we estimate the uncertainties for the ~sted prom-

No. Multiplet A(A.) Ei(cm-1) 

1. a 5D-a 3P 3895.52 804 
(IF) 4071.29 419 

4180.87 145 
~79R? 14.11 

4003.2 0 

2. a 5D-a3H 4227.49 1285 
(2F) 

ls22s22p63s23p63d45Do 
[604900]cm-1 = [75.0]eV 

inent lines to be less than a factor of two. A good indica­
tion that this is a reasonable estimate comes from the 
good agreement between the calculated values and a few 
astrophysical observations which are available for the 
spectra of [Fe II], [Fe III], and [Ni II] (see General 
Introduction). 

[Fe v] 

E k (cm-1) gi gk Type of Akl(S-l) 
transition 

26.466 7 5 m 0.71 

24973 5 3 m 1.1 
24{)54 3 1 m 1.3 
2MM ~ !\ m 0.036 
24973 1 3 m 0.13 

24937 9 9 m 0.0011 
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[Fe v]- Continued 

No. 

3. 

4. 

Ground State 
Ionization Potential 

Multiplet A(A.) Ei(cm- 1) 

a 5D-a 3F 3891.28 1285 
(3F) 3839.52 804 

3795.23 419 
3911.86 1285 
3851.35 804 
3820.2 804 
3783.56 419 
3755.5 145 

a 5D-a 3 G 3406.6 804 
(4F) 3400.3 419 

3463.4 1285 
3445.4 804 
3503.5 1285 

[Fe VI] 

ls22s22p63s23p'\3d34Fa/2 

[798500]cm- 1 [99.0] eV 

All values for this ion have been taken from Paster­

nack [24]. The electric quadrupole values have been 
modified by applying Garstang's value [3] for the 
quadrupole moment Sq which is obtained with better 
wave functions. Both types of radiation are estimated to 
be reliable within a factor of two. The detailed reasons 
for this estimate are given in the General Introduction. 

Ek(cm- 1) gi gk Type of Aki(S-l) 
transition 

26973 9 9 m 0.74 
26846 7. 7 m 0.40 
26765 5 5 m 0.20 
26846 9 7 m 0.066 
26765 7 5 m 0.047 
26973 7 9 m 0.16 
26846 5 7 m 0.16 
26765 3 5 m 0.10 

30150 7 9 'm 0.0078 
29820 5 7 m 0.0070 
30150 9 9 m 0.032 
29820 7 7 m 0.017 
29820 9 7 m 0.0026 

List of tabulated lines 

Wavelength [A.] No.* Wavelength r A.] No.* 

3494.7 4 4968.8 2 
3511.6 4 4972.1 2 
3558.1 4 5100.4 1 
3575.6 4 5145.77 2 
3630.3 5 5176.43 2 
3645.7 4 5236.6 1 
3664.1 4 5279.2 1 
3740.2 5 5335.23 1 
3774.9 3 5370.5 2 
3776.1 ' 4 5423.9 1 
3815.1 3 5426.6 1 
3849.1 3 5484.78 1 
3890.9 3 5630.82 1 
3995.8 3 5676.96 1 

*The numbers in the lists of tabulated lines refer to the running 
multiplet numbers of the tables. ("Lists of tabulated lines" have 
been given for all spectra where 20 or more lines have been tabulated.) 

[Fe VI] 

No. Multiplet A(A.) Ei(cm- 1) Ek(cm- 1) gi gk Type of Aki(S-l) 
transition 

1. a 4F-a4p 5676.96 1994 19601 10 6 e 0.048 
(IF) 5630.82 1185 1893~1 8 4 e 0.036 

5484.78 510 18734 6 2 e 0.031 

{ 5426.6 1185 19601 8 6 m 0.OO20} 
e 0.019 

{5423.9 510 18937 6 4 m O.OO1O} 
e 0.031 

5335.23 0 18734 4 2 e 0.055 

5236.6 510 19601 6 6 e 0.0053 

{ 5279.2 0 18937 4 4 m 0.0020} 
e 0.012 

5100.4 0 19601 4 6 e 6.5(-4)* 

2. a 4F-a 2 G 5176.43 1994 21305 10 10 m 0.56 

(2F) 5145.77 1185 20609 8 8 m 0.22 

5370.5 1994 20609 10 8 m 0.012 

4968.8 1185 21305 8 10 m 0.22 

4972.1 510 20609 6 8 m 0.20 
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[Fe Vl]- Continued 

No. Multiplet A(A) Ei(cm- I ) E k (cm-1 ) gi gk Type of Aki(S-I) 
transition 

3. a 4F-a 2 P 3995.8 ll85 26204 8 4 e 0.0036 
(3F) 3849.1 510 26483 6 2 e 0.0010 

{ 3890.9 510 26204 6 4 m 0.42 } 
e 0.0022 

{ 3774.9 0 26483 4 2 m 0.0012 } e 0.0013 
{ 3815.1 0 26204 4 4 m 0.27 } 

e 4.8(-4)* 

4. a 4F-a 2 D 3776.1 1994 28469 10 6 e 4.3(-4) 
(4F) 3645.7 ll85 28607 8 4 e 0.0013 

3664.1 ll8S 28469 8 6 m 0.95 r558
.
1 510 28607 6 4 m 0.68 } 

e 4.3(-4) 
3575.6 510 28469 6 6 m 0.12 
3~94.7 0 28607 4 4 m 0.37 
3511.6 0 28469 4 6 m 0.045 

5. a 4F-a 2 H 3630.3 ll8S 28723 8 10 m 0.0033 
(SF) I 3740.2 1994 28723 10 10 m -0.0056 

* The number in parentheses following the tabulated value indicates the power of ten by which this 
value has to be multiplied. 

Ground State 
Ionization Potential 

LFe VII J 
ls22s22p63s23p63d23F2 

[1008000] cm-1 = [125.0] eV 

111 

The data are taken from the work of Warner and Kirk­
patrick [19]. These calculations are based on scaled 
Thomas-Fermi wave functions in a single-configuration 
approximation. The results are estimated to he reliable 
to within a factor of two based on comparisons with 

other nearby ions. For a more detailed discussion of 
the accuracy of these transition probabilities and 
several comparisons with observations, we refer to 

the General Introduction. 

[Fe VII] 

No Multiplet ),,(A.) E i(cm- 1) E,,(crn-1 ) gi gh Type of A"/(5-1 ) 

transition 

1. a 3F-a 1D 6598.8 2327 17475 9 5 e O.OOll 
(IF) 6086.92 1047 17475 7 5 m 0.49 

5721.11 0 17475 5 5 m 0.31 

2. a 3F-a 3p 5277.67 2327 21275 9 5 e 0.043 
(2F)- 5158.98 1047 20428 7 :l p 0045 

4989.4 0 20037 5 1 e 0.080 

{ 4944.0 1047 21275 7 5 m 0.042 } e 0.016 
{ 4893.4 0 20428 i 5 3 0.0012 } m 

e 0.029 
{ 4699.0 0 21275 5 5 m 0.012 } 

e 0.0026 
3. a 3F-a 1G 3759.9 2327 28915 9 9 m 0.37 

(3F) 3587.2 1047 28915 7 9 m 0.26 

4. a l D-a 3 p 26310 17475 21275 5 5 m 0.13 
33850 17475 20428 5 3 

! 
m 0.037 
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[Fe VIII] 

We do not list transition probabilities for this ion since 
no wavelengths for forbidden lines have been observed. 
However, calculations of some transition probabilities 

and energy eigenvalues can be found in the paper of 
Czyzak and Krueger [30]. 

[Fe IX] 

Ground State 

Ionization Potential 

The values for the ten visible transitions are taken 
from the recent calculations of Wagner and House [31]. 
These calculations are based on self-consistent field 
wave functions with modifications to account for 
experimental observations. Due to the approximate 
nature of the calculations, the results are estimated to be 
reliable to within a factor of two. Based on the results of 
this study, the authors propose identifications for several 
coronal lines, which, however, can only he considered 
tentative. 

Garstang [17] has also calculated de-excitation by 

1895800 cm-1 = 235.04 e V 

magnetic quadrupole radiation from some of the same 
upper states which give rise to the lines that Wagner and 
House investigated. His results indicate de-excitation 
by mat:nletic Quadrupole radiation is the dominant 
mechanism only for the 4S3p; level. Again, his data 
should be reliable to within a factor of two. 

. With the exception of the 4sap; level, the energy 
level data are taken from Wagner and House's· calcu~ 
lations [31]. This necessitated modifying Garstang's 
results for the 3p6 lSo-3p53d ap;, 3F; transitions to 
account for the change in wavelength. 

[Fe IX] 

No. Transition Multiplet A(A.) Ei(cm-1) Ek(cm- I ) gi gk Type of Aki(S-I) Accuracy Source 
array transition 

1. 3p 6_3p53d IS_3pO 246 0 [405873] 1 5 mq 75 DE 17n 

2. IS-3Fo 235 0 [426282] 1 5 mq 0.86 DE 17n 

3. IS-IDo 222 0 [44~709] 1 5 mq 27 DE 17 

4. IS-3Do 220 0 [454828] 1 5 mq 9.1 DE 17 

5. 3p 6_3p54s IS_3PO 105.8 0 [945180] 1 S mq 430 DE 17 

(L 3p53d-:~p53d 3Fo_3flo 3036 [421894] [454828] 7 5 m 6.2 DE 31 

7. 3879 [421894] [447675] 7 7 m 0.66 DE 31 

8. 3503 [426202] [454020) r"' 
<J ,'j III 9.2 DE 31 

9. 4674 [426282] [447675] 5 7 m 2.7 DE 31 

10. 3Fo_1Do 3595 [421894] [449709] 7 5 m 27 DE 31 

II. 4269 [426282] [ 449709] 5 5 m 23 DE 31 

12. 3Fo_IFo 3148 [426282] [458051] 5 7 In 17 DE 31 

13. 3D°-3Do 13981 [447675] [454828] 7 5 m 3.B DE 31 

14. 3Do-IFo 9638 [447675] [458051] 7 7 m 7.2 DE 31 

15. IDO_IFo 11988 [449709] [4580S1] 5 7 m 1.6 DE 31 
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Ion 

[Fe x] 
[Fe XI] 

[Fe XII] 

[Fe XIII] 

[Fe XIV] 

[Fe xv] 

[Fe x] - [Fe xv] 

Ground state 

IS22s22p63s23p5 2p~/2 

IS22s22p63s23p43P2 
. IS22s22p63s23p3 4S;/2 

IS22s22p63s23p23PO 

IS22s22p63s23p 2 P~/2 

Is22s22p63s2 ISO 

Ionization potential 

2114000em- l = 262.1 eV 

2342000 em-I = 290.4 eV 
[2668000] em -I = [330.8]e V 

[2912000] em- 1 = [361.0]eV 
[3163000] em- I= [392.2]eV 

3684000 em -I = 456.7 e V 

(a) For [Fe x] and [Fe XIV], the line strength for the 
one magnetic dipole transition in the ground state con­
figuration is a straight number which has been, for exam­
ple, tabulated by Krueger and Czyzak [14] (listed also 
in the General Introduction of our previous transition 
probability compilation, NSRDS-NBS 22, table 4 [2]). 
The quantity presented here, the transition probability, 
should be also qUite accurate, since the energy level 
difference needed for the conversion from the line 
strength is accurately known from the wavelength ob­
served in the solar corona. For the [Fe XIV] spectrum 

additional data for forbidden transition probabilities 
arising in excited state configurations have been cal­
culated by Garstang [35]. We have, however, not listed 
these transitions since no reliable wavelengths and 
energy levels are known. 

(b) For the spectra of [Fe XI] and [Fe XIII], calculations 
by Krueger and Czyzak [13] are available and have 
been used for this tabulation. These calculations are 
based on self-consistent field wave functions and include 
the spin-orbit and spin-spin and spin-other-orbit inter­
actions; experimental values for the energy intervals are 
used whenever available. 

(c) The ;esults for [Fe XII] are taken from the very 

recent calculations of Garstang [18]. Fortunately, a 
complete analysis of the energy levels in the ground 
state configuration has recently become available 
through identification of forbidden wavelengths in the 
solar corona [49, 50]. Thus Garstang[18] has recalculated 
the transition probabilities for transitions within the 
3p 3 'configuration and finds that his new results are in 
very good agreement with the earlier data which were 
obtained by Krueger and Czyzak [14] before the com­
plete set of energy levels was known experimentally. 
This agreement is particularly encouraging since [F e XII] 

is a rather unfavorable case for the very highly ionized 
atoms. The 3p3 configuration, being a half-filled shell, 
is the most complex in the 3p shell, and thus the wave 
functions, etc., are very sensitive to the choice of the 
interaction parameters. 

(d) For the one obs~rved transition in [Fe XV], A = 7059 
A., within the 3s3p configuration, calculations by Krueger 
and Czyzak [14] are available and have been used for 
this tabulation. These calculations are based on self­
consistent field wave functions and include the spin­
orbit and spin-spin and 5pin-other-orbit illlenH::Liuw;; 

experimental values for the energy intervals are used 
whenever available. Garstang [17] has carried out 
"magnetic quadrupole" calculations to determine the 
significance of an alternative de-excitation mechanism 
for the upper state of the above mentioned A = 7059 A 
line. It is seen that this transition, occurring at about 
A = 394 A, contributes only about 5 percent of the 
radiative de-excitations of the 3p~ level. 

(e) For some of the remaining higher stages of ioniza­
tion of Fe, calculations of forbidden transition proba­
bilities exist (see table 1 of the General Introduction). 
However, since only a few tentative wavelengthidentifi­
cations are known, we do not present any data. 

[Fex]-[Fexv] 

Jon No. Transition Multiplet A(A) E,(cm-I) EIf;(cm-l ) ot gil: Type of Aki(::,-I) Acculacy Source 
array transition 

[Fe x] 1. 3pL 3p5 2pO_2pO 6374.6 0 15683 4 2 m 69.4 B 2, 14 
(IF) 

[Fe XI] 1. 3p4-3p4 3p-3p 7891.8 0 12668 5 3 m 43 C 13 
(IF) 

2. 3p-ID 2649 0 37744 5 5 m 91 C 13 

(2F) 3986.8 12268 37744 3 5 m 9.3 C 13 

3. 3p_ IS 1467.0 12268 80434 3 1 m 910 C 13 
1243.3 0 80434 5 1 e 1.9 D 13 

4. ID-IS 2341.8 37744 80434 5 1 e 9.3 D 13 

[Fe XII] 1. 3p3_3p3 4S0_2Do { 2170 0 46083 4 6 m 2.J D 18 } 
e 0.12 D 18 

2406 0 41560 4 4 m 53 D 18 

2. 4so_2po 1349.6 0 80512 4 4 m 340 D 18 
1242.2 0 74100 4 2 m 190 D 18 

3. 2Do_2Do 22100 41560 46083 4 6 m 0.87 D 18 
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Ion No. Transition 
array 

4. 

5. 

[Fe XIII] 1. 3p L3p 2 

2. 

3. 

4. 

[Fe XIV] l. 3p-3p 

[Fe xv] l. 3S2~3s3p 

2. 3s3p-3s3p 

M. W. SMITH AND W. L. WIESE 

Multiplet X(A.) 

2Do_2po 
{ 2903 

{ 3072 

2568 
3568 

2pO_2PO 15600 

3p-3p 10797.9 
(IF) 10746.8 

ap-lD 3388.5 
(2F) 2580 

ap-IS 1213.0 
1366.5 

ID-IS 2288.9 

2po_2pO 5303.4 
(IF) 

ls-apo 394 

3po_3pO 7058.6 

(IF) 

Ground State 

We xvl- Continued 

Ei(cm- 1) Ek(cm- 1) 

46083 80512 

41560 74100 

41560 80512 
46083 74100 

74100 80512 

9302 18561 

0 9302 

18561 48068 
9302 49068 

9302 91743 

18561 91743 

48068 91743 

0 18853 

0 255687 

241531 255687 

Cobalt 

[Co Xlij 

gl gk 

6 4 

4 2 

4 4 
6 2 

2 4 

3 5 

I 3 

5 5 
.~ E\ 

3 1 
5 1 

5 1 

2 4 

1 5 

3 5 

Type of 
transi ion 

m 

e 
m 
e 
m 
e 

rn 

m 

m 

m 
m. 

m 
e 

e 

m 

mq 

m 

Ionization Potential [2710000] cm-1 = [336]eV 

Aki(S-l) Accuracy Source 

78 D 18, } 1.4 D 18 
69 D 18 } 0.91 D 18 

200 D 18 
0.33 D 18 

2.0 D 18 

9.7 C 13 

14 C 13 

84 C 13 
6Q C 13 

1150 C 13 
4.9 D 13 

9.2 D 13 

60.3 B 2,14 

1.8 DE 17 

37.7 C 14 

For the spectrum of [Co XII], calculations by Krueger 
and Czyzak [13] are available and have been used for 
this tabulation. The calculations are based on seIfw 

consistent field wave functions and include the spin-

orbit and spin-spin and spinwother-orbit interactions; 
experimental values for the energy intervals are used 
whenever available. 

(Co xu] 

No. Transition Multiplet A(A) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-I) Accuracy Source 
array tran!ilition 

1. 3p4-3p4 3p_3p 6305 0 15856 5 3 m 84 C 13 

9: ap-ln ~R01 15856 421,58 ~ 5 m 12.7 C 13 

Nickel 

[Ni I] 

Ground State 

Ionization Potential 61579 cm-1 =7.635 eV 
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List of tabulated lines 

Wavelength [A] No.* Wavelength [A] No.* 

4523.16 4 7393.71 1 
4565.6 8 7395.79 3 
4710.8 8 7464.39 3 
4813.27 4 7507.44 5 
5027.34 4 7908.30 5 
534B.4 12 7929.70 11 

6404.46 3 7990.1 2 
6437.70 7 811L97 11 
6489.61 7 8194.57 11 
6604.30 7 8201. 77 I 

6730.25 7 8466.38 5 
6787.00 7 8832.31 10 
6941.63 3 8843.42 I 
7002.02 j 9887.18 9 

7130.24 7 11650 14 

7193.97 7 15400 15 
7218.8 6 45180 13 
7243.99 3 47860 13 

*The numbers in the lists of tabulated lines refer to the running 

Illultiplet nUlllbere of the tables. ("Lists of tabulated lineg" hllve 

been given for all spectra where 20 or more lines have been tabulated.) 

No. Multiplet A(A) Ei(cm-1) 

1. a 3 F-b l D 7393.71 0 
(IF) {8201.77 1332 

{ 8843.42 2217 

2. a 3F-a l S 7990.1 2217 

3. a 3F-a 3 p 6404.46 0 
(2F) 6941.63 1332 

7243.99 2217 
{ 7002.02 1332 

{ 7395.79 2217 

{ 7464.39 2217 

4. a 3F-a l G { 4523.16 0 
(3F) 

{ 4813.27 1332 

5027.34 2217 

5. a 3D-b ID 7507.4·~ 205 
(4F) 7908.30 880 

8466.38 1713 

6. a 3D-a l S 7218.8 880 

7. a 3D-a 3p 6489.6] 205 
(5F) 6730.25 880 

6437.70 205 

6604.30 880 
6787.00 880 

The values for [Ni I] are taken from a 1964 calculation 
by Garstang [3]; this calculation includes limited 
configuration interaction arising from the three lowest 
configurations 3dlO, 3d94s, and 3d84s2

• The tabulated 
data are estimated to be accurate within a factor of 
two, with the electric quadrupole values probably not 
quite as accurate as the magnetic dipole transition 
probabilities, since the radial integrals had to be 
obtained by extrapolation of results for various stages 
of ionization of Mn, Fe, and Ni, which had been derived 
in earlier work (see also ref. [3]). 

[Ni I] 

Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

13521 9 5 e 0.0056 
13521 7 5 m 0.39 } 

e 7.6(-4)* 
13521 5 5 m 0.17 } 

e 2.0(-:-4) 

14729 5 1 e 1.8(-4) 

15610 9 5 e 0.032 
15734 7 3 e 0.025 
16017 5 I e 0.031 
15610 7 5 m 0.15 } e 0.0056 
15734 5 3 m 0.0022 } e 0.0090 
15610 5 5 m 0.039 } 

e 4.0(-4) 

22102 9 9 m 0.32 } 
e 2.2(-4) 

22102 7 9 m 0.16 } 
e 3.8(-.6) 

22102 5 9 e 3.0(-4) 

13521 7 5 e 0.014 
13521 5 5 e 0.017 

13521 3 5 e 4.5(-4) 

14729 5 I e 0.068 

15610 7 5 e 0.074 
15734 5 3 e 0.012 
15734 7 3 e 0.092 

16017 5 I e 0.19 
15610 5 5 e 0.018 
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[Ni I]-Continued. 

No. Multiplet A(A) Ei(cm-1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

7130.24 1713 15734 3 3 e 0.053 
7193.97 1713 15610 3 5 e 0.0093 

8. a 3D-a 1G 4565.6 205 22102 7 9 e 7;9(-4)* 
4710.8 880 22102 5 9 e 0.080 

9. a1D-b ID 9887.18 3410 13521 5 5 e 0.012 
(6F) 

10. a ID-a IS 8832.31 3410 14729 5 I e 0.31 
(7F) 

II. a l D-a 3 p 8194.57 3410 15610 5 5 e 0.024 
(8F) 8111.97 3410 15734 5 3 e 4.7(~4) 

7929.70 3410 16017 5 1 e 1.1(-5) 

12. alD-aiG 5348.4 3410 22102 5 9 e 0.44 

13. b l D-a 3 p 47860 13521 15610 5 5 m 0.072 
45180 13521 15734 5 3 m 0.063 

14. biD-aiG 11650 1352] 2210? !l Q e 4.1(-4) 

15. a 3P-a 1G 15400 15610 22102 5 9 e 4.3(-5) 

*The number in parentheses following the tabulated value indicates the power of ten by which this 
value has to be multiplied. 

[Ni II] 

Ground State 

Ionization Potential 146541.56 cm- 1 =18.168 eV 

List of tabulated lines 

W:m"lp.ngth [A] No.* Wavelength [A] No.* Wavelength [A] No.* Wavelength [A] No.* 

3074.11' 5 4294.70 3 5711.46 13 7102.84 12 
3076.1 5 4310.46 9 6007.34 7 7256.16 6 
3223.2 5 4314.92 9 6365.52 7 7307.82 6 
3378.55 4 4326.85 2 6441.1 12 7379.57 I 
3439.29 4 4461.54 9 6467.52 7 7413.33 1 
3559.86 4 4485.87 2 6668.16 1 7612.96 6 
3627.35 4 4628.'77 2 6700.61 7 7694.82 6 
3993.65 3 5064.5 8 6791.61 7 ·8033.86 6 
4025.80 3 5132.8 8 6794.37 6 8303.23 1 
4033.56 3 5269.16 13 6813.73 7 8704.24 11 
4143.17 9 5274.27 8 6848.8 12 9957.~3 11 

4147.30 9 5275.83 13 6911.05 6 10209.1 11 
4201.74 2 5281.46 8 6956.25 7 10459.8 10 
4249.48 3 5431.39 8 7054.37 7 11359.9 10 
4285.90 3 5703.64 13 7078.25 7 12323.3 10 

*The numbers in the lists of tabulated lines refer to the running multiplet numbers of the tables. ("Lists of tabulated lines" have been given 
for all spectra where 20 or more lines have been tabulated.) 

The data in this compilation are taken from calcula­
tions by Garstang [7]. His work includes limited con­
figuration interaction which Garstang finds to be a 
substantial effect for transitions between the 3d84s and 
3d9 configurations, but not fQr· transitions within the 
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3d84s configurations. The tabulated data are estimated 
to be accurate within a factor of two. For a detailed dis­
cussion of the assessment of the accuracy of forbidden 
tranSItIOn probabilities, we refer to the General 
Introduc~ion. 
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[Ni II] 

No. Multiplet A(A) Ei(cm- 1) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

1. a 2 D-a 2 F 7379.57 0 13550 6 8 e 0.14 

(2F) 7413.33 1507 14997 4 6 e 0.11 

6668.16 0 14997 6 6 e 0.062 

8303.23 1507 13550 4 8 e 0.0076 

2. a 2D-b 2D {4326.85 0 23108 6 6 m 1.2 } 
(3F) e 0.24 

{4485.87 1507 23796 4 4 m 0'(>98} 
e 0.51 

{4201.74 0 23796 6 4 m 0.040} 
e 0.049 

{4628.n 1507 23108 4 6 m 0.0095} 
e 0.090 

3. a2D-a 4p {3993.65 0 25036 6 6 m 0.42} 
(4F) e 0.42 

{4294.70 1507 24788 4 4 m 0.21} 
e 0.14 

{4033.56 0 24788 6 4 m 0.034} 
e 0.042 

t28S.90 IS07 24836 4 2 m 0.043 } 
e 1.9( -4)* 

{ 4249.48 1507 25036 4 6 m 0.0076} 
e 0.14 

402S.80 0 24836 6 2 e 0.0039 

4. a 2D-a 2P 3439.29 0 29071 6 4 e 5.4 

(5F)· {3559.86 1507 29593 4 2 m 0.0022} 
e 3.7 

3378.55 0 29593 6 2 e 3.0 

{3627.35 1507 29071 4 4 m 0.023} 
e 1.1 

5. a 2D-a 2 G 3074.11 0 32523 6 8 e U.29 

(6F) 3076.1 0 32499 6 10 e 4.0 
3223.2 1507 32523 4 8 e 3.0 

6. .a 4F-b 2 D 6794.37 8394 23108 10 6 e 0.019 

(7F) 69il.05 9331 23796 8 4 e 0.0058 } 

{ 7256.16 9331 23108 8 6 m 0.17 

e 0.0042 } 
{ 7307.82 10116 23796 6 4 m 0.39 

e 0.0023 
7694.82 10116 23108 6 6 m 0.012 
7612.96 106h4 2:\7Q6 4 4 m 0.19 

80.33.86 10664 23108 4 6 m 0.0095 

7. a 4F-a 4p 6007.34 8394 25036 10 6 e 0.029 
(SF) 6467.52 9331 247M 8 4 p. 0.024 

6791.61 10116 24836 6 2 e 0.020 

{ 6365.52 9331 25036 8 6 m 0.21 } 
e 0.0070 

{ 6013.73 10116 247SS 6 1. m 0.12 } 
e 0.014 . 

7054.37 10664 24836 4 2 e 0.025 

{ 6700.61 10116 25036 6 6 m 0.0082} 
e 0.0011 

{ 7078.25 10664/ 24788 4 4 m 0.037 } 
e 0.0034 

6956.25 10664 25036 4 6 m 0.0090 
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[Ni II] 

No. Multiplet i\(A) Ei(cm-1) E k(cm- 1) gi gk Type of Aki(S-l) 
transition 

8. a 4F-a 2 p 5064.5 9331 29071 8 4 e 0.0019 
(9F) 5132.8 10116 29593 6 2 e 0.0012 

5274.27 10116 29071 6 4 m 0.014 
{5281.46 10664 29593 4 2 m 0.0016 } 

e 1.8( -4)* 
5431.39 10664 29071 4 4 m 0.0022 

9. a 4F-a 2 G 4147.30 8394 32499 10 10 m 0.35 
(lOF) 4310.46 9331 32523 8 8 m 0.17 

4143.17 8394 32523 10 8 m 0.010 
4314.92 9331 32499 8 10 m 0.080 
4461.54 10116 32523 6 8 m 0.11 

10. a"'F-bzD lU4!:>Y.l:I 13550 23108 8 6 m 0.078 
(1IF) 11359.9 14996 23796 6 4 m 0.058 

12323.3 14996 23108 6 6 m 0.084 

11. a2F-a 4p 8704.24 13550 25036 8 6 m 0.10 
(12F) 10209.1 14996 24788 6 4 m 0.0096 

9957.23 14996 25036 6 6 m 0.070 

12. a 2F-a 2 P {7102.84 14996 29071 6 4 m 0.0092 } 
(13F) e 0.0053 

6441.1 13550 29071 8 4 e 0.053 
6848.8 14996 29593 6 2 e 0.047 

13. a 2F-a 2G 5275.83 13550 32499 8 10 m 0.087 
(l4F) 5703.64 14996 32523 6 8 m 0.044 

5269.16 13550 32523 8 8 m 0.13 
5711.46 14996 32499 6 10 e 2.3(-4) 

*The number is parentheses following the tabulated value indicates the power of ten by which this 
'value has to be multiplied. 

[Ni m] 
Ground State 

Ionization Potential 

The data in this compilation are taken from calcula­
tions by Garstang [7]. The transitions occur between the 

levels of the 3d8 configuration, which is well separated 
from the 3d74s configuration; thus, any interaction 
p.ffp.ct~ havp. hp.p.n neglected in the calculations. We 

Is22s22p63s23p63d8 3 F 4 

283700 cm-1 =35.17 eV 

estimate that the data for the tabulated prominent lines 
are accurate within a factor of two. For a more detailed 

assessment of the accuracy of forbidden transition prob­
abilities, we refer to the General Introduction. 

[Ni III] 

No. Multiplet A(A) Ei(cm-1) E k(cm- 1) gi gk Type of Aki(S-l) 
transition 

1. a 3F-a 1D 7124.6 0 14032 9 5 e 0.0045 
[7889.9 1361 14032 7 5 m 0.48 } 

e 5.4(-4)* 
[8499.6 2270 14032 5 5 m 0.21 } 

e 1.9( -4) 

2. a 3F-a 3p 6000.0 0 16662 9 5 e 0.050 
6401.5 1361 16978 7 3 e 0.038 
6682.2 2270 17231 5 1 e 0.046 

{6533.7 1361 16662 7 5 m 0.11 } 
e 0.009 

{ 6797.2 2270 16978 5 3 m 0.0028 } 
e 0.013 

{6946.4 2270 16662 5 5 m 0.022 } 
e 7 .. 2(-4) 
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[Ni 111]- Continued 

No. Multiplet A(.A) Ei(cm-1) Ek(cm- I) gi gk Type of Aki(S-I) 
transition 

3. a 3F-a l G 4326.1 0 23109 9 9 m 0.35 
4596.8 1361 23109 7 9 m 0.18 

4. a I D-a 3p 38010 14032 16662 5 5 m 0.098 
33940 14032 16978 5 3 m 0.090 

---- ~-~- -- --- -- --'---- -- ---

*The number in parentheses following the tabulated value indicates the power of ten by which 
this value has to be multiplied. 

[Ni IV] 

Ground State 

Ionization Potential 

The listed data are taken from a 1968 calculation by 
Garstang [8]. We have selected from this paper two 
multiplets for which tentative identifications of several 
lines have been established [54]. At the time of Gar· 
stang's calculations, no observational analysis of the 
[Ni IV] spectrum existed, so that no precise wavelengths 
for the forbidden lines were available. In the mean­
time, based on Garstang's predictions [8], Lambert and 
Thackeray [54] observed several lines of [Ni IV] in the 
spectrum of RR Telescopii. We have used their identi-

[442800] cm-1 = [54.90]eV 

fications for this compilation. We have, however, made 
no corrections in the transition probabilities on account 
of these new wavelengths since the changes are of the 
order of 1 percent or less. Because of the extrapolations 
involved in obtaining the wave functions, we estimate 
the uncertainties for this spectrum to be slightly higher 
than usual, but still within a factor of two. A more 
detailed discussion on the assessment of the accuracy of 
forbidden transition probabilities is presented in the 
General Introduction. 

[Ni IV] 

No. Multiplet A(A) Ei(cm-1 ) Ek(cm-1) gi gk Type of Aki(S-l) 
transition 

--
l. a4F-a 4 p 5519.34 0 18113 10 6 e 0.062 

{ 5906.89 1188 18113 8 6 m 0.0047} 
e 0.015 

[ 6220.21 2041 18113 6 6 m 0.00l7} 
e 0.0025 t 6452.21 2619 18113 4 6 m 6.1(-4)"' } 
e 2.4(-4) 

5822.30 1188 18359 8 4 e 0.034 
{ 6126.48 2041 18359 6 4 m O.OOlO} 

e 0.019 t 6351.41 2619 18359 4 4 m 9.0(-S)} 
e 0.0054 

5912.06 2041 18951 6 2 e 0.025 
6121.27 2619 18951 4 2 e 0.032 

2. a 4F-a 2 G 5041.62 0 19829 10 10 m 0.83 
5363.04 1188 19829 8 10 m 0.26 
4773.24 0 20944 10 8 m 0.031 
5060.38 1188 20944 8 8 m 0.32 
5288.59 2041 20944 6 8 m 0.24 

*The number in parentheses following the tabulated value indicates the power of ten by which thi;:. 
value has to be multiplied. 
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Ion 

[Ni xli] 
[Ni XIII] 
[Nixv] 
[Ni XVI] 

[Ni XII ]-[Ni XVI] 

Ground state 

ls22s22p63s23p 5 2P3/2 

ls22s22p63s23p 4 3P2 

ls22s22p63s23p2 3PO 

ls22s22p63s23p 2P'l/2 

Ionization potential 

[2839000] cm-1 = [352.0] e V 
[3097000] cm-1 = [384.0] e V 
[3742500] cm-1 = [464.00] e V 
[4025000] cm-1 =[499.0] eV 

(a) For [Ni xu] and [Ni XVI], the line strength for the 
one magnetic dipole transition in the ground state con­
figuration is a straight number which has been, for ex­
ample, tabulated by Krueger and Czyzak [13] (list1ed 
also in the General Introduction of our previous transi­
tion probability compilation, NSRDS-NBS 22, table 4 
[2]). The quantity presented here, the transition prob­
ability, should also be quite accurate, since the energy 
level difference required for the conversion from the 
line strength is accurately known from the wavelength 
uL::;erveJ In the ::;ular \..:uruna. 

(b) For [Ni XIII], the arithmetic averages of the values 
of Naqvi [15] and Malville and Berger [16] are presented. 
The two sets of data agree within a few percent and are 
identical for the first listed line. For Naqvi's line strength 

data, we have applied newly observed wavelengths t( 

convert them to the transition probabilities. For the data 
of Malville and Berger, on the other hand, we have tal :en 
the transition probabilities directly from their tables, 
since they do not present their line strength or wave­
length data. 

(c) No data could be listed for [NixIV]. Two lines of 
this spectrum have been recently identified in the solar 
corona (Jordan [49]), but no calculations for the transi~ 
tion probabilities are known. 

(d) For the' spectrum of [Ni XV], calculations by 
Krueger and Czyzak [13] are available and have been 
used for this tabulation. These calculations are based on 
self-consistent field wave functions and include the 
spin-orbit and spin-spin and spin-other-orbit inter­
actions; experimental values for the energy intervals are 
used whenever available. For the case of the 3PI-lDz 

transition, the tabulated value differs from the one orig­
inally presented by Krueger and Czyzak since we have 
substituted for the original wavelength anew, more 
accurate value. 

(e) Fur ::;ume uf the reluaining higher ::;Lage::; uf iuni­
zation of Ni, calculations of forbidden transition prob­
abilities exist (see table 1 of the General Introduction). 
However, since no wavelengths have as yet been 
observed, we do not present any data. 

[Ni XII-Ni XVI] 

Ion No. Transition Multiplet A(A) Ei(cm-1) E k(cm-1) gi gk Type of Aki(S-l) Accuracy Source 
array transition 

[Nixn] 1. 3p5_3p5 2p'_2p' 4231.2 0 23626 4 2 m 237 B 2,13 
(IF) 

[Ni XIII] l. 3pc 3p4 3p_3p 5115.8 0 19541 5 3 m 156 C 15,16 
(IF) 

2. 3p.:-lD 2126.0 0 46984 5 5 m 236 C 15, 16 
(2F) 

[Nixv] 1. 3p2-3p2 3p_3p 8024.1 14917 27376 3 5 m 22.1 C 13 
(IF) 6701. 7 0 14917 1 3 m 56 C 13 

2. 3p_lD 2085.7 14917 62863 3 5 m 212 C 13 

[NixVI] 1. 3p-3p 2p'_2p' 3601.1 0 27762 2 4 m 192 B 2,13 
(IF) 
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